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PREFACE 
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P r o j e c t 68 /2 - E f f e c t s of Land Management on Quantity and 
Qual i ty o f Ava i lab le Water» I acknowledge with thanks, the 
support g iven by the Counci l in funding the p r o j e c t , and the 
s e r v i c e s prov ided f o r me by the Univers i ty during the course 
o f the work. 

Messrs. John M i l l s and Guenther Seidel assisted with 
the c o l l a t i o n of b i b l i o g r a p h i c material and I am g r a t e f u l to 
them f o r the work they c a r r i e d out« During the p r o j e c t , members 
of the A.W.R.C. Advisory Panel on the E f f e c t s of Rural Land 
Management on Runoff contr ibuted a great deal in d i s c u s s i o n s , 
b o t h i n d i v i d u a l l y and as a group, and I g r a t e f u l l y acknowledge 
t h i s supporte 

F i n a l l y , I o f f e r my thanks to the large number of 
peop le throughout A u s t r a l i a , engaged in catchment management 
a c t i v i t i e s , who contr ibuted t h e i r time f o r d i s c u s s i o n and 
c o n s u l t a t i o n s , and who made i t p o s s i b l e f o r me, in the l i m i t e d 
time a v a i l a b l e , to c o l l a t e the information contained in t h i s 
reporto 

Notwithstanding the ass i s tance rece ivedo the opinionsp 
assessments and conc lus ions contained in t h i s repor t are those 
o f the w r i t e r a lone , and not n e c e s s a r i l y those of any person or 
o rgan i za t i on mentioned above« 

Walter C® Boughton 
March ^970, 
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CHAPTER 1 

DESCRIPTION OF PROJECT 

1o1 TERMS OF REFERENCE 

This project, which arose out of the recommendations 
of the Australian Water Resources Council TCSW Suh-Committee 
on the Effects of Soil Conservation Works on River Discharge, 
takes into account the broader terms of reference of the 
Advisory Panel on the Effects of Land Management on Runoff and 
was designed to direct attention to the most important sources 
of information from Australia and abroad for use hy water 
authorities in catchment managemento The study is also an 
important prerequisite for future experimental studies or 
research» 

The terms of reference of the project gave definition 
to some terms, and set out the ohgectives and scope as follows: 

"OBJECTIVES AND SCOPE. 

To prepare an annotated "bibliography and a critical 
evaluation of the literature and of current knowledge 
pertaining to the effects of land use aad management on 
the quantity and quality of available water with a 
commentary on the applicability and usefulness of various 
methodological approacheso 

The bibliography is to give first emphasis to 
Australian work but overseas literature is to be searched 
for information on general principles and methodologieso 

Available information on the extent of different 
forms of present land use and any known hydrological 
effects are to be reviewed in quantitative terms where 
possible together with an examination of information on 
the extent and effects of present trends in intensified 
land use. 

It is expected that these reviews will enable some 
of the significant gaps in knowledge to be identified 
especially in relation to quantitative assessments. 
Where possible suitable approaches for making good these 
gaps might be proposed. 

DEFINITIONS 

"Land Use and Management" is to include agricultural^ 
pasture and forestry use, and associated management and 
conservation practices (minor engineering works would be 
included where these are part of a particular land use -
as in forestry)^ 



Information on "quantity" of water i s to iDe 
i d e n t i f i e d in terms of iDotli time and amount where 
possi"ble i, 

"Quality" of water re fers to sedimentp chemical^ 
organic , and micro-lDiological aspectso 

"AvailalDle water" r e f e rs to "both surface and 
underground water . " 

1 =2 LAYOUT OP THE REPORT 

This report i s set out in U parts : 
» 

Part I - A Review of Problems and 
Available Information 

Part I I - Methods of Data Co l l ec t i on 
and Analysis 

Part I I I - Legal, Economic and Educational 
Aspects 

Part IV - Summary and Recommendationsc 

In Part I,, the terms of reference of the pro ject^ 
i t s ob j e c t i ves and scope are set outo The e f f e c t s of f o r e s t r y , 
agr i cu l ture , s o i l conservation^ and some other land uses on 
quantity and qual i ty of available water are surveyed and the 
available information on these e f f e c t s i s reviewed and 
evaluated-

In Part I I , the d i f f e r e n t methods of study which 
have been used to evaluate the e f f e c t s of land use on water 
resources are reviewed and a detai led examination of the 
e f f e c t s of f o r e s t r y , agr icul ture , conservation, and other land 
uses on components of the hydrological cycle i s made. A review 
of mathematical catchment models and the poss ib le use of these 
in future studies of land use are also reportedo 

In Part I I I , the legal contro l s which have been 
establ ished over land use in water supply catchments in 
Austral ia are reviewed and the progress towards economic 
evaluation of catchment management p r o j e c t s i s examined^ 

In Part IV", the major problems of land use a f f e c t i n g 
water resources in Australia are b r i e f l y summarised and 
recommendations for supplementing current a c t i v i t i e s and for 
f i l l i n g gaps in ex is t ing knowledge are set outo 



3. 

Each of the p a r t s i s s e t out in c h a p t e r s . R e l e v a n t 
p u b l i c a t i o n s and r e p o r t s are l i s t e d a t the end of each c h a p t e r 
and a re r e f e r e n c e d "by number i n the t e x t of the chaptero 

1 . 3 I . H . D . WORKING GROUP 

When the C o o r d i n a t i n g C o u n c i l of the I . H . D , h e l d i t s 
f i r s t s e s s i o n in P a r i s i n I 9 6 5 , t h e r e was c o n s i d e r a b l e i n t e r e s t 
i n the e f f e c t s of l a n d use on water r e s o u r c e s » A g e n e r a l 
r e s o l u t i o n was adopted to i n i t i a t e study of a s e r i e s of w o r l d -
wide h y d r o l o g i c a l problems i n c l u d i n g "The I n f l u e n c e of Human 
A c t i v i t y on H y d r o l o g i c a l Regimes"o Under the t i t l e was added -
"main i tems s i n f l u e n c e of a g r i c u l t u r e 5 f o r e s t improvement, 
i r r i g a t i o n , d r a i n a g e , and watershed management on h y d r o l o g i c a l 
r e g i m e s " « 

At the same meet ing , in c o n s i d e r a t i o n of o t h e r 
s p e c i a l working groups to r e p o r t on r e s e a r c h problems , the 
C o u n c i l formed a group to r e p o r t on "The I n f l u e n c e of Man on 
the H y d r o l o g i c a l C y c l e " ® Again a t the same meet ing , the C o u n c i l 
adopted two f u r t h e r r e s e a r c h p r o p o s a l s by PeAoO» on "The 
H y d r o l o g i c a l Consequences of I r r i g a t i o n and Dra inage P r o j e c t s " 
and on "The Comparative Hydrology of F o r e s t , G r a s s l a n d , and 
A r a b l e Land"© 

Between the f i r s t s e s s i o n and the second s e s s i o n of 
the C o u n c i l in A p r i l p 1 9 6 6 , i t became apparent t h a t i f a l l t h e s e 
p r o p o s a l s were implemented i n d e p e n d e n t l y , t h e r e would be 
d u p l i c a t i o n of e f f o r t o T h e r e f o r e , the recommendations were 
merged i n t o the f i e l d of a c t i v i t i e s of one working group which 
r e t a i n e d the t i t l e "The I n f l u e n c e of Man on the H y d r o l o g i c a l 
C y c l e " o 

The f i r s t r e p o r t of t h i s working group ( r e f . 29) l i s t s 
the a c t i v i t i e s of man t h a t the group r e v i e w e d , and t h e s e 
i n c l u d e d : -

1e changes i n l a n d use i n v o l v e d by 
f o r e s t r y , i r r i g a t i o n and o t h e r 
a g r i c u l t u r a l a c t i v i t i e s 

2 , d r a i n a g e and r e c l a m a t i o n 

3o e r o s i o n c o n t r o l 

ij., urban and i n d u s t r i a l development 

5o e x p l o i t a t i o n of groundwater 

6 , r i v e r c o n t r o l f o r s t o r a g e , hydropower, 
f l o o d abatement , and n a v i g a t i o n » 



SUTDsequent to this report, the Chairman of the working 
group v i s i t e d a nuniber of coimtries to enquire of national 
committees for the loH .D , whether they had data of suff icient 
accuracy to detect important changes in the river and/or ground-
water regimes,-. together with an adequate histcry of land use in 
the catchment. The Chairman, Dr. H , Pereira . v i s i ted Australia 
in November I968 , and the draft report of the group prepared 
for presentation to the mid-decade plenary session of the I . H r D . 
in 1969 , includes a good deal of information provided hy 
Austral ia . 

The draft of this report "became available early in 
the present project ; and the writer acknowledges with thanks 
the assistance which was provided "by the information collated 
therein^ 

1 oU AUSTRALIAN STUDIES 

A few bi'bliographies of hydrology and water resources 
in Australia have been prepared from time to timec In 1937: 
the I,AoS=Hc bibliography of hydrology in Australia (refo I 3 ) 
could l i st only six entries^ However, the bibliography produced 
in 1962 by the Bureau of Heterology (refo 7.) gives a truer 
picture of activities with 22h entries . A more comprehensive 
bibliography is currently being prepared by C,S->I.R«Oc to 
supplement the bibliography of C . S . I c R » 0 . water research (réf.. 
11) = 

Catalogues of research activities in water resources 
have been prepared by the Australian Water Resources Council 
i re f . 27) and by the Australia-UNESCO Committee for the I . H . D . 
(refo 2 6 ) . Research effort related to catchment management is 
l i sted in these catalogues.^ 

A bibliography specif ically on water and land use 
v/as prepared in 1953 "by the Australian National Library (refo 6 ) 
and in I96O the Water Research Foundation of Australia financed 
a study of the ef f iciency of land treatment measures in the 
reduction of surface runoffo Results of the study were reported 
to the Foundation by Vallentine ( r e f o 3 0 )o 

Nelson (refc 28) produced a similar review of the 
ef fects of catchment treatment on runoff in I9655 and the 
general review of information available on water y ie ld by Ayers 
(refo 8 ) in I962 included aspects related to the effects of 
land useo Other studies in Australia have been restricted to 
single aspects of land use rather than broad scope reviewso 



1 .5 JOURNALS AITD ABSTRACTS 
Because of tlie wide scope of activities encompassed 

iDy the terms of reference of this project, published reports 
are spread over a wide range of engineering, agriculturalp 
forestry, conservation and other jo"arnalSo In addition^ much 
information is available in the proceedings of symposia; 
research reports and publications which are issued by individual 
research stations; in higher degree theses from universities; 
and similar sources. No attempt is made to list all sources of 
information in the report but special mention is made of the 
following abstract services which may be of interest to those 
seeking additional information, • 

i Abstracts of recent published material on soil 
and water conservationo United States, 
Agricultural Research Service, Soil and Water 
Conservation Research Division (irregular), 
Washington, D.C « 

ii Agricultural and Horticultural Engineering 
Abstracts» National Institute of Agricultural 
Engineering on behalf of Commonwealth 
Agricultural Bureaux, England^ 

iii Forestry Abstracts«, Commonwealth Agricultural 
Bureaux, England, 

iv CSIRO Abstracts» CSIRO Central Library, 
East Melbourne, Victoria» 

V Water Pollution Abstracts« Ministry of 
Technology, H.Mo Stationery Office, London, 

vi Water Resources Abstracts o American Water 
Resources Association, Urbana, Illinois. 

vii Selected Water Resources Abstractso 
Publ. for U.S. Office of Water Resources 
Research by Clearinghouse for Federal 
Scientific and Technical Information, UoSo 
Dept. Commerce, Springfield, Virginia o 

In addition, the following periodical indexes list 
published material (without abstracts) on aspects of the 
project: 

i Australian Science Index, CSIRO Central Library, 
East Melbourne, Victoria, 

ii The Engineering Indexo New Yorko 



6 

i i i Hydatac American Water Resources 
Association^ UrlDana, I l l ino iSo 

iv Applied Science and Technology Index» 
H.Mo Wilson Coo, New Yorkc 

Y B io l og i ca l and Agricultural IndeXo 
HoM. Wilson COo; New York. 

v i Bibliography of Agriculture« National 
Agriculture Library, United States 
Department of Agricultureo 

v i i Bibliography of So i l Science^ F e r t i l i z e r s , 
and G-eneral Agronomyo Commonweal.th 
Agricultural Bureaux^ Englando 

The b ib l iographies and indexes above are per i od i ca l s 
which are issued at various intervalSo Many other 
b ib l iographies have been prepared^ dealing with subjects which 
form part of the present projecto A se lec t i on of these i s 
l i s t e d in the references at the end of this chapter^ 

Many detai led reviews with substantial b ib l i ographies 
relevant to some part of the present p r o j e c t have also been made 
These are included in the relevant chapters in this and other 
parts of the report and are described in context with the other 
reports and publ icat ions which are included^ 
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CHAPTER 2 

EFFECTS OF CLEARING ON AVAILABLE WATER 

2«1 INTRODUCTION 

One of the major cliaiiges that h.as occurred in 
Aus t ra l i a in the per i od of European settlement is that large 
areas of nat ive bush have "been c leared f o r convers ion to 
pasture or crop» There i s l i t t l e p rec i se knowledge about the 
e f f e c t s of th is change on the hydro log ic c y c l e , but there i s 
considerable i n t e r e s t in th i s aspects 

Several changes appear to have occurred . Where 
deep root ing trees have been replaced by shallow root ing 
grasses , an increase in the t o t a l amount of runof f from, the 
catchment usual ly resu l t s « In areas of Western Austral ia 3 
South Austral ia aad V i c t o r i a , the change from trees to grasses 
has resu l t ed in the r a i s i n g of sa l ine groundwaters at the 
f o o t of s lopes and in the bottom of va l l eys with subsequent 
s a l t i n g of large areas of ground as water evaporates and the 
sa l t i s accumulated on the sur face . Raising of groundwater 
l e v e l s without any problems of sa l t ing has been recorded in 
the Ca l l ide Val ley of Queensland, 

Increased eros ion f o l l o w i n g c lear ing has occurred in 
Aus t ra l ia and has been recorded in eros ion surveys . The 
e r o s i o n i s not evidence in i t s e l f of any increase in runof f or 
in peak rates of d ischarge , as i t seems equally l i k e l y to be 
due to disturbance o f the s o i l during c l e a r i n g , or the per iod 
o f exposure while grass i s being es tab l i shed , or to subsequent 
c u l t i v a t i o n or overgrazing which f o l l o w s the c l e a r i n g . 

The c lear ing of native vegetat ion f o r planting of 
e x o t i c softwood f o r e s t s , usual ly radiata pine^ has produced 
problems of t u r b i d i t y where the c l ear ing has occurred in water 
supply catchments» There occurs a per iod of two to three years 
between c l e a r i n g of the nat ive vegetat ion and when the 
p lantat i on trees grow enough to create an e ros i on - re tard ing 
cover over the grounds An increase in eros ion and also an 
increase in turb id i ty l e v e l s in the water o f t e n occurs in t h i s 
p e r i o d , 

Fire can produce a s i tuat i on analogous to a severe 
c l e a r i n g of vegetat ion without the establishment of any 
a l te rnate cover . Fire i s treated in d e t a i l in a separate 
s e c t i o n and not considered in this d i s c u s s i o n . 

In the f o l l o w i n g s e c t i o n s , a review i s made of the 
re levant s tudies both in Austra l ia and overseas^ which provide 
some information about the e f f e c t s of c l ear ing on water 
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reso-arces, and these are set out under the following headings 
Effects on volume of runoff 
Effects on groundwater 
Salinity effects 
Prediction models for effects on yield 
Effects on erosion 
Effects on water q_uality 

2o2 EFFECTS ON VOLUME OF RUNOFF 
The hydrologie effects of conversion of a catchment 

cover from trees to grass or vice versa has "been of considerahle 
interest to forestorss and there have heen many experiments 
made to monitor the effects produced hy clearfelling all trees 
on a catchmento 

Not all relevant studies have "been directed to the 
conversion of trees to grass. Some experiments relate tc 
thinning rather than clearfelling; others to the removal of 
"phreatophytes", or water loving vegetation, from the edges 
of watercourses; still others to the reconversion from grass 
"back to treeso 

Some general reviews of the literature related to 
the hydrologie effects of clearing have already heen made; hy 
the U.S. Department of Agriculture (refo 125); hy Shachori and 
Michaeli (refo 110); "by Penman (refc 86); and a review of 
Russian literature hy Molchanov (ref, 80)o 

Studies date "back at least to the turn of the century 
and possibly earlierc Hihhert (réf., 52) cites early studies 
hy the Swiss in 1900 on two small catchments in the Emmenthal 
Mountainso One was almost completely forested the other almost 
completely pasturelands Measurements of streamflow. 
precipitation, and climate were made to determine the influence 
of -the differences in cover on the water "budget. The results 
were inconclusive, 

The idea of paired catchment experiments (comparing 
flow from two similar catchments during a period of "calibration" 
and then tre-ating one while leaving the other as a control) was 
first used in the Wagon Wheel Gap study in 1911 on two small 
forested catchments in the mountains of Colorado (see Bates and 
Henry, refo 5)o After eight years of calibration, one of the 
catchments was denuded and for seven additional years, stream-
flow from the denuded area was compared with flow from the 
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control catchment which remained in forest. The study showed 
an increase in streamflow resulting from the clearing. 

Since the Wagon Wheel Qap study., the paired 
catchment technique has become the most used method for 
evaluating how the clearing of trees from a catchment affects 
the amount of runoff, Hihbert (ref, 52) has summarised the 
results of 39 such studies. The reports summarised in his 
review include experiments at the Ccweeta Hydrologie Laboratory 
irefs. 51? 59? 61, 65)9 Pernor Experimental Forest 
(refs, 99, 100), H.J. Andrews Experimental Pcrest (ref. 10^)? 
San Dimas in Southern California (refs. 35? 78, 'O6), Sierra 
Aucha in Arizona (refs, 101n 12?), Frazer in Colrradc (refs. 

75), Wagon Wheel Gap in'Colcradc (refs. 5, 99), White 
River in Colorado (refo 70), Kamahuti in Japan (ref, 76), the 
Samhret catchment at Kericho in Kenya, East Africa (refso 893 
90)p the Jonkershoek Research Station near Stellenhosch, South 
Africa (refSo k, 135? 136)3 the agricultural research 
installation at Coshocton, Ohio (ref. 49), Pine Tree Branch 
and White Hollow catchments in Tennessee (refSo '20, ^21), Sage 
Brook and Sacandaga River in New York (refs» 43. •̂03), and at 
Naselle River in Washington State (ref, 7U)» 

After review of the 39 studies included in the above 
references, Hibhert reported that some general statements could 
be made about the hydrologie effects of clear:i:nĝ -

1o Reduction of forest cover increases water 
yield, 

2, Establishment of forest ccver on sparsely 
vegetated land decreases water yield, 

3o Response to treatment is highly Â ariable 
andp for the most par to unp re die table o 

Hibbert made it clear that the response to clearing 
varied so much that no general relationship could be established 
However, an increase in runoff due to clearing was evident in 
almost every study rep or te do 

The most impressive result came frcii], an experiment 
at the Coweeta Hydrologie Laboratory. Between September, 1939 
and January9 1940, all woody vegetation on a ^S-heotare 
acre) catchment was ̂ Ĝut and left on the ground; regrcwth was 
allowed. By relating runoff from the catchment t:: runoff from 
a control catchment j, an increase due to the cutting ?.ould be 
demonstrated and this increase was slowly reduced as the forest 
grew againo After 23 years, the forest was cut again in 
November and December, I962 and the resulting in-rease in runoff 
closely paralleled the earlier increase. 



iU. 

Where only part of the catchment is c leared3 the 
r e s u l t i n g increase in runof f appears to he in p r o p o r t i o n to the 
percentage of the area cleared-, Hihhert c i t e s r e s u l t s from 
Coweeta and Fernow to demonstrate th iso His r e s u l t s a l so 
demonstrate the i n f l u e n c e of aspect on the r e s u l t s and the 
d i f f e r e n c e s which can occur "between d i f f e r e n t l o c a l i t i e s o 

In A u s t r a l i a , Brookes ( r e f . 23) and Brookes and 
Turner ( r e f . 2i|) r epor t evidence r e l a t i n g water y i e l d of 
Eucalyptus regnans f o r e s t to stand densityo The Melbourne and 
Metropol i tan Board of Works have opposed logging of mature t r e e s 
from the catchments providing Melbourne''s water supply f o r a 
d i f f e r e n t reason, icOc on the grounds that young growing t rees 
w i l l take more water than the mature t rees that they rep lace 
(see d i s c u s s i o n of r e f o 79 ) - Brookes ( r e f . 23) prov ides some 
evidence of this hut none of the overseas s tud ies of thinning 
mention th i s aspects 

Several of the s tudies c i t e d hy Hihhert ( r e f o 52) 
were s tud ies of decreases in water y i e l d as p rev i ous ly c l e a r e d 
areas were r e f o r e s t e d . These catchments were Boshoukloof and 
Busiewlei at Jonkershoek; Pine Tree and White Hollow in 
Tennessee; Cold Springs, Sage, and Shackham in New York; and 
at Coshocton^ The r e s u l t s support the r e s u l t s obtained from 
s tud ies of f o r e s t removalo Other s tudies repor t ing s imi lar 
e f f e c t s of r e f o r e s t a t i o n are by Ayer ( r e f . 3)« Black ( r e f o 
lU)r Muller ( r e f . 8 2 ) , and Satterlund and Eschner ( re fo 108)o 

The l a r g e s t s ca le on which deductions as to the 
i n f l u e n c e o f f o r e s t s on catchment hydrology have been drawn 
from rout ine records is on the nor th -eas tern area of European 
USSRo Pere i ra ( re fo 12l|) reports that , in addi t ion to very 
large numbers of d e t a i l e d a n a l y t i c a l experiments on the 
components of the water balance and more than 2000 h i ^ „ l y -
instrumented p l o t s tudies of runo f f r e l a t i o n s h i p s from farm-
land and f o r e s t s . Russian research wœkers have assembled the 
re cords of r a i n f a l l and r i v e r f l o w f o r groups of catchmentso 
These have shown that , under a rather uniq.ue se t of c o n d i t i o n s 
which occur over a wide area of European Russ ia . f o r e s t cover 
g ives a higher water y i e l d than does farmlando The s p e c i a l 
c o n d i t i o n s a r e : -

(a) that most of the annual p r e c i p i t a t i o n occurs 
as snoW; 

(b) the major runof f events in each year are due 
to snowmelt, 

( c ) f o r e s t roo t - range i s c o n f i n e d to a shallcw 
layer of about one metre depth-. 
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2.3 EFFECTS OF CI^ARINQ ON GROUNDWATER 
The effects of clearing on the hydrologie process can 

show up as an increase in groundwater recharge rather than an 
increase in the amount of surface runoff« An examp±e of ground-
water rise suhseq_uent to clearing of vegetation in the Callide 
Valley in Queensland has been documented "by Melzer (ref. 77)* 
Most of the Callide area was originally covered "by dense forest 
and dense scru"bo From 19214- onwards, a large amount of axe 
clearing and ringharking of the scru"b and forest followed hy 
"burning was carried out« 

Between 1953 and 1956, clearing of the vegetation was 
accelerated hy aerial spraying and further accelerated "between 
195^ and I96I by the use of heavy equipment. Vegetation maps 
of the area in 1921, 19U5 and I96I document the progressive 
clearing and records of groundwater levels in the area show 
subsequent rises where clearing occurred. Rises of up to 33 
feet in groundwater level were recorded, 

Melzer (refo 77) in a detailed study of this phenomenon 
concluded that the rises in groundwater level were directly 
attributable to clearingc, and that the denser the vegetation 
prior to clearing the higher the water table rises after clear-
ing. The vegetation maps of the area and the rises in ground-
water levels over the last UO years have been presented in the 
1965 Progress Report on Groundwater Investigations of the 
Callide Valley (ret. 92), 

In South Australia, Holmes and others (refs-, 53-57) 
have described the different rates of groundwater recharge 
between forest and grassland cover in the Gambier Plain, 
Rainfall and soil moisture storage at two sites in Pinus radiata 
forest were measured from I963 to 1965» Results showed no 
through drainage to recharge groundwater. By comparison, lysi-
meter studies of the water budget of grassland from -1960 to 
1965 showed that an average annual recharge of groundwater of 
about 3ok- inches could be expected under grassland cover, 
Roberts (ref, 102) in Western Australia found a similar difference 
in the annual water use of forest and grassland® 

Surface runoff in the area of South Australia studied 
by Holmes is very small and a current rapid increase in the use 
of groundwater resources gives importance to differences in the 
amount of annual recharge. The present proportion of the area 
covered by pinus radiata forest is small but the amount of 
available groundwater resource could be affected if this area 
was significantly increased. 
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The effects of cleariii^ on groundwater levels have 
"been reported in some European studies. Holstener-Jorgensen 
(refo 58) descrlhes results from an investigation carried 
out in Denmark to show the influence of clearcutting and thinn-
ing. On areas that were clearcut; the water tahle rose 
considerably du? ing the growing season. On areas that were 
thinned; the rise was not q.uite as high and suggested a 
correlation between the amount of cutting and the su"bseq.iient 
rise in groundwater levels The water table was raised about 
two metres after clearcutting and by about one metre after 
thinnings 

As a new plantation became established on the clear-
cut area; the water table was lowered during the growing 
season» The same result was obtained as the thinned stand 
closed again. Some conclusions from this study were that the 
root depth of the tree species largely determines the 
opportunity for water use that the tree will command^ and that 
évapotranspiration loss is related to stand densityo 

Heikurainen (ref. 50) reports similar results from 
studies in Finland.. Cutting was again shown to cause 
significant rises in groundwater level; and the amount of 
rise was proportional to the amo-ont of thinning carried outo 

However, Pereira (ref. 12U) cites an example of the 
reverse effect, i.e.. a rise in groundwater level in the USSR 
as a result of the presence of trees^ The particular 
conditions are that most precipitation occurs as snow on frozen 
soilsc Infiltration rates are important during the period cf 
spring snowmelt. Large-scale plantings of broad shelter-belts 
of mixed hardwood and conifer forests. 50-100 metres wide, have 
been made over the past century, while intensive planting cf 
narrow sheIter-belts; only 10-15 metres wide^ and 200-300 metres 
apart; is continuing today.- Observations on groimdwater wells 
within and outside the older forest shelter-belts have continued 
since 1892, They show a clearly defined rise in the level of 
the water table under each belt of forests 

Urie (refo 129) draws attention to the need to allow 
for unmeasured groundwater seepage out of a catchment when 
accounting for fluctuations in groundwater levels by water 
balance techniqueso Lewis and Burgy (ref> 69) report on a 
study in California in which change in groundwater storage is 
incorporated into the water budget of an experimental watershedo 
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EFFECTS OF GLEARINQ ON SALINITY 
The studies cited in the previo-us section show that 

rises in groundwater level can occur when deeprooted trees 
are replaced hy shallow rooting grasses. When the groundwater 
is saline, as occurs in many areas of Australia^ the resulting 
effects due to the salt can he far more evident than any 
changes in the volume of groundwater or in the volume of surface 
runoff e 

This has "been most evident in Western Australia where 
the problems of salinity following clearing have heen 
recognised since the beginning of the century® Almost 50 years 
ago5 Wood (ref. I39) reported on the increase cf salt in soil 
and streamflow following clearing of the native vegetationo 
His concern was in connection with railway water supplies as 
the increasing salinity made water from many dams unsuitable 
for locomotive "boilers« 

The development of saline areas in creeks and gullies 
became more widespread as clearing developed in the 15" 25" 
rainfall area. Smith (ref, II4.) gives an excellent review of 
the problem and Pennefather (refso 8?, 88) gives anothero 
Pennefather in 1951 estimated that 100^000 acres of previously 
cropped valley soils were affected, A survey carried out by 
Burvill in 1955 (ref» 26) indicated that 181^000 acres were 
then affected^ and another survey in I962 (ref. 70) showed 
300s000 acres affected. Current estimates of the area affected 
are in excess of Ij-OOjOOO acres. 

Ma the son (ref, 1̂ 1 ) describes the occurrence of the 
problem in South Australia and estimates that 30^000 acres are 
affected on the Eyre Peninsula. Cope (refo 29) has surveyed 
the incidence of catchment salting in non~irrigated areas in 
Victoria 5 and estimated the area affected as more than 10^000 
acres consisting mainly of better class lands in valleys an.d 
flatso Cope gives a good review of the earlier literature and 
lists evidence in support of rainfall as the source of salt in 
the catchment systems» He attributes the increase in salt 
affected areas to upset of the hydrologie balance following 
clearing. 

The problem has been described further in more recent 
reports by Downes (refs, 38, 39), Rowan and Downes (ref, 105) 
also describe "seepage salting" in a study of the land systems 
in North-western Victoriae They report:-

"Seepage salting has undoubtedly developed as a 
result of a change in the hydrological pattern 
which followed clearing of the native vegetation« 
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The mallee and savannah, mallee of the dunes and 
the mallee of the lower s i t e s had a high p o t e n t i a l 
t ransp i ra t i on rate so that there was r e l a t i v e l y 
l i t t l e seepage from the dunes and any moisture 
which d id accumulate in the lower s i t e s was 
guick ly t ranspired , thus minimizing evaporation,^ 
A f ter c l e a r i n g , the land was hared t y f a l l o w i n g 
and hy e r o s i o n , and shal low-rooted spec ies 
incapable of tapping moisture at depth were 
f requent ly grown- Thus t ransp irat ion decreased; 
r e s u l t i n g in increased seepage from the dunes and 
in waterlogging on the f l a t s . The f a c t that seepage 
sa l t ing does not occur to the north of approximately 
the 12-inch isohyet ind i ca tes that th i s l i n e marks 
the dry l i m i t to s i g n i f i c a n t seepage-'^ 

Bettenay. Blackmore and Kingston ( r e f s . 9? 10) 
i n v e s t i g a t e d the reasons f o r the increase in s a l i n i t y of s o i l s 
in the Belka Val ley which l i e s in the wheat "belt of Western 
A u s t r a l i a . In the area studied , the major r e s e r v o i r of sa l t 
in the catchment system i s in a conf ined agui fer system and has 
accumulated through atmospheric accessionr S a l i n i t y of over -
l y ing s o i l s was found to occur where c a p i l l a r y contact with the 
sur face occurred in the v a l l e y bottoms. Salt accumulated at 
the sur face as the water evaporated-

Collis-G-eorge and Evans ( r e f - 28) descr ibe a s imi lar 
s i t u a t i o n in an a l l u v i a l p la in of the Hawkesbury River in 
New South Wales. These authors show that depth to the water 
tab le i s c r i t i c a l in determining s a l t accumulation in the sur face 
s o i l when the groimdwater i s sa l ine - In th is l a t t e r examplec 
f l u c t u a t i o n s in the balance of r a i n f a l l and evaporation from' 
year to year is the reason f o r changes in the depth to the water 
tab le and subsequent changes in the amount of s a l i n i z a t i o n of 
the sur face s o i l . 

Observations in Western Austra l ia show that the f i r s t 
appearance of surface s a l t i n g may occur within a few years a f t e r 
c l ear ing and the s a l t accumulation reaches a maximum a f t e r 10 
to 20 years ( r e f . 137) . The Department of Pub l i c Works of 
Western A u s t r a l i a , which is respons ib le f o r the water supply 
to Perth and the surrounding d i s t r i c t ; has commented ( d i s c u s s i o n 
o f r e f c 79) that c o n t r o l of a c t i v i t i e s requir ing c l ear ing of 
vege ta t i on from catchment areas i s of prime concern in the 
management of the water supply because of increases in s a l i n i t y 
which f o l l o w s clearingn A branch o f the C o l l i e River f eed ing 
Wel l ington Dam has 10^ of i t s catchment c leared but the 
s a l i n i t y is about three times as great as that from two other 
f eeder r i v e r s which drain from uncleared land,. In add i t i on ; 
s a l i n i t i e s in the Mundaring storage were noted to increase when 
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t r e e s on part of the catcliment were k i l l e d "by r ingbarking in 
an attempt to increase r u n o f f » 

There are d i f f e r e n t v a r i a t i o n s of the problem o f 
increased s a l i n i t y f o l l o w i n g c l e a r i n g and d i f f e r e n t authors 
have desc r ibed var iants of the general themeo 

Pennefather ( r e f , 87) descr ibes two types of s a l i n i t y , 
i c e « s a l i n i t y due to seepage and broad v a l l e y s a l i n i t y » Accord -
ing to Pennefather s a l i n i t y due to seepage occurs where 
impermeable sub-surface c lays come very c l o s e to the ground 
sur face downs lope from quite permeable deep s o i l s o This type 
o f s a l i n i t y develops with unconf ined aq_uifer systems, p a r t i c u l a r l y 
on deep sands in low r a i n f a l l areas of Western Aust ra l ia and on 
the i ronstone grave l s o i l s of the higher r a i n f a l l are aso 

Broad v a l l e y s a l i n i t y is descr ibed as having two 
v a r i a t i o n s - one which i s assoc ia ted with c o n f i n e d leaky 
aqu i f e r systems in the v a l l e y bottoms where the medium textured 
s o i l s have a depth over ly ing the leaky aquiclude of l e s s than 
s i x or seven f e e t » The other v a r i a t i o n is in s i t u a t i o n s where 
there cou ld be a conf ined aqui fer c l o s e to the s o i l surface^ 
but where the dominant cause i s from a perched water tab le 
developing in the sands over ly ing the aquiclude o f the v a l l e y 
f l o o r . 

Smith ( r e f , 113)? in a d e s c r i p t i o n of the problem in 
Western A u s t r a l i a , g ives d i f f e r e n t names f o r what appear to be 
e s s e n t i a l l y the same types . He descr ibes v a l l e y water l ogg ing 
as occurr ing v/here the land i s underlain by shallow water tableSy 
usua l ly s i x or seven f e e t from the s u r f a c e , This is the most 
ex tens ive form o f the problem and occurs in broad f l a t v a l l e y s 
of low grad ient . The other form i s h i l l s i d e seepage in which 
s a l t appears on h i l l s l opes where water seeps to the s u r f a c e . 
These seepages are common in higher r a i n f a l l areas« 

Smith a t t r i b u t e s both forms to c l ear ing as deep 
roo ted nat ive vegetat i on i s replaced by shallower roo t ing 
cover» The amount of r a i n f a l l u t i l i s e d where i t f a l l s i s 
reduced and groundwater recharge is increasedo G-roundwaters 
are sa l ine in the problem areas and s a l t accumulates where the 
water tab l e comes c l o s e enough to the sur face to evaporate , 
e i t h e r in seepage areas on h i l l s i d e s or in the v a l l e y bot toms. 

Cope ( r e f « 29) a l so s ta tes that catchment s a l t i n g i s 
found in two main topographic pos i t i ons^ on the s ides of 
s l o p e s , and in f l a t s at the base of slopes^ Howeverj he 
separates the s a l t i n g of f l a t s in to hardpan salt ing^ in which 
the s o i l s are wet in winter but dry out quickly in summer 
l eav ing the surface baked hard^ and wetpan salt:ing in which 
the s o i l does not dry out s u f f i c i e n t l y to b r i n g about the 
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death, of vegetation by water shortage in the presence of saltc 

Rowan and Downes (ref^ 105) also describe seepage 
salt ing but do not dist inguish between h i l l s i d e and val ley 
f l o o r forms as do the other authors^ Rowan and Downes; 
together with Bettenay et al« and Smith, also describe "dry 
land sa l t ing" in which salting occurs fo l lowing c lear ing but 
in the absence of a water tab le . This l a t t e r form occurs on 
heavy textured v i rg in s o i l s under low r a i n f a l l conditions where 
there i s no excess water f o r leaching of sa l ts brought in by 
rain and sa l t accumulates in the s o i l p r o f i l e . The mechanism 
of how this form of salt ing i s a f f e c t e d by c learing is not 
c lear r 

2.5 PREDICTION MODELS FOR EFFECTS ON YIELD 
Few attempts have been made to incorporate the 

d i f f e rences between forested and grassed catchments into a 
ca l cu lat ion model f o r estimating d i f f e rences in catchment 
y i e l d . Mathematical catchment models currently used f o r 
re lat ing runoff to r a i n f a l l have not been used f o r this 
purpose^ probably because the accuracy of re lat ionship which 
i s obtainable at present is inadequate t o show up the small 
d i f f e rences produced by clearing^^ 

The procedure developed by the United States So i l 
Conservation Service ( re f » 126) f or estimating runoff from 
r a i n f a l l incorporates adjustment f a c t o r s f o r both pasture 
areas and f ores ted areas. By using each of these f a c t o r s in 
turn, i t would be poss ib le to estimate the d i f f e rence in y i e l d 
due to c lear ing i f the method was accurate. However, use of 
the method in Australia to date has not produced resul ts of 
s u f f i c i e n t accuracy to be encouraging. 

For example, the U.S. S.C.S. method was used to 
analyse 18 stat ion years of runoff data from s ix farm dams 
and one research catchment in Queensland ( r e f . 93 ) . I t was 
found that the method cons is tent ly underestimated the occurrence 
of runoff J c o r r e c t l y predict ing only 57 occasions out of 179. 
and in estimating runof f magnitude, the error in nearly h a l f ' 
o f the derived runof fs was about 80% or greater I t i s obvious 
that the errors involved in use of th is technique are of a 
greater order of magnitude than the d i f f e rences produced by 
clear ing. 

The accuracy obtained from mathematical catchment 
models i s much bet ter than the accuracy obtained from the U.S. 
So i l Conservation Service methode Boughton (refs^ 16,17^18^19) 
has published resu l ts from a catchment model using da i ly ra in -
f a l l and runoff data from s ix catchments in Austral ia and f i v e 
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catchments in New Zealando The r e s u l t s obtained have a 
s i ibs tant ia l ly higher accuracy than those frcm the Queensland 
study c i t e d ahovea Catchment models o f f e r more hope of 
improvement to the stage where they can he used to de l ineate 
the e f f e c t s of c l ear ing» 

In Part I I o f this r e p o r t , dealing with experimental 
methods and methods of a n a l y s i s , a review is made of the 
catchment models f o r which publ ished information i s ava i lab le 
(see also r e f so 20, 21, 22 ) . At present^ no catchment models 
have been prepared or used f o r ttie purpose of estimating the 
e f f e c t s of c l e a r i n g on r u n o f f . In Decembers I968j, an lASH ~ 
UNESCO symposium on the Use of Analogue and D i g i t a l Computers 
in Hydrology was held at Tucson, Arizona» Many of the 78 
papers presented dea l t with current developments in mathematical 
catchment models but only one mentioned any use o f these models 
f o r evaluat ing change in land use, and this was concerned with 
the e f f e c t s o f urban development» 

From the evidence ava i lab le in the re fe rences c i t e d 
in this chapter , i t seems c lear that the p r i n c i p a l reason f o r 
the e f f e c t on water y i e l d s caused by c lear ing is ttie d i f f e r e n c e 
in r o o t depths between t rees and grass . Where the cl imate i s 
such that there i s opportunity f o r the s o i l p r o f i l e to be 
depleted of moisture at frequent interva l sp deep root ing t rees 
can e x t r a c t more s o i l moisture than shallow root ing grasses 
and so create a greater d e f i c i t to be rep lenished by the next 
storm» The l e s s e r d e f i c i t under grass r e s u l t s in greater 
r u n o f f or groundwater recharge from the storm» 

In Part I I of the r e p o r t , a review i s made of the 
e f f e c t s of land use on components of the h y d r o l o g i c a l cyc leo 
There is l i t t l e evidence that the d i f f e r e n c e s in i n t e r c e p t i o n 
c a p a c i t y , i n f i l t r a t i o n , depression s torage , or p o t e n t i a l 
évapotranspirat ion rate between trees and grass can system-
a t i c a l l y account f o r the observed d i f f e r e n c e s in runof f and 
groundwater rechargeo A l l evidence po in t s to the d i f f e r e n c e s 
in s o i l moisture avai lab le t o the p lants , caused by -d i f f erences 
in r o o t depth, as the s i g n i f i c a n t f a c t o r in producing the 
increase in ava i lab le water f o l l o w i n g convers icn from trees to 
grasSo 

One other f a c t o r of equal magnitude in a f f e c t i n g 
r u n o f f is the e f f e c t s of s lope and aspect o f the ground 
sur face on the amount of rad ia t i on rece ived« Sloping ground 
which f a c e s the equator r e c e i v e s more radiant energy and l o s e s 
more water by évapotranspirat ion than s lopes which, face the 
po le« This f a c t o r i n f l u e n c e s grassed catchments as w e l l as 
tree covered catchments and i s not a f a c t o r in causing any 
h y d r o l o g i c a l changes f o l l o w i n g c l e a r i n g ; however, the 
i n f l u e n c e of s lope and aspect must be considered when making 
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comparisons loetween catchments to assess the differences 
"between grass covered and tree covered areas 

2 :6 EFFECTS OF CLEARING ON EROSION 

Erosion can "be increased when forest or scr-uh is 
cleared. The soil is often disturbed hy clearing, and can he 
exposed if there is an interval between clearing and the 
growth of grass or crop over the area. Salinity produced "by 
clearing as described earlier can play a part by killing 
vegetation and further exposing the soil to erosiono 

An erosion survey of the Eastern and Central 
Divisions of New South Wales was made during the years I9i4.1-
l9i+3o The results, originally reported by Kaleski in 19k5 
were republished in I963 (refo A re-survey of the same 
areas was made in 196? and comparison of the two surveys was 
reported by Stewart (ref. 11?) >< In the 25 years between the 
surveys, there had been an increase of almost 3OOO sq_o miles 
in the total area of moderate gully erosiono Stewart reports:-

"The state-wide increase in this class of erosion 
is due almost entirely to increased clearing and 
cultivation, about 70% of the increase being in 
the wheat growing area of the slopes and plainso" 

The total area described as "severe and extensive 
gully erosion" decreased from 882 to 826 sg., miles but 
decreases in some districts were balanced by increases in 
others. The increases in this class of erosion were again 
attributed to clearing and cultivation-. 

One major phenomenon in New South Wales that could 
be attributed to the effects of clearing is the "raft" which 
now forms a permanent blockage of the G-wydir River 
immediately downstream from Moree, The blockage is formed of 
river-borne dead timber and silt in which green timber now 
grows-. The length of the filled-in river channel increases 
with every major flood. The blockage is thought to have been 
initiated about the end of the last century^ was over three 
miles long in I92I , and was reported to be about nine miles 
long in 1962c. It seems likely that the "raft" could be one 
of the more lasting effects produced by clearing of land in 
New South Wales. 

Downes (ref . 3 8 ) reports increases in erosion as a 
result of clearing of land in Victoria, In the areas where 
clearing has raised saline groundwater levels to produce 
problems of salinity as previously described.- the increases in 
surface runoff and the increases in groundwater levels have 
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a l s o produced i n c r e a s e s i n e r o s i o n . Downes r e p o r t s : -

"Less water i s now "being used i n the catcliment 
than under n a t u r a l c o n d i t i o n s and the i n c r e a s i n g 
amount of r u n o f f has i n i t i a t e d a new c y c l e of 
e r o s i o n i n the watercourses® Furthermore, unused 
water i n the t a b l e l a n d s and the upper v a l l e y s i d e s 
i s e s c a p i n g to the deep s u b s o i l s , and the i n c r e a s e d 
seepage i s c a u s i n g e x c e s s i v e w e t n e s s i n the v a l l e y 
s i d e s . This has caused an i n c r e a s e in the i n c i d e n c e 
and e x t e n t of l a n d s l i p s and e a r t h f l o w s , " 

There appears t o be s e v e r a l d i f f e r e n t a s p e c t s of 
the r e l a t i o n s h i p between c l e a r i n g and i n c r e a s e d e r o s i o n . 

i . Removal of the v e g e t a t i v e cover and d i s t u r b a n c e 
of s o i l during c l e a r i n g can i n c r e a s e the 
s u s c e p t i b i l i t y of the s o i l to e r o s i o n « 

i i . Poor management of g r a z i n g and c u l t i v a t i o n f o l l o w i n g 
c l e a r i n g are l i k e l y to i n c r e a s e e r o s i o n . 

i i i . Where i n c r e a s e d s a l i n i t y of the s o i l f o l l o w s 
c l e a r i n g , the k i l l i n g of v e g e t a t i o n by the s a l t 
f u r t h e r i n c r e a s e s the s u s c e p t i b i l i t y of the s o i l to 
e r o s i o n . 

i v . R a i s e d water t a b l e s can cause l a n d s l i p s and e a r t h -
f l o w s i n the v a l l e y s i d e s . 

V. I n c r e a s e d s u r f a c e r u n o f f may cause i n c r e a s e d 
eros i o n . 

One p a r t i c u l a r area of e r o s i o n i s the h i g h mountain 
country of the A u s t r a l i a n A l p s which i s important i n p r o v i d i n g 
25% of the annual y i e l d o f the Murray R i v e r from 1% of i t s 
catchment a r e a . Runoff and e r o s i o n i n these a r e a s have been 
s t u d i e d i n some d e t a i l . 

In 1935, G r a f t ( r e f . 32) a t t r i b u t e d the main g u l l y 
e r o s i o n of t h i s area p r i m a r i l y t o a r e c e n t r e v i v a l of c u t t i n g 
f o r c e s due to the advent of i n c r e a s e d f l o o d f l o w s caused by 
r a i n f a l l i n t e n s i t y change. He mainta ins t h a t , though 
s e t t l e m e n t may have a c c e l e r a t e d e r o s i o n in some c a s e s , the 
p o s i t i o n was a l r e a d y u n s t a b l e and r e c e n t c u t t i n g i s g e o l o g i c 
r a t h e r than due to r u n o f f i n c r e a s e or other e f f e c t s of 
s e t t l e m e n t . 

However, Morland ( r e f , 81) s t a t e s t h a t the s o i l of 
the catchment was e s s e n t i a l l y s t a b l e p r i o r to w h i t e s e t t l e m e n t 
and t h a t the e r o s i o n now e v i d e n t r e s u l t s from s e t t l e m e n t . He 



s t a t e s : -

"By c o n v e r s i o n o f l a r g e a r e a s o f f o r e s t l a n d f o r 
g r a z i n g and f a r m i n g , b y d e s t r u c t i o n of p r o t e c t i v e 
s o i l c o v e r loy f i r e , - and "by th.e iDreaking down of 
w a t e r c o u r s e s t a b i l i t y , s e t t l e m e n t has u p s e t the 
n a t u r a l "balance and h a s a c c e l e r a t e d e r o s i o n o " 

The e r o s i o n a p p e a r s t o "be as much a r e s u l t of 
o v e r g r a z i n g a s of c l e a r i n g s G o s t i n ( r e f s . 30, 3 0 r e p o r t s 
r e s u l t s f rom p l o t s t u d i e s which show t h a t p e r c e n t a g e ground 
c o v e r i s of more i m p o r t a n c e than t y p e of c o v e r , and t h a t a 
dense her"baceous c o v e r was more sui ta"ble f o r c o n t r o l of 
s u r f a c e r u n o f f and s o i l l o s s than woody c o v e r . 

2o7 EFFECTS OF GLBARINa ON WATER QUALITY 

C l e a r i n g o p e r a t i o n s p r o d u c e two e f f e c t s on w a t e r 
q u a l i t y i n A u s t r a l i a . I n Western A u s t r a l i a , p r o b l e m s of 
s a l i n i t y f o l l o w i n g c l e a r i n g have o c c u r r e d i n the c a t c h m e n t s 
p r o v i d i n g P e r t h e s w a t e r s u p p l y . T h i s a s p e c t i s d i s c u s s e d i n 
S e c t i o n 2.ko The o t h e r e f f e c t i s t h a t of i n c r e a s i n g t u r b i d i t y 
i n w a t e r s u p p l i e s f o l l o w i n g c l e a r i n g i n c a t c h m e n t s on the 
e a s t e r n s i d e of t h e c o n t i n e n t e 

Problems o f t u r b i d i t y c a u s e d by c l e a r i n g to p l a n t 
s o f t w o o d s have o c c u r r e d r e c e n t l y i n the S h o a l h a v e n R i v e r 
catchment i n New S o u t h W a l e s ; i n c r e a s e d t u r b i d i t y due to 
f o r e s t r o a d s h a s o c c u r r e d i n the C o t t e r R i v e r catchment 
s u p p l y i n g C a n b e r r a ' s w a t e r ; and c a r e l e s s l o g g i n g o p e r a t i o n s 
have c a u s e d problems w i t h the K i l m o r e w a t e r s u p p l y i n 
V i c t o r i a . The t u r b i d i t y problems w i t h C a n b e r r a ' s w a t e r s u p p l y 
r e s u l t e d i n an e n q u i r y i n I966 ( r e f , IIU1) and a r e p o r t by t h e 
Commonwealth Department o f Works ( r e f . ^ Other s t u d i e s 
of the C o t t e r ca tchment have b e e n made a t the A u s t r a l i a n 
N a t i o n a l U n i v e r s i t y ( r e f . II4-6, 1Ì4-7), and by t h e I n s t i t u t e of 
F o r e s t e r s of A u s t r a l i a ( r e f . 1l4-8)o 

E x p e r i m e n t s to s t u d y t h e e f f e c t s of c l e a r i n g and 
f o r e s t management on t u r b i d i t y a r e now c u r r e n t i n Queensland 
and V i c t o r i a , and a r e b e i n g p l a n n e d f o r New South Walesr, A 
more d e t a i l e d d i s c u s s i o n of the p r o b l e m i s g i v e n i n C h a p t e r U -
F o r e s t s ^ 
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CHAPTER 3 

EFFECTS OF AGRICULTURAL AKD SOIL 
CONSERVATION PRACTICES 

3.-1 INTRODUCTION 

So i l conservation in Australia i s general ly assoc iated 
with, works and prac t i ces to reduce the rates of s o i l erosion 
to acceptable leve ls r, and conservation programmes have mostly 
"been aimed at farm-by-farm improvemento In recent years^ two 
s i g n i f i c a n t changes have occurred. Conservation programmes 
have "been enlarged from the farm as a unit to the treatment of 
whole catchments; and the philosophy of s o i l conservation has 
progressed from the prevention of eros ion to t o ta l programmes 
of land use aimed at achieving maximum sustained y ie ld from 
the land^ 

In the "broadest sense, conservation is now regarded 
as including a f f o r e s t a t i o n (par t i cu lar ly protec t ion f o r e s t s ) o 
agronomic prac t i ces such as management of f e r t i l i t y , as well 
as structural measures such as "banks, gully contro l s tructures , 
f l o o d detention dams, and so on« 

The Su"b-Commit tee on E f f e c t s of So i l Conservation 
Works on River Discharge ( r e f , 1 ) ; appointed "by the Australian 
Water Resources Council^ c l a s s i f i e d s o i l conservation works a s : -

(a) mechanical - d ivers ion "banks^ farm dams, etco 
(b) vegetative - treatment of l o c a l i s e d areas with 

vegetation for eros ion contro l , 
e - g . be t t e r s t a b i l i z a t i o n , 
grassed waterways, etcr 

( c ) agronomic - pasture improvement on a paddock 
or on a catchment sca le . 

(d) land-use - replacement of one type of land 
use by another - eogo a f f o r e s t a t i o n 
of an eroded grassland catchmentp 
or replacement of poor quality 
eucalypt f o r e s t by improved pasture, 

The Sub-Committee also drew attention to the 150 
separate types of ac t iv i ty l i s t e d by the So i l Conservation 
Service of the U.S, Department of Agriculture as evidence of 
the var iety of works in modern conservation programmes^ 
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In the present study, the influence of forests is 
treated in detail in a separate chapters and discussion of the 
effects of afforestation is not repeated here. Agricultural 
practices, however, are closely related to conservation 
activities and it is expedient to consider both of these 
topics together« The activities which are considered in this 
chapter are grouped into the following sections for brevity: 

1. Mechanical - "banks and terraces^ contour cultivation» 
2e Agronomic -= crop rotations 5 fertility, mulching, 

change of cover typec 
3« G-razing - grazing density, sheep vs. cattle o 

Conservation and agricultural activities affect soil 
loss and water quality in addition to the rates and amounts of 
runoff, "but, for clarity, the effects on water yield and rates 
of flow are considered first. The effects on water quality 
are dealt with in a separate section^ 

3®2 EFFECTS ON QUAITTITY AM) RATES OF RUNOFF 
The methods of study used to determine the effects 

of conservation and agricultural practices on runoff vary 
considerably. Some studies are conducted on small plcts using 
artificial rainfall; others on small catchments of a few acres 
in area; and others on catchments of a few hundred square 
miles in areao 

There is considerable controversy and much doubt 
about the validity of extrapolation of results from plots and 
very small catchments to large drainage basins o In order to 
avoid any confusión, a review is first made of the effects 
which have been observed on plots and small catĉ miients, and 
then studies on large areas are dealt with separatelyo Finally^ 
some consideration is given to the problem cf extrapolation 
from small to large areaso 

3e2.1 EFFECTS OF MECHANICAL WORKS 
The most commonly used mechanical works in conservation 

programmes, as evidenced by descriptions in the available 
literature, are dam.s (both storage an.d detention);, graded and 
contour banks and terraces^ and the effects of contour 
cultivation which produces small but widespread surface storage 
of water. 



Dams have the most infl-aence on volume and rates of 
rionoff.- hut , as the influence of these works is dealt with in 
detail in another chapter, the review is not repeated here . 

The construction of hanks or terraces is common in 
soil conservation practice., both in Australia and other 
countries. Banks may he graded to divert the direction of 
surface runoff- usually across the general slope of the land, 
or they may he level to hold water in storage for suhseguent 
infiltrationr G-raded hanks usually divert runoff to a 
prepared waterway which can carry peak flows to an outlet 
area without erosion^. They act to slow down the rate of run-
off rather than store water as in absorption hanks. Ogrosky 
and Mockus (réf .. 2 ) give a description of the tyjpes and 
dimensions of terraces used hy the U . S . Soil Conservation-
Service ^ 

The evidence available f o r evaluating the effects of 
terraces on runoff is not good. Some studies have many 
conservation measures incorporated into a single experiment; 
and it is d i f f icult to isolate the effects of individual 
measures. In the few other studies, the experimental methods 
used are often suspect- e.go very short calibration periods or 
no control usedo While most studies directed to flood flows 
indicate a reduction in rate of runoff from small areas due 
to terraces5 few studies demonstrate any reduction in catch-
ment yield J and the available evidence is conf lie tingo 

The d i f f i c u l t i e s of evaluating effects on runoff 
are i l lustrated by the confused results obtained by Sharp. Owen 
and Gibbs (ref= 5) on a study of four small catchments at 
Hastings^ Nebraska.. An experimental catchment. W-5 of i+l 1 
acresj was i n i t i a l l y paired with one control catchment^ W-3 
of i-|.81 acres, and this pair was operated from 1938 to 1947 as 
a calibration period^ Conservation treatment of W-5 was under-
taken in the period 1947-1950^ the treatment including 
terracing^ contour cultivation^ increased areas in pastureo 
and improved rotationso 

When the data was analysed^ a double mass plotting 
showed that a change in the runoff relations between the two 
catchments occurred about 1945? two years before the treat-
ment was started«> Runoff of W-5 went down with respect to W-3-

Two other untreated catchments ; W-8 of 2086 acres 
and W-11 of 3490 acres; were then compared with both W-3 and 
W-5^ These additional checks showed that there was no change 
in the runoff pattern of the treated catchment W-5 compared 
with W-8 and W-ll^ However, the untreated control catchment 
W-3 showed a distinct change in runoff pattern compared with 
each of the other catchment sc 



Additional comparisons were then made with smaller 
catchments about acres in area, and a change in flow 
regime of W-3 was again evident. There was nothing that the 
change could be attributed to o There was no evidence of any 
change in runoff from W-5 due to the conservation treatmento 

Sharp. Owen and G-ibbs also studied 20 years of data 
from small (three acre) catchments at Red Plains Conservation 
Experiment Station at Guthrie. Oklahomao Studies on one 
catchment indicated that when an unterraced cultivated area 
is converted to grassland, a ¿4-5̂  decrease in runoff would 
result; but studies on another catchment indicated that when 
a terraced cultivated area is converted to grassland, a 
increase in runoff would resulto 

A group of 12 catchmentSp ranging in size from 3 to 
300 acres at Blacklands Experimental Watershed, Riesel, 
Texas, was also studied by the same authors. There were a 
number of untreated control catchments and different treatments 
or combinations of treatments on the experimental catchments. 
The data had a weakness in that the catchments were calibrated 
during a period of rainfall which was above the average of 33 
inches per annum, and the results after conservation treatment 
were obtained in a period of below average rainfall. 

The results showed that a package conservation 
treatment consisting of terraces and contour banks, increasing 
the area in grass, and an improved crop rotation, would reduce 
the annual runoff by Oo5 inch or sbout 30^ of the average 
runoff. Analyses of individual treatments showed that terraces 
and banks alone would result in a slight increase in runoff 
of 0o1 inch per year« 

Baird (refo 6) also reports on experiments at 
Blacklands Experimental Watershed and confirms that no distinct 
effect on water yields could be found,, although some reductions 
in peak rates of flow were attributed to a combination of 
improved crop rotation and terracingo 

Sharp, Gibbs and Owen, together with Harris (ref, 9) 
used regression analysis to test the significance of several 
factors on annual yield from the Delaware River Basin of 
Kansas3 and found that miles of terraces per square mile of 
catchment area was not signifie anto 

Nelson (ref. 8) cites a review by Stallings (refo 7) 
of the effects of terracing on crop yields^ runoff, and soil 
loss in the U.S.A. Experiments from seven states of the U«S,, 
including 20 cases^ showed a change in average annual runoff 
due to terracing ranging from a 100% decrease to an increase 
of runoff from the terraced area amounting to 38%o In five 



cases out of 20, the effect of terracing was to increase runoffo 

HOIDIDS (ref» 10) describes experiments on tliree small 
(3-8 acres) catchments in corn-grain-hay rotation at Maryland 
Agricultural Experiment Station, the study period being 1939-
1945c Results indicated an increase in magnitude of runoff 
peaks where tillage considerably off the contour was practiced, 
compared with contour strip cropping.- Where diversion 
terraces were used in conjunction with the rotation contour 
croppingo a decrease in the number and magnitude of peak flows 
was indicated. This was attributed to the channel storage in 
the terraces which spreads out and reduces the peaks and 
delays the runoff. 

In general, there is little evidence that contour 
banks or terraces have any significant effect in reducing the 
total yield of a catchment. There is some evidence to show 
that runoff peaks from small areas are reduced by banks but 
the available evidence is insufficient to make generalised 
statements about the amount of reduction to be expected from 
floods of different magnitude on catchments of various sizes. 

3»2o2 AG-RONOMIC PRACTICES 
There are many agronomic practices in conservation 

programmes^ and different combinations of practices are 
involved in different treatments« Evidence related to 
isolated practices is difficult to findy as most results are 
from a combination of practices together.. The major comparisons 
between conservation practices and prevailing practice for 
which there is some evidence of influence on the hydrologie 
cycle are : 

cropped areas vs. grasslands and/or woodlands 
improved rotations vsc poor or single cropping 
heavy fertilizer application vSc light applications 
improved past-ure vs.. native pasture 

Logan (ref^ 19) describes experiments on 1/30th acre 
plots 182 feet in length at Wellington, New South Wales, to 
examine the differences in runoff and soil loss among different 
land treatmentso The land treatments studied weret 

wheat - fallow rotation 
wheat - oats - fallow rotation 
lucerne 
land retired from cultivation 



Records for the period 191+8-̂ 9 to 1956-57 showed that 
more r-anoff came from the two cropping treatments than from the 
two grazing treatments.- Totals of runoff fro the individual 
treatments were:-

Wheat - fallow rotation - ins. 
Wheat - oats - fallow rotation - 8^85 " 
Lucerne - 2^66 " 
Retired from cultivation - 3--83 " 

Logan summarised the expected frequencies of runoff 
from the various treatments in the form of a series of graphs= 
Jones (refo 23) reported the results of a similar analysis of 
runoff from small plots at the Wagga research station. Lamy 
(ref, 21|) reports some results of runoff and soil loss from 
summer storms at the Wagga station in the summer of o 

Dunin and Downes (refs. 15) report the results 
of experiments to test the effect of replacing poor native 
pasture with subterranean clover and wimmera ryegrass in 
controlling surface runoff from four-acre catchments near 
Bacchus Marshj Victoria-. The four catchments were in two 
pairs, one pair with north-west aspect and the other with south-
east aspect. After calibration from 1955 to 1959? one catch-
ment in each pair was converted to improved pasture^ and data 
from i960 to 1963 were used to assess the effects-. 

Comparisons were made using annual yield coefficients, 
storm yield coefficients, and runoff rate coefficients The 
results were variableo A significant reduction in annual yield 
coefficient was found on the treated catchment with north-west 
aspect "but not on that with south-east aspects Storm yield 
coefficients were affected in spring and winter but not in 
summer storms^ Runoff rate coefficients were not reduced by 
the changed land use. 

Hickok^ Mayer and Kohnke (refn 26) describe results 
from a statistically designed experiment on 12 small (2-3^ 
acres) catchments at Lafayette, Indiana from, I9I42 to 1947^ 
The experimental design was f or ̂  

3 crops X 2 treatments x 2 replications - 12 catchments 
Crop rotation was corn- soybean - wheat' - meadow 

giving comparison of corn, wheat and meadow.. The prevailing 
practice which was one treatment included straight row 
seeding, moderate fertilizer to corn and wheat; mixed red 
clover and timothy seeding for the meadow^ and partial removal 
of crop residue. The conservation treatment included contour 
seeding, heavy application of commercial fertilizer to corn 
and wheat, and manure ploughed under for corn- the addition 



of lucerne ana alsike 1:0 the meadow seeding and return 0 1 al^ 

residue « 

Anal^^sis of peak rates of runoff showed that all 
r-jnoff rates in excess of tv/o inches per hour from rotation 
crops occurred when the catchments were in c o m ; and of 
occ'JLrrences of these high runoff rates from catchments in 
corn« 13 were from prevailing practice and only four from, the 
areas tinder conservation treatment® 

The annual and also the crop-period volumes of run-
off from catchments in corn and wheat Y/ere similar and ah out 
twice as much as those from catchments in meadow under the 
prevailing farming système The conservation treatment reduced 
r'onoff from corn and -wheat to approximately that from the 
meadow areas. One of the most s ignif icant results from tlie 
study was that conservation treatment had l i tt le effect on 
runoff totals from the meadow catchments-. 

Sharp, OY^en and Gioos ( r e f , 5 ) , in a comprehensive 
review of availaDle data on land-use effects in the U-.S»Ao; 
also analysed records from these catchments for the period 
19^0-55, snd they present douole mass curve comparisons of 
r^Jinoff cetY/een catchiœnts as well as results from, stat ist ical 
analysis^ These authors comment! 

"These data at Lafayette are among the few found 
Yihere there v̂-as sufficient replication to permit 
stat ist ical comparisons (analysis of variance) 

These authors cautioned against extrapolating results 
from the small catchments to larger areas» They also analysed 
runoff records from 15 small acres) catchments at Hastings 

Neoraska to determine the effects of different crops on 
surface runoffc A crop rotation of corn; oats, and wheat was 
used on all catchments- In each year, five catchments v/ere in 
each crop- C o m shOY/ed the least surface rtinoff and Y/heat 
shoY/ed the most^ "but the differences Y /̂ere not stat ist ical ly 
significant* R-ur.off records from nine small (2-9 acres) 
catchœnts at the Fneatland Conservation Experiment Station at 
Cherokee. Oklahoma, shoŶ -ed that conversion from continuous 
wheat cropping to grassland appeared to decrease r^onoff "but 
no definite conclusions could "be drav/n-

Harrold (refc 22) reports another comparison 
"bet'ween poor prevailing practices and improved conservation 
treatments c A Ii-year rotation of ccrn-Ymeat-meadow-meadow was 
used on "both treatments- the main differences in the 
comparison "being he a\ry vs . light applications of f e r t i l i z e r , 
and contour vs . off-contour cultivation . 



Records from four p a i r s of catchments;, each aloout 
three a c res , were analysed hy doiible mass curve p l o t t i n g o 
The r e s u l t s did not show any e f f e c t on runof f hy the impro\^ed 
agronomic p r a c t i c e s . 

Neal and Butler ( re f o 2?) repor t comparisons of run-
o f f and s o i l l o s s from untreated; annual cover (vegetab le c r o p s ) ; 
and annual manure treatment, on small p l o t s at the Marlhorc 
S o i l Conservation Experiment Stat ion in New Jerseyc There 
were about 70^ s lope lengths x 14' wide of untreated; annual 
cover crop3 and manure treatment; and one 210' s lope length x 
1i-l-* wide on an untreated area^ 

The increased slope length did not have any e f f e c t 
on rate of r u n o f f "but s o i l organic matter addi t ions ; e i ther 
from cover crop or manure, were e f f e c t i v e in reducing r u n o f f 
ra tes during the growing season The authors r e p o r t that the 
r e l a t i v e e f f e c t i v e n e s s of the organic matter treatments 
decreased as r a i n f a l l in tens i ty increased-

Smith ( r e f . 20) descr ibes crop residue mulching as 
one of the more promising p r a c t i c e s at present in s o i l 
conservat ion in the UoS.A-. In 19^2, Borst and Woodburn ( r e f o 
21) t es ted mulches held on screens one inch above the sur face 
of 6'" X 29' p l o t s on 12% s lope with a r t i f i c i a l r a i n app l i ed 
from a type E s imulator . This study showed that i t was the 
sur face crust formed by r a i n f a l l impact in the absence of 
mulches that caused increased r u n o f f . Holding the mulch on 
screens did not produce more runof f or s o i l l o s s than when the 
mulch was on the sur face of the groundo The e f f e c t of ra in -
d ispersed s o i l p a r t i c l e s in c logg ing pore spaces and seal ing 
the s o i l surface has been descr ibed by Lowdermilk ( r e f - 28)^ 
Hendrickson ( re fo 29) and Duley ( r e f , 30)o 

Dre ibe lb i s and Amerman ( r e f . 32) studied the e f f e c t s 
of land use , s o i l type, and agronomic p r a c t i c e s on the water 
budget of lys imeters and small catchments at Coshccton.; OhiOo 
Analyses of the data showed that , on s imi lar s o i l s , areas with 
a shallow rooted poverty grass had greater p e r c o l a t i o n and 
r u n o f f and l e s s évapotranspirat ion l o s s than areas with a cover 
crop of deep roo ted b i r d s f o o t t r e f o i l o During each of f i v e 
growing seasons, deep rooted vegetat i on extrac ted an average of 
3 , 5 inches more water per year than the shallow r o o t e d 
vegetat ionc 

Blank and Beer (ref.-« i+1 ) used multiple l inear 
r e g r e s s i o n to determine the f a c t o r s a f f e c t i n g water y i e l d on 
14 catchments with an average of ten years of record on eachc 
They present p r e d i c t i o n equations f o r estimating y i e l d from 
c l i m a t o l o g i c a l ; a g r i c u l t u r a l and antecedent moisture parameters. 
Wischmeier (ref-. 36) has assembled data from a wide range of 



locations in order to prepare a runoff prediction eguation^ 
similar to his universal soil loss equation, "based on statistical 
analyses ^ 

While statistical metliods are often useful in 
identifying which, factors are important, there seems more to 
"be gained from analyses "based on deterministic models of the 
physical processes involved, rather than from stochastic 
analysis of runoff data. With this point in mind, an attempt 
has "been made to delineate the physical principles involved 
when conservation treatments and practices affect runoffo 

From the studies mentioned a"bove and the others 
which have "been omitted for "brevity (refs. 37 to 56 inclusive) 
a pattern of cause and effect has emerged:, About 90% of the 
studies reviewed record effects on runoff which could "be 
explained in terms of control on évapotranspiration loss.-; rather 
than on interception; infiltration-, surface depression storage; 
or other components of the hydrological cycle., This conclusion 
arose after the detailed review of the components of the 
hydrological cycle which is made in Part II^ 

Two effects seem to dominateo Where there is a 
change in vegetation types that results in a change in root 
depths, there is usually less runoff or groundwater recharge 
from the deeper rooted vegetation than from the shallower 
rootedc The opportunity for more water use with deeper rooted 
plants has "been most clearly demonstrated in comparisons 
"between trees and grass as described in the chapter on the 
effects of clearings 

The other influence on évapotranspiration loss that 
affects runoff is where practices such as fallow are used to 
stop or greatly restrict water use hy plants^- Where there are 
no mulches or litter to shield against raindrop impact, surface 
sealing may "be significant in reducing water intake and so 
increasing runoff. Howeverp in such cases, there would he 
little vegetation to use water hy transpiration. and the effect 
of no transpiration loss seems to "be of much greater importance 
in the overall water "balance. 

3n2c3 GRAZIM> 

The most significant hydrological problem associated 
with grazing, not only in Australia "but throughout the worlds 
is that of increased erosion when the protecting plant cover 
is removed hy overgrazing.-. In arid and semi-arid areasp rain-
fall is usually highly variahle,- and stock management becomes 
difficult^ Frequently^ stock numbers are allowed to increase 
in a succession of good years- and the usual result is severe 
overgrazing when a dpou^it year occurs,. 
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Two surveys of l i t e ra ture dealing with the hydrological 
inf lnences of grazing have "been made. Reppert and Green ( re fo 
63) prepared an annotated loihliography of publ icat ions from the 
San Joaq.uin Experiment Range, r e l a t e d to range management and 
ca t t l e grazing» This l i s t s I35 relevant papers and repor t s . 
Lull ( re fo 70) has reviewed available l i t e ra ture re lated to the 
compaction of s o i l on f o r e s t and range lands hy logging,, grazing 
and other agenciesc 

In New Zealand5 Hughes, McClatchy and Hayward ( re f nl|) 
made a deta i led invest igat ion of the e f f e c t s of replacing sheep 
"by c a t t l e in the h i l l and high country of the South Islando 
Di f ferences in the methods of prehension ( se iz ing and conveying 
food to the mouth), d i f f e rences in hoof pressures , and 
preferences f o r l o c a l i t y of grazing were examined to see i f one 
type of "beast was l i k e l y to produce greater runoff or eros ion 
than anothero The authors concluded that s o i l erosion was more 
d i r e c t l y inf luenced by num'bers of l i ves to ck than by the i r c l a s s , 
and that there was enough evidence to r e j e c t any hypothesis 
that ca t t l e reduced the rates of runoff compared with sheep« 

Cos t in (refo 62) has reported on the pro"blems of 
eros ion result ing from overgrazing in the Australian Alps« 
Surveys of the extent of erosion damage ( r e f s , 76^7?) and o f 
vegetat ion deter iorat ion ( re fo62) have been madeo The areas 
concerned form the catchments f o r the $800,000s000 Snowy 
Mountains Hydro-Electric Scheme, and grazing of areas above 
1|500 f e e t was prohibited in 1958 to protec t the condit ion of 
these h i ^ runoff areaso Bryant ( r e f » 78) describes the trends 
in vegetat ion regrowth and re-establishment of the ground cover 
f o l l owing the exclusion of stocko 

ToebeSj Scarf and Yates ( re f c 79) report on the 
e f f e c t s of improving small catchments subject tc hard grazing» 
The land improvement was by oversowing and topdressing. The 
pastures were kept at or below an average height of inches 
by the hard grazing.. The authors report som.e decrease in 
annual r u n o f f , an increase in surface detentions a reduction 
in the number of days on which flow occurred^ and decreases in 
peak rates of runo f f , due to the improved pract i ces 

Generally, there have been fewer studies of the 
e f f e c t s of grazing on runoff than of other aspects of land use 
such as c l ear ing ; and many of the studies have been made on 
small- f r a c t i o n a l - a c r e plotSo However̂ ^ within these l i m i t a t i o n s , 
some general observations can be madeo 

Most evidence suggests that r imoff increases when 
the l e v e l of grazing is increased (re fso 57-595 64-69)0 I t 
seems obvious that i f heavy grazing reduced the a b i l i t y of the 
plant cover to transpire , there would be l e s s water used by the 
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plants, iiigher soil moisture level s ; and more runoff r But the 
available evidence consists only of simple observations of 
amcunt cf r'onoff and there are no detailed water balance 
studies to indicate cause and effect relationships ̂  

One com.mon hy.pothesis has been that increased grazing 
IS associated 7/ith increased compaction of the surface soil 
ivith consecuent reduction in infiltration rates. Many D'f the 
available reports (refs . 71-75) mention such effects . However^ 
Vine n tne suria ce vegetation has been removed to the extent that 
compaction by treading of the surface soil is possiblej then 
the increased soil moisture due to reduction in transpiration 
less can also be a significant factor in reducing infiltration 
rate sr The hydrological changes produced by change in grazdng 
pressure are complex and the available evidence is insufficient 
to delineate causes and effects Y/ith any certainty, 

A great deal of attention has been given to the 
problem of hoY/ much plant cover is required in order to protect 
against erosion- In the U.S.A^r a very simple rule of "take-
nalf-and-leave-half" is often q.uoted as an index of how much 
grazing a pasture can tolerate before accelerated erosion 
commences. But usually, more specific figures are suggested, 
eego Costin et al (réf . 105) found that effective erosion 
control is provided in the high mountain catchments of the 
Australian Alps by continuous herbaceous cover at a density cf 
about four tons/acre dry weight and about 11 tons/acre when the 
cover is sclerophyllousc Condon, Newman and Cunningham ( r e f o 

80 ) set out a method for determining the grazing capacity of 
arid lands in Central Australia based on the application of 
rating scales for soils ; topography., h i l l iness . tree density^ 
„and condition^ and average rainfalls No attempt has been made 
to review this aspect of the hydrologie effects of grazing 
cecause cf limitations of tine-

EFFECTS ON LARGS CATCHMENTS 

There has been one major study of the effects of 
ccr.servation practices on the water yield of large catchments^ 
gnd a few lesser studiesc The major study was the five-year 
Cc-cperative Water Yield Procedures Study (refs , 5 , 1 3 ) commenced 
:r. the UcS>A, in '•957 by the agencies most concerned with 
catchment yield - the Agricultural Research Service and the Soil 
Ccr.servation Service of the U.Se Department of Agriculture.- and 
the Bureau of Reclamation of the Department of the Interioro 

The prim-ary purpose cf the study, as given in the 
i vi e m ̂  r an o. j.m of Understanding between the sponsoring agencies^ 
was "to develop and test procedures for evaluating the effects 
;i' wa^,ershed treatments on the yield of streamflow". Emphasis 
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in th.e study was placed on the water -de f i c i ent areas in western 
U.ScA. A Work G-roup of ttiree engineers, one from each agency^ 
was formed to make the studyo 

Various methods of analysis were invest igated on 
annual, seasonal, monthly and storm-hy-storm baseso Included 
were simple corre la t i ons and regress ions ; multiple corre la t i ons 
and regress ions ( l inear and c u r v i l i n e a r ) ; analyses c f variance; 
time ser ies studies ; double mass diagrams; "he f c re -and -a f t e r " 
comparisons; hydrograph analyses; and otherso In a l l , some 75 
basins in the western half of the U.SoA. were studied, and 
intensive analyses made of a few basins in the Great Plains 
area® 

No s t a t i s t i c a l approach was found that would 
cons i s tent ly assess e f f e c t s of land treatment on streamflow 
from r iver basins^ or even prove conc lus ive ly that such e f f e c t s 
do or do not exist® In a few cases , streamflow seemed to be 
increasing® In others , i t appeared to be decreasing. In a l l 
cases , streamflow f luctuated considerably due to c l imat i c or 
other causes. The G-roup reported^ 

"Much of the data regarding streamflow, watershed 
prec ip i ta t i on - r a i n f a l l intensit ies^ land use, land 
treatment, and re lated f a c t o r s are fraught with 
uncertaint ies» These are so great that i t is 
be l i eved i t cannot ever be demonstrated s a t i s f a c t o r i l y 
by s t a t i s t i c a l analyses, and with only the types and 
charac ter i s t i c s of watershed, streamflow, and c l imatic 
data now generally available^ that the conservation 
use and treatment of land a f f e c t s water y i e l d by 
streamflow." 

Overal l , the invest igat ion demonstrated that a 
procedure, based only on s t a t i s t i c a l l y s i g n i f i c a n t r e s u l t s 
obtained from studies of r iver basins and research catchments, 
could not be developed® Instead, the Group developed a 
"Rational Formula" ( r e f , 1 3 ) which estimates the e f f e c t s of a 
conservation programme on water y ie ld by individual allowances 
on annual runoff f o r the areas of c o n t o u r - t i l l e d land, 
t erraces , improved pastures, i r r igated a r e a s d r a i n a g e , and 
farm dam construction«. The allowances are tr ial -and=error 
values derived to f i t available U^S, data, and cannot be 
recommended f o r use in Austral ia without considerable studyc 

The e f f e c t s of agr icul tural prac t i ces on runoff 
have been studied in Russia f o r about 30 yearsc Leont•yevskiy 
( r e f . 158) reviews the resu l t s of studies which have been made, 
the consensus of opinions which have been taken from time to 
time, and current Russian thought on the question (re fse 159, 
160, 1635 The f o l l owing is quoted from h i s paperi 
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"Because of the g r e a t importance a t t a c h e d to the i n f l u e n c e 
of these p r a c t i c e s on floWr b e f o r e drawing i t s G-eneral 
Plan5. the So Y a , Zhuk A l l - U n i o n P lanningr S u r v e y i n g and 
S c i e n t i f i c R e s e a r c h I n s t i t u t e (G-idroproyekt) has c a l l e d 
f o r the c o - o p e r a t i o n of s e v e r a l s c i e n t i f i c r e s e a r c h 
i n s t i t u t e s i n the study of t h i s problème Prom 1962 to 
1965? t h e s e i n v e s t i g a t i o n s were conducted hy the 
I n s t i t u t e of Geography, USSR Academy of S c i e n c e s , the 
S t a t e Hydro log ie I n s t i t u t e , and the Moscow H y d r o m e l i o r a t i o n 
I n s t i t u t e , which r e p o r t e d t h e i r f i n d i n g s i n the G-idroproyekto 

Along w i t h t h e i r r e p o r t s p the I n s t i t u t e of G-eography 
p u b l i s h e d a book e n t i t l e d " P r i n c i p l e s of the Method of 
S tudy ing the Water B a l a n c e and i t s T r a n s f o r m a t i o n s " i n I963 
( r e f o 1 6 1 ) and the S t a t e Hydro log ie I n s t i t u t e p u b l i s h e d 
" S t a n d a r d f o r Taking i n t o Account the I n f l u e n c e of 
A g r i c u l t u r a l F o r e s t M e l i o r a t i o n on Plow" ( r e f o l62)o The 
I n s t i t u t e of Geography h e l d a seminar i n I962 and an a l l -
union c o n f e r e n c e i n I963 on the "Water Ba lance and i t s 
T r a n s f o r m a t i o n " o The S t a t e Hydro log ie I n s t i t u t e a l s c 
d i s c u s s e d t h i s problem a t the S c i e n t i f i c Counc i l on 
"Water R e s o u r c e s and Water B a l a n c e " o " 

The term " i n f l u e n c e of a g r i c u l t u r a l f o r e s t m e l i o r a t i o n " 
used by L e o n t ^ y e v s k i y i n c l u d e s comparisons of f o r e s t e d and 
g r a s s e d catchments , in a d d i t i o n to r u n o f f comparisons from 
cropped a r e a s , l a y l a n d , and meadowsr L e o n t ' y e v s k i y r e v i e w s the 
o p i n i o n s of those R u s s i a n h y d r o l o g i s t s who b e l i e v e t h a t 
a g r i c u l t u r a l and f o r e s t m e l i o r a t i o n p r a c t i c e s do not reduce 
a v e r a g e f l o w t o any s i g n i f i c a n t e x t e n t , and a l s o the o p i n i o n s 
of those who b e l i e v e t h a t changes up to of the f l o w i n some 
r i v e r s a r e p o s s i b l e ^ He c i t e s examples of e s t i m a t e s made by a 
number of s p e c i a l i s t s of the e f f e c t s of a g r i c u l t u r a l p r a c t i c e s 
on f lowc His c o n c l u s i o n was a s f o l l o w s ; 

"The f o r e g o i n g s u g g e s t s t h a t a g r i c u l t u r a l p r a c t i c e s have 
no s i g n i f i c a n t e f f e c t on the normal f l o w of l a r g e and 
medium r i v e r s . T h e r e f o r e , i n d e t e r m i n i n g t h e i r w a t e r 
r e s o u r c e s f o r t h e n e x t 1 0 - 2 0 y e a r s there i s no need to 
i n t r o d u c e any r e d u c i n g c o r r e c t i o n s o This s o l u t i o n was 
adopted by the Hydro log ic -Water Management S e c t i o n of 
the T e c h n i c a l C o u n c i l of the G i d r o p r o y e k t a s i t examined 
t h i s problem wi th a p p l i c a t i o n to the G e n e r a l P lan f o r 
the complex u t i l i z a t i o n and p r o t e c t i o n of the w a t e r 
r e s o u r c e s of the USSRo ( T h i s was a l s o approved by 
e x p e r t s who examined the "Genera l P l a n " i n the autumn 
of 1 9 6 7 0 ^ ' 

Nelson ( r e f o 8) c i t e s two o ther s t u d i e s of the e f f e c t s 
c f c o n s e r v a t i o n works on r u n o f f f rom l a r g e ca tchments . one an 
i n v e s t i g a t i o n of the water y i e l d of the Brazos R i v e r ^ and the 
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other a theoretical study of the Toronto Dam site catchment in 
Kansas• 

The Brazos River investigation^ reported hy Carothers 
and Newman (refo 8 3 ) was undertaken when it was thought that 
stock tanks and soil conservation practices nay he adversely 
affecting the water yield available at Possum Kingdom« The 
catchment area ahove the dam is approximately 13?000 sg® miles 
and the average annual rainfall varies from 30 inches in the 
downstream areas to slightly less than 20 inches in the up-
stream areasc 

The period of record used in the investigation was 
1936-1953« During this period5 the number of stock tanks each 
controlling an average area of 25 acres increased to 18,000® 
Soil conservation treatments were applied to 15o8^ of the area 
and 18e2^ of the area had he en cleared of natural timber and 
cultivated. 

During the period 19U3-1953 the average runoff was 
estimated to "be approximately 5o8^ "below that which could 
normally he expected* The reduction was considered to he the 
result of losses amoun^ting to G % , made up of due to 
diversions at upstream reservoirs and ^ ol% due to stock tankSo 
Soil conservation practices were considered to reduce the flow 
^y 3«3^? ^ut the cle-aring would produce a compensating effect 
by increasing the runoff by 3o9%. (The accuracy to one-tenth 
percent in the values given does not seem realistic to the 
present writer.) Ploodwater retarding structures were not 
used on this catchment and no attempt was made to estimate 
possible reduction in peak flows caused by the treatment and 
tanks 

The Toronto Dam investigation, reported by Hartm„an 
and Wilke (refo 8i4-) was made to investigate the effects of land 
treatment J structures, and a combination of the two measures^o 
on flood peaks from the 7^7 sg« mile catchment above the dam' 
site on the Verdigris Rivero Land treatment included land use 
changes, improved farming practices^ and conservation measureso 
Structures consisted of 1I|.1 headwater flood detention damso 

The effects of the treatment and structures were 
estimated in sub-areas of the catchment for four major storms 
of various recurrence intervals for which past records were 
availableo Plows from the sub-areas were then flood routed 
down the main channel system to the dam s i t e P r o m the results 
from the four floods, a graph was drawn showing the likely 
effect on flood peak of storms of any magnitudeo 

Because the mechanics of flood routing through dams 
and river channels are well known., it is possible to undertake 
routing studiesp such as that described above, with reasonable 



cer ta inty and accuracy of resulte As a c o n s e q u e n c e t h e 
.T.ethca of invest igat ion is a t t rac t ive and similar studies 
cr. the e f f e c t s of headv/ater reservoir Sr both storage and 
f i o c d detentionJ on peak rates of runoff have h een made c 

The most vvell-known study is that by Leopold and 
Maddocks ( re f cS? ) who made a theoret i ca l comparison of the 
r e l a t i v e merits of one large f l o o d detention dam cont ro l l ing 
a catchment of 600 square miles versus th i r ty small dams on 
r n c u t a r i e s ^ each with a catchment of ten sQuare miles , and 
in t o t a l c o n t r o l l i n g 50% of the miain catchments This study 
shcv/ed that the tr ibutary dams contro l l ed f l ood ing f o r only a 
shcrt distance downstream and there was l i t t l e reduction of 
f l ood ing in the main r iver val leyc As a generalization^ the 
routing e f f e c t of a reservo ir does not p e r s i s t very far 
downstream and i t i s "best to oui ld f l o o d contro l storages as 
c lose as poss ib le to the area "being protected-

Other studies of the e f f e c t s of f l o o d detention and 
storage dams in reducing peak rates of floY/ have "been made by 
Zingg ( re f c 10k) and Hartman et al ( r e f - 85) . These are dealt 
with In de ta i l in the chapter on e f f e c t s of dams« 

One other study of e f f e c t s on a large catchment i s 
the invest igat ion "by Woodward and Nagler (re fo 86) of the 
e f f e c t s of agr icu l tura l drainage on f l o o d f lows in the Upper 
Mississ ippi Valleyo The study was made on the Des Moines and 
Iowa Rivers , a large port ion of the watersheds of which have 
been covered with a r t i f i c i a l drains subsequent to the 
establishment of stream gauging stat ions» The drainage 
operations involved the construct ion of t i l e drains, open 
d i t ches , and some straightening of stream channels, t yp i ca l 
operations in drainage pro;iects in the Upper Miss iss ippi Valleyo 

A c r i t i c a l examination of the records of the two 
streams shows that during f l o o d per iods there has been no 
s i g n i f i c a n t change in their behaviour which may be attr ibuted to 
drainage« The to ta l runoff from storms of l i k e prec ip i ta t ion^ 
the maximum rates of discharge, and the rain water storage 
condit ions v/i thin the basins seem to have been unaltered by the 
extensive drainage operations c I t i s be l i eved that i f any of 
tríese fac tors had been changed by a measurable amount, such 
fac t could eas i ly have been detected by the analysis made in 
'-•leir paper. 

Hartman and others (refSo 81, 85) studied runoff 
'volumes and f l o o d f lows in the 250 square mile Washita River 
"^asin in Oklahoma» Sy-st-em-atic land changes occurred and 
•;onser^^ati on measures were progress ive ly introduced from I93O0 
Comparison with the neighbouring Kiamichi River in which no 
changes occurred showed no e f f e c t on runoff volume due to 
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conservation, land "use or flood detsition reservoirs. 
However, reductions in flood flows were found after 

the installation of twenty-five flood detention reservoirs in 
1962-1963, each with a storage capacity equivalent to inches 
of runoff from its own catchmento Reductions in pealt flows of 
50% were attributed to the storageso Eighteen more reservoirs 
were planned as part of the overall project in this catchments 

In summary, the major effect that conservation 
programmes have on runoff from large river hasins is that of 
reduction in flood peaks hy flood detention storages. These 
storages occur in U.S. conservation programmes but are not 
common in Australia^ The flood mitigating effect is most 
evident immediately downstream of each reservoir and the effect 
diminishes with distance downstreamo The routing effect of 
such reservoirs is well understood and can be calculated with 
good accuracy given the necessary data« 

The effect of conser-vation programmes on volume of 
runoff from large catchments seems very small, if it exists at 
all. The difficulty of demonstrating any effect on yield, which 
was encoimtered in the major Cooperative Water Yield Study in 
the U.S^A., and the lack of any conclusive results from Russian 
studies, suggests that any effect will notbe large. At most^ 
the effect on yield from large catchments is still within the 
limits of estimating runoff by current methods of analysis» 
There is little evidence to suggest that there might be major 
effect's on yield which past studies teve overlook d. 

3,2o5 extrapoixATIng- r e s u l t s fro-m small to lar&e catchments 

One of the basic problems associated with hydrologie 
studies involving change in land use is that large catchments, 
several hundred square miles in area, are too big for 
experimental purposes and are too heterogenous for the effects 
of single factors to be evident» Effort has been concentrated 
on simple experiments on small catchments usually a few acres 
in are-a. but at the same time much doubt has been expressed 
about the validity of extrapolating results from small to large 
ca-tchmentso Hewle-tt, Lull and-Reinhart (ref-®88), in a defence 
of experimental watersheds, cite criticism by Slivitzsky and 
and Hendler (ref, 8 9 ) , Ackermann (refo 90). Panel on Watershed 
Research (refo 91)? Renne (ref. 92), and Reynolds and Leyton 
(ref. 93)» 
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Kovacs (refo 94) suggests that catchments more than 
100 sciekmo (i+O s(io miles) in area hehave differently to 
catchments less than 50 sq.o km® (20 sq_a miles) o Sharp^ G-ihhs 
and Owen (refo I3) in report.ing results of the 5-year 
Cooperative Water Yield Procedures Study state that "No means 
has yet heen discovered for directly traQslating small-
water^he-d-re search results to large complex watersheds"-? In 
the earlier 2-year Progress Report, (refo 5)? these authors 
noted that; in arid and semi-arid areas-̂  th^ volume of 
measiH'ed runoff from small re-search ca-tchments is generally 
greater than from larger catclimentso They attributed the 
differences to variations in precipitation, channel losses,, 
and differences in the amount of area in cultivation« 

Some of the results which have "been obtained from 
unit-source watersheds illustrate the problem, A unit-source 
area is presumed to have relatively homogeneous soils and 
vegetation cover, uniform precipitation, and geologic 
influences on the surface outflow (Kincaid et al, ref^ 95)® 
Amerman (ref« 96) defines a unit-source area as "a sub-division 
of a complex watershed which^ ideally, has a s-ingle cover^ a 
singl-e' soil typê , and is otherwise physically homogeneous"» 

The underlying concept is that complex watershed 
runoff is essentially a summation of the runoff contributions 
from its component unit-soui?ee areaso Unit-source areas 
that are sufficiently alike are assumed to act in a similar 
manner hydrologie ally when they are subject to storms that 
are alike. Amerman says s 

"by prediction and combination of unit-source area runoff^ 
it should be possible to predict runoff from ungauged 
complex watershedso In this manner^ the integrated 
effects of runoff of various combinations on ^̂ and use 
changes on a complex watershed may be calculated"^ 

In the experiment report by Amerman, storm-by-
storm runoff from 10 unit-source areas did not agree with 
observed runoff on a 76 acre catchment at Coshocton^ Ohio^ 
although a linear regression equation between computed and 
observed runoff had a correlation of 0«99.. Observed runoff 
tended to be about 30% higher than computed runoffo Amerman 
sugges-ted that the disagreement in direct comparison may be 
due tos-

(1 ) interflow 
( 2 ) partial area runoff 
( 3 ) influence of runoff from upslope areas upon 

runoff production on downslope unit-source 
areaso 
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Mustonen and McGuinness ( r e f . IO3) report on a 
study of the difference in the évapotranspiration losses from 
a lysimeter and that from a whole catchment, as determined IDJ 
water-"balance studies of two catchments of ij-3 acres and 303 
acres. This study showed that the lysimeter measurements were 
substantially higher than tte calculated évapotranspiration 
losse-s from the catchments, the ratio of catchment losses to 
lysimeter losses "being in the order of Oo?» 

Transmission loss in stream channels has been 
reported in a number of publications« Keppel and Renard 
(refo 9 7 ) report on a study made in the 1 i n c h ra infal l area 
of south-east-ern Arizona, Their study was made on a 58-s(io 
mile drainage area being a tributary of Walnut Gulch. In a 
very dry channel system, where runoff occurred only as a 
result of intens-e summer thimder&torms^ transmission losses 
of 25 acre feet per mile- of channel were recorded, 

Laurenson ( re f , 9 8 ) found substantial losses in 
four floods on two major rivers in Australia« Figures in h is 
report show losses of 1 2 , 3 6 , and 95 acre feet per mile on 
the Darling R-iv^r -and I|-6 acre feet per mile on the 
Murrumbidgee Rivero 

Sharp and Sax-ton ( re f . 99-) studied 57 selected flood 
events on 18 rivers in the Great Plains of the UoS^Ao^ and 
reported that transmission losses averaged kO% of flood flows 
between upper and lower gauging stations averaging 53 valley 
miles apar-to Losses of over 200 acre feet per milep 
approximately 75^ of flood volumes, were foundc 

Results from the Soil Conservation experiments at 
Parwan, Victoria , -by Dunin (refo 1i+) show significant 
differences in runoff between a 210 acre catchment an.d several 
i4.-acre catchments nested within it» The differences appear 
to be due to transmission losses. 

Recently Ch^man (perso comm.) has found that a 
substantial pa-rt of the e-rrors of prediction fbund in current 
lumped-input catchment mode-Is can be explained by rainfall 
variation over cHl^chments pf only a few tens of square miles 
in area, Va-ria^tions in ra in fa l l , coupled with variations in 
evapotran-spira-tion loss by variations in slope anl aspect of 
the ground surface, make it appear t-Mt 1-arge heterogenous 
catchments must be an-alysed in component- parts for accurate 
rainfa-ll-runoff relations hips . There seems to be l ittle 
opportunity for directly extrapolating results from a single 
ra infal l runoff system on a small catchment to any large area 
where substantial heterogeneity in topography and ra infa l l 
input existso 
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Finallyr mention shculd "be made of th.e variations 
whicli may e-xis-t among small catchments, even those which appear 
similar ar.l are located together in an apparently homogeneous 
landscapeo Soppe-r and Lull (refsc 100- 101 ^ 102) analysed data 
from 137 catchments less than 100 &q.Hare miles in area in the 
northeast U.Sr.A«: for annual an-d seas-enal y ield , flow duration 
and p^ak flew frequency-. The catchments represented seven 
ma.Tor physiographic uni-t-s; all had continuous records from 19^+0 
tc ^957; none v/ere affected hy regulation and diver si one 
Generally, ther^ appeared to "be as much variation "between 
catchments v/ithin a region as between regionso 

Although no s-imilar analyses have he en made in 
Australia^ data availa"bl.e from groups of small catchments such 
as those ope-rat-ed "by the Soil Conservation Authority of Victoria 
at Parwan, also show considera'b le variation in runoff o The 
natural variation which exists among small catchments makes it 
very diff icult if not impossi"ble to select a "representative" 
small area whose runoff patterns can "be extrapolated with 
accur^cy~tTD the whole region in which it is locatedo 

3o2C6 SUMFiARY OF EFFBCTS ON QUANTITY OF U J m W 

Storage dams such as those use-d for water supply or 
irrigation on farms have an obvious influence in depleting the 
total amount of runoff from a-catchment, However, the most 
common construction in soil conservation programmes^ ioe^ banks 
or terraces-, appe-ar to have little effect on catchment yieldo 
The available evidence is var iab-le to the extent that some 
increases in runoff have been recorded following the installation 
cf terraceso These works do appear to have an effect in 
reducing the peaks of small floods on small areas but the evidence 
is qualitative and not yet developed to the stage of general 
design pr^oicedures 3" 

The practices which appear to be significant in 
affecting catchment yield are those which have a direct effect 
on evapotrans-piration losso Fallow^ which eliminates 
évapotranspiration loss and results in higher s-oil moisture 
levels^ usually results in more runoff than from grassed or 
cropped areasc Yfïiere a charge in vegetation occurs that 
incorporates a change in root depth, the deeper rooting plants 
can extract more- moisture than the shallow rooting plants and 
sc create greater soil moisture deficiencieso There is evidence 
to suggest that some differences in runoff from areas with 
different pasture species could be due to differences in root 
deptho Other differences in runoff between cropped and pastured 
areas appear to be more related to differences in évapotranspir-
ation use of v/ater than to any other component of the 
hydrological processo 
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The evidence for differences in catcliment yield due 
to controls on évapotranspiration loss are restricted to small 
areas. All studies whicli have iDeen made of t!ie effects of 
conservation works on large catchments have failed to adequately 
define any significant effect on yield. There is little 
evidence to suggest that any major influences on the water yield 
of large catchments c-ould "be still undetected by the studies 
already made. 

The effect of conservation structural works on 
flood flows from large catchments is, "by comparisonj fairly 
well established» The structural works which are significant 
in reducing flood peak-s are- detention dams and river channel 
improvements to mitigate overbank flow. The effect of these 
works is localised to the extent that the effect of flow 
reduction is mos-t evident immediately downstream of a detention 
dam and the effect diminishes with distance downstreamc The 
effect of channel improvement is a-lso- localised and can be the 
cause of increased floods downstream of the TO rks under particular 
conditions. There is no evidence to suggest that agronomic 
practices or conservation terraces have much effect on major 
floods on large catchments» 

There is a constant problem in extrapolating research 
results from small experimental areas to large heterogeneous 
catchments® Variations in rainfall^ évapotranspiration lossc 
infiltration, and runoff^ over different parts of a catchmentj 
and such factors as interflow and transmission losses^ make 
any extrapolation very difficult and unreliable« The problem 
of extrapolation is an area of research still virtually 
untouched« 

3o3 EFFECTS OF AGRICULTURAL AND CONSERVATION PRACTICES 
ON QUALITY OF AVAILABLE WATER 
Sources of Pollution 

Agricultural activities- can have much greater effects 
on the quality of surface runoff and groundwater recharge than 
on the quantity of water« Bac-ter-iological contamination from 
animal wastes has long been recognised as a source of pollution, 
and there are restrictions- on many agricultural activities on 
catchments providing town and city water supplies in Australiao 

More recently, problems have arisen from the resides 
of long-lived pesticides which are leached from agricultural 
lands. N u t r i e n t s can -also be leached from lands where excess 
amounts of fertilizers are applied, and problems of weed 
growth and eutrophic at ion can result where the nutrients are 
accumulated in rivers, streams, or reservoirs^ 
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The ma;i or sources of pollution of water supplies 
from rural land use are animal was-tes, fertilizers^ pesticides^ 
plant residues, and sal ine wa-st-e water from irrigated areas o 
(Production of sediment is another type of water pollution.,) 
Saline waste water i-s -dea-l-t- wi th in the chapter on '-Irrigation 
and Drainage" and is not treated hereo The other types of 
pollution are reviewed in the following sections which cover 
hoth surface runoff and groundwater aspectso 

3.3o2 Animal Wa-stes 
Animal was-tes are considered as all wastes associated 

with producing animal productso These include animal excreta 
(solid and liquid), litter or hedding^ cleaning materials, 
chemicals used for pest control, cleaning water, spilled feed, 
and waste carcasseso A number o-f studies (refs. 106-111) have 
included determinations of the amounts and strengths of animal 
wasteso The amount and strength of wa&tes produced hy an 
animal depends- on the type, breed, sex, age,- size, feed and any 
additives of the ration-, health and the environment of the animal. 
Environmental factors which include temperature^ humidity, light, 
antecedent moisture, rainfall and time affect the rate and 
amount of degradation of animal waste's, 

Farm animals in the U«SoAo produce over 1 "billion tons 
of fecal wastes-per year (refo ^ The liquid wastes exceed 
UOO million tons. When bedding and wa&te carcasses are 
included, the annual production of animal wastes is nearly two 
billion tons o As much as 50% of the wa-ste may be in concentrated 
production areaso Pour hundred cows in a mechanised dairy will 
produce about 1U tons of solid wastes and i+i tons of liquid 
wastes daily; 10n000 cattle in a feedlct operation 260 tons of 
solid waste and 100 tons of liquid wastes daily; and 100.000 
fowls in a battery poultry enterpr:^ e about 5 tons of waste 
per davo 

In Australia^ Henry (refo II3) has reviewed the 
problem of disposal of farm manure in Queensland» The estimated 
amount of 66 million gallons of dun-_g and urine per day produced 
by 7.UOO.000 beef and dairy cattle would be only pints per 
acre if uniformly spread, but high, concentrations of animals, 
particularly pigs and poultry, cause problemso The Department 
of Local G-overnment in Queensland is responsible for pollution 
control and is undertaking catchment surveys and water quality-
surveys in 50 rivers. m,ainly coastal but includmg some inland 
rivers (ref, ""lu)« 

Several major symposia in the UoSoAo have been devoted 
ô livestock wastes managements The National Symposium on 

Poultry Industry Waste Management (ref^ 115) includes papers on 
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the nature of ttie poultry was-te problem, waste char ac ter is tics ̂  
and various manure treatment devices including incinerators, 
aner-ohic lagoons, dehydrators, and aero-hic lagoonso The odour, 
disease, and water pollution aspects are discussedc The Second 
National Symposium on Poultry Industry Waste Management (ref. 
1 1 6 ) presents similar material and also discusses related legal 
problems • 

The farm animal waste problem is also considered in 
the National Sympasium • on Animal-Waste Manage-m-ent (ref, 11?) 
from several points of view. Data on the characteristics of 
bovine wastes, duck processing wastes, and feedlot rimoff are 
included. Also, many aspects related to disposal, treatment 
and utilization of anima-l wastes were discussedc 

Distribution onto agricultural land is still the 
most widely used disposal technique for animal manuresc 

McGauhey et al (ref„ 118) have prepared an extensive literature 
review on the use of soil as a waste treatment systemo Included 
are sections on infiltration and percolation, soil clogging^ 
treatment results,̂ , and various engineered systems using the soil 
A bibliography of 289 entries is includedo 

Animal wastes contain large populations and varieties 
of bacteria and viruses some of which may be pathogenic to mano 
The wastes also contain plant nutrients in varying amount s^ an 
assortment of organic and inorganic matter in various stages 
of decay, and salts that are sometimes in abundanceo Wadleigh 
(ref® 1 1 2 ) cites nitrogen as the contaminant that presents the 
greatest problem in groundwater pollution by animal wastes. 

Nitrate in drinking water can cause methemoglobinemia 
in babies (blue babies). It is also toxic to livestock and may 
be passed on in milk, Bosch et al (ref^ 122) report that 
nitrates in farm well-water caused I39 cases of infant 
methemoglobinemia between 1947 and 1950, including deaths 
in Minnesota alone^ Wadlei^ (ref, 112) cites an instance 
where 3IOO ewes and 3OO cows experienced abortions in a single 
livestock operation shortly after drinking high nitrate water^ 

Smith (ref* 123) reports on extensive studies of 
nitrate content of 6OOO rural water supplies in Missouri« He 
concluded that infiltrat-es from fee-dlots were the main source 
of nitrate in groundwater« Other sources may contribute 
nitrate and these include sewage and septic tank effluent^ 
fertilizers, high organic soils and areas of luscious plant 
growth and decay. 

Miner et al (ref. 2̂h,) have shown that feedlot 
runoff is a source of high concentrations of bacteria normally 
considered as indices of sanitary c^ualityo Henderson (ref c 125) 
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has evaluated, data to show the high potential and actual 
pollution in streams caused hy animal wastes^ Smith and Miner 
(refo 126) obtained water q̂ uality measurements on streams and 
rivers subject to pollution from feedlot runoff and found that 
considerahle lengths of the watercourses were devoid of oxygen 
due to the pollutionc Decker and Steele (refo 127) list the 
infectious diseases organisms common to man and other animals^ 

Gatehouse (ref> 120) discusses the various aspects of 
farm v̂ raste dispos-a-1- in England and Taiganides (refc. 110; 
describes management practices of Europe and Indiac G-olueke 
and McG-auhey (ref. 134) have pres-ented a comprehensive report 
on solid wastes management which includes a discussion of the 
agricultural solid waste proble-m and the urban-rural interface 
with regard to waste management. Animal manures;- dead animals 
and crop residues are listed as the major solid agricultural 
wa'si7e"sc 

Re-c-ently, some exce-llent reviews of the animal 
waste problem have been prepared. Loehr (ref. 135) and Loehr 
and Agnew (refc I36) have summarised the state-of-the-art in 
managing animal wastes-and have reviewed the magnitude of the 
problem as it occurs in the U.SnAo. the pollution already 
caused and potential pollution from animal wastes, feasible 
treatment processes and major problem areaso Robbins and 
Kriz (refo 137) have prepared an extensive review of the relation 
of agriculture to groundwater pollution and their report 
includes animal wastes as one of the principal sources of 
pollution. 

3^ 3 r 3 Fertilizers 
The rate of use of chemical fertilizers on agricultural 

lands is increasing at a very rapid rateo Figures cited by 
Robbins and Kriz (refo 137) show that consumption of major 
fertilizers in the U.S.A-. is doubling about every ten yearSc 
Wadleigh (ref... 112) points out that usage is still well below 
potential and gives data to show that the use of nitrogen 
and phosphate fertilizers per acre oi land in the Netherlands 
is about ten times that of the 

The nitrogen used is largely in forms such as ammonium 
sulphate, anhydrous ammonia, ammonium nitrate, sodium nitrate 5 
calcium nitrate and various ammoniated phosphates and super-
phosphates r These forms are typically highly solublec Where 
precipitation or irrigation is periodically in excess of plant 
requirements, downwarrd-percolating water carries with it 
nitrogen compounds from the fertilizers: 

Nitrogen is the element most involved in pollution 
due to fertilizers. Peth (ref. I39) has made a comprehensive 
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review of nitrogen compounds in natural waters and he lists the 
following as major so-urces: precipitation^ fixation hy micro-
organisms in soil and watery decaying organic matter, animal 
and industrial wastes, as well as prohahly undiscovered sources 
in consolidated and unconsolidated rocks» Allison (ref, 1^0) 
quotes an attempt to make a nitrogen balance sheet for harvested 
lands in the U ,S .A . (see helow),» The items listed for erosion 
and leaching ar-e of special interest as potential sources of 
nitrogen in surface water and groundwatero 

Additions Nitrogen 
lb/acre/yro 

Rain and irrigation Uc. 7 
Seeds 
Fertilizers 1.7 
Manure s 5 •2 
Symbiotic nitrogen 

fixation 9o2 
Nonsymhiotic nitrogen 

fixation 6cO 

27^8 

Losses 

Harvested crops 
Erosion 2i|.2 
Leaching 25-. 0 

72 .3 

Net annual loss Uho5 

A Task G-roup report of the American Water Works 
Association submitted "by the Ta&k G-roup chairman (ref, iUi ) 
discusses the sources of nitrogen and phosphoT'ous in^ water 
supplies in the Uc&«A« They conclude from '-order of magnitude 
estimates" that agricultural runoff is the greatest single 
contributor of nitrogen an-d phosphorous to the n a t i o n w a t e r 
supplies^ O^Gonnor (ref» 1U2) has reviewed the role of 
agriculture in affecting water quality in rivers and lakes in 
New Zealand. He cites measurements and estimates which have 
been made of nutrient concentrationso 

3o3ok Pestici des 

Pesticides may be classified according to their use 
as insecticides, herbicides^ rodenticides, miticidesy 
nematicides, or fungicides. They can also be classified 
according to their origin:-
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1» Mineral o r i g i n - inc ludes a r s e n i c a l and inorganic 
compounds conta in ing sulphur , 
copper and f l u o r i n e « 

B o t a n i c a l o r i g i n - inc ludes nicot ine^ pyrethrum and 
r e d q u i l l o 

3» Synthet ic o r i g i n -
a» I n s e c t i c i d e s - ch lo r ina ted hydrocarbons 

( d i e l d r i n , endr in , 
l indane) 

- organic phosphorous compounds 
(pai^athion, malathion) 

"b, Phenoxyalkano-ic a c i d h e r b i c i d e s ( s i m i l a r to 
c h l o r i n a t e d hydrocarbons) - 2ok ^f 

c,» Misce l laneous compounds - e^go carbamatesj, 
d i th iocarbamates» 

The use of chemicals such a s &-ulphur f o r p e s t cont ro l 
da te s back to the beg innings of recorded h i s t o r y . But the 
p e s t i c i d a l p r o p e r t i e s of D . D . T o were not d i scovered u n t i l 1939 
and organo-phosphates were f i r s t marketed about 19U5, Since 
then the product ion and use of s y n t h e t i c p e s t i c i d e s has i n c r e a s e d 
enormously.. While the above c l a s s i f i c a t i o n appears simple^ the 
committee of enq_uiry appointed by the Premier of V i c t o r i a to 
enquire into the e f f e c t s of pe s - t i c ide s j l i s t e d 376 p e s t i c i d e s 
a v a i l a b l e in that S-t-ate a t the time ( r e f . 11+3)«. 

The f i r s t awarenes-s of p e s t i c i d e s a s a water p o l l u t i o n 
problem came in 1950 in the U^SoAc when i n s e c t i c i d e s washed 
from cot ton f i e l d s produced e x t e n s i v e f i s h k i l l s in 1i4 t r i b u t a r i e s 
of the Tennessee River in Alabama ( re f^ 1UA)o 

An example c i t e d by R-andall (r-e-f-<. i l l u s t r a t e s 
the magnitude of the problem» During t h e winter of I963-6U, a 
massive f i s h k i l l which r e s u l t e d in the deaths of about 175,000 
f r e sh-wate r and 5,000^000 s a l t water f i s h occurred on the lower 
reaches of the M i s s i s s i p p i River« I n v e s t i g a t i n g o f f i c i a l s of 
the UeS: Pub-lic Health Serv ice repor ted that t e s t s showed the 
r i v e r to be contaminated with endrin^ an i n s e c t i c i d e with a 
very high t o x i c i t y to f i s h . Further t e s t s i d e n t i f i e d the 
presence of endrin in the blood and muscles of the dead f i s h e 

Severa l months a f t e r the M i s s i s s i p p i River f i s h 
k i l l J o f f i c i a l s in Memphis, Tennessee, d i s covered tha t a l a r g e 
s e c t i o n of sewer system l o c a t e d near a f a c t o r y manufacturing 
p e s t i c i d e s was c logged with s e v e r a l thousand pounds of endrin 
in d e p o s i t s up to four f e e t deep« A p o r t i o n of the sewer. 
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which empties in to the r i v e r , had t o he c l o s e d o f f and 
abandoned ( s e e a l s o Beerman. r e f * II4-6 and Novack and Rao^ 
r e f . 114-7)« Case h i s t o r i e s o f f i s h k i l l s caused hy r u n o f f f rom 
areas t r e a t e d with p e s t i c i d e s have "been rev i ewed hy Cottam 
( r e f . 1 3 8 ) . 

U n f o r t u n a t e l y 3 the same char-ac-teri&tic s that make DDT 
and o ther c h l o r i n a t e d hydrocarbon compounds s u c c e s s f u l as 
p e s t i c i d e s - wide range t o x i c i t y and extreme p e r s i s t e n c e - a l s o 
make them dangerous f rom a water p o l l u t i o n view pointe- Most 
o f these are- very res is tan- t t o natura l d e g r a d a t i o n having 
e f f e c t i v e l i f e t i m e s i n the order of 10 y e a r s . Westlake and 
San Antonio ( r e f , 1i+8) r e p o r t e d t h a t 50% of p e s t i c i d e s c o u l d 
he r e c o v e r e d from the s o i l s i x y e a r s a f t e r the I n i t i a l 
a p p l i c a t i o n « 

Johnston e t a l ( r e f , 114-9) analysed e f f l u e n t s from 
i r r i g a t e d lands f o r p e s t i c i d e r e s i d u e s in the San Joaquin 
V a l l e y o f C a l i f o r n i a » R e l a t i v e l y small q u a n t i t i e s of 
c h l o r i n a t e d hydrocarbon r e s i d u e s were found in t i l e dra inage 
e f f l u e n t hut h igher c o n c e n t r a t i o n s were f ound in e f f l u e n t 
f rom open dra ins where b o t h s u r f a c e and subsur face waters were 
c o l l e c t e d ^ There were t r a c e s of r e s i d u e s in the i r r i g a t i o n 
water s u p p l i e d to the area^ R e l a t i v e l y l a r g e c o n c e n t r a t i o n s 
o f r e s idue were f ound in the s u r f a c e s o i l of the area s t u d i e d 
even where no p e s t i c i d e s had been a p p l i e d d i r e c t l y to the s o i l c 

B a i l e y and Hannum ( r e f » I50) s t u d i e d the d i s t r i b u t i o n 
of c h l o r i n a t e d hydrocarbons and th iophosphate p e s t i c i d e s in 
waters y sediments and aquat ic organisms i n C a l i f o r n i a o The 
r e s u l t s show that p e s t i c i d e c o n c e n t r a t i o n s are d i r e c t l y r e l a t e d 
t o a g r i c u l t u r a l p r a c t i c e s and c o n c e n t r a t i o n s are h i g h e s t where 
a g r i c u l t u r a l development is g r e a t e s t » The temporal d i s t r i b u t i o n 
i n s u r f a c e waters was r e l a t e d to a g r i c u l t u r a l dra inage p r a c t i c e s 
and t o r a i n f a l l and r u n o f f pa t te rnso Ana lys i s of a q u a t i c 
organisms supported the c o n c e p t o f s u c c e s s i v e p a r t s of a f o o d 
cha in p a s s i n g on h igher c o n c e n t r a t i o n s o f p e s t i c i d e s o P e s t i -
c i d e s were fo imd t o be c o n c e n t r a t e d in bo th organisms and i n 
sedimentSj p a r t i c u l a r l y f i n e gra ined sediments^ Cope ( r e f o 1 5 l ) 
a l s o d i s c u s s e s the contaminat ion o f f r e s h w a t e r ecosystems 
by p e s t i c i d e s and the eventua l f a t e of the p e s t i c i d e s ® 

C h l o r i n a t e d hydrocarbons have no s o l u b i l i t y in watero 
When these p e s - t i c i d e s are washed i n t o streams^ they remain in 
the f l o w u n t i l absorbed onto s o i l p a r t i c l e s or i n g e s t e d by 
aq_uatic organisms» I t i s the a b i l i t y of aq.uatic organisms to 
s t o r e and c o n c e n t r a t e the p e s t i c i d e s in t h e i r body t i s s u e s 
that i s of such importance® The f o l l o w i n g i l l u s t r a t e s the 
i n c r e a s i n g c o n c e n t r a t i o n s o f TDE p e s t i c i d e o b t a i n e d from a 
f o o d cha in in a lake in C a l i f o r n i a » 
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Water 

0 . 0 2 ppm 

I 
Plankton 

5o3 ppm 

Small Pish 

1 0 o O ppm^ 

Predatory Pish. Predatory Birds 
1 ,700 ppm 1 ,600 ppm 

In many^ c-o"antries, puhlic concern about the effects 
of pesticides u&ed on agricult"aral- lands has stimulated 
governments to establish commrit̂ tees- of enquiry or revieWo In 
the United Kingd.om, there have been se-veral enquiries 
beginning in 1951 and then in 1953> 1955? 1961 and two in 1961+« 
Several investigations have been made in the U . S . A . and others 
in Canada and by United Nations organizations such as P . A . 0 » 
and W,H,0o 

The Report of the Committee of Enq.uiry appointed by 
the Honourable the Premier of Victoria to enquire into the 
Effects of Pesticides (refo 11+3) gives a good review of the 
situation in Australia and the problems related to water 
quality. In the discussion of the Persist-ence in Water of 
Pesticides, the Committee reported:-

"A special problem is posed by the contamination of both 
fresh and saline water» Chemicals such as chlordane, 
heptachlor, D^D^T-, (and its metabolites), toxaphene 
and rotenone may persist in water. However, tlie 
persistence of chemicals in certain aquatic organisms 
may be of even greater significance. Some invertebrate 
and vertebrate organ-isms, ^ i l s t demonstrating a 
progressive accumulation of chemical s^ show no apparent 
ill-effe-ctse These organisms constitute the aquatic 
food chain. The short l i fe cycle of many aquatic 
organis-ms-pose-s a further problem as yet inadequately 
examined anywhere. There is little information about 
levels of persistent chemicals in bottom muds and 
sands and-of their tranBfer from this environment. 

In Victoria no information is available on contamination 
of v\rater supplies although f i s h mortalities from time 
to time in some streams are an indication that some 
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pesticides from farm lands are getting into water which 
may "be drawn off for town supply- " 

In its Recommendations, the Committee proposed that:-

"The Fisheries Act and St-ream Pollution Regulations 
imder the Health Act should "be extended to prevent -

( i ) any pesticides from entering a stream, except 
in approved circumstances and conditions; 

( i i ) the preparation of any spray mixture in a 
stream or within 2 chains of the edge of a 
stream ; 

( i i i ) the washing of "bags or any other container 
originally containing any pesticide in a 
streamy 

( iv ) the depositing of any package containing or 
having contained any pesticide in a stream 
or within 2 chains of the edge of a stream; and 

(v) spraying or dusting particular pesticides from 
the air within a prescri"bed distance from the 
edge of the stream." 

Effects on G-roundwater 

There is no evidence that agricultural or conservation 
practices have affected groundwater recharge in Australia 
except in irrigated--areas and where change in plant cover has 
changed évapotranspiration lossc 

G-enerally, the major problem that has appeared in 
the is one of groundwater pollution from agricultural 
activities . It seems probable that similar problems could 
develop in Australia as agriculture becomes more intensive and 
the current situation in the U.^SoAo might be a guide to future 
developments here^ A review of U.S, work is set out in the 
following^ 

Robbins and Kriz (ref-. 137) have reviewed available 
information on the relation of agriculture to groundwater 
pollution and their paper includes a bibliography of 97 
published reports» These authors list the 5 major categories 
of agricultural pollutants as animal wastes^ fert i l izers . 
pesticideSp plant resirdues and saline irriga1:ion-waste waters. 

I f an agricultural pollutant does not attenuate 
appreciably or decay rapidly, it may pass from the land surface 
through the zone of unsaturated soil to groundwater, then into 
surface streams and to the sea a Two phenomena govern the 
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movement of waste sulDstances in s o i l systems (refSr. 153? 
One i s d i f f u s i o n tliat r e s u l t s from v a r i a t i o n s in waste 
concentrat ion with p o s i t i o n in the s o i l system; the other is 
convect ion "by water which drag^ the waste- along. 

According t o LeG-rand ( r e f , 153) "the movement of 
contaminants through the zone of aerat ion tends to "be vertical.- , 
Lateral d i spers i on ahove the water tahle i s genera l ly small 
unless apprec iab le amounts of waste water are appl ied to the 
s o i l in a l o c a l i s e d area or the land surface i s r e l a t i v e l y 
steepo I f the l a t t e r occurs ; the water tahle may r i s e as a 
mound and cause r a d i a l d i s p e r s i o n o f the po l lu tanto 

Lateral d i spers i on predominates in the saturated 
zone and p o l l u t a n t s move in the same general d i r e c t i o n as the 
groundwater. A knowledge of groundwater f l ow patterns may "be 
s u f f i c i e n t to p r e d i c t the behaviour of some contaminants^ 
LeGrand found that repor ts on r a t e s of water movements in 
unconf ined aq.uifers we^e s-car-eec He als^o repor ted that move-
ment o f groundwater i s much greater j u s t "below the water ta"ble 
than at greater depth. Where groundwater movement i s slow-
contamination can "become very ser ious b e f o r e the pro"blem 
becomes obv ious . 

Information on the movement of var ious p o l l u t a n t s 
in the groundwater system was assembled in the proceedings 
of a symposium an groundwater containinai:ion ( r e f o 155)o 
Deutsch ( re f o156 ) presented d e s c r i p t i o n s and i l l u s t r a t i o n s of 
a v a r i e t y of problems of groundwater po l lut ion . . An e a r l i e r 
report ( r e f o 157) c i t e d by Robbins and Kriz descr ibes l abora tory 
and f i e l d inves-tig-ations of the t rave l of contaminants in 
aquifer 's . ' 

A major problem in determining c r i t e r i a f o r ground-
water p o l l u t i o n i s the d i f f i c u l t y in p r e d i c t i n g or even 
approximating the changes in a r e a l extent of contaminated 
zones with time and wilii concentrât iono Two f a c t o r s to consider 
are the tendency f o r enlargement of the zone of p o l l u t i o n as 
more wastes are added and water d i sperses them; and the 
tendency f o r the s i ze of the zone to be retarded as wastes at 
the periphery are continuously being attenuated^ 

The add i t i on of wastes to a s o i l system may change 
i t s waste-handling c h a r a c t e r i s t i c s ( r e f c 118)^ Plugging of 
s o i l pores may r e s u l t in s i g n i f i c a n t changes in the rate of 
water movement., Biodégradation of excess ive amounts of 
organic wastes may deplete the oxygen in an a q u i f e r and change 
the decomposit ion from aerobic to anaerobic., 

The ult imate f a t e of a g r i c u l t u r a l wastes when 
incorporated in to a s o i l system depends on the p h y s i c a l , 
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ch.emical and biological environments- within the system-. Because 
air, plant, animal-.- s-ail. groundwater and surface waters are 
generally related, 'the overall behaviour of new agricultural 
wastes- in the total environment must he understood before 
control measures can he established with reliability« 

LeG-rand (ref. 152) proposed a series of questions 
based on the-pollution cycle that must be considered for each 
particular situation. The questions concern the waste itself , 
the hydrogeology of the area and the human aspectsc The 
questions are as follows.:— 

Wastes : 

Hydrogeology : 

Human Aspects: 

Is the release of the waste a single slug or 
mass? 

Is the release sporadic or continuous? 
What is the concentration? 
Is it liquid or solid? 
If solid, to what extent is it leached? 
If liquid, is the quantity enough to change 

the normal groundwater flow pattern? 
Does the waste contain a single contaminant 

or a mixture of contaminants? 
What is the relative degree of toxicity or 

objecti on? 
What is the attenuation habit of the critical 

contaminant by dilution in water, decay with 
time, or sorption on earth materials? 

Is the past history of waste release in the 
area important? 

What are the porosity and permeability 
characteristics in the area? 

Is there soil and other consolidated material 
to much depth? 

Is dense rock at the land surface? 
Is the surface permeability poor or is liquid 

disposal so great that the contaminants 
will be shunted to the land surface and 
not ha-ve a conventional underground 
movemen-t-? 

What are the sorptive capabilities of materials 
through which the contaminants will move? 

What is the highest seasonal level of the water 
table and flue tu at ions through the year? 

What is the approximate co-urse of the ground-
water flow? 

Gan the groundwater divide be d istingui^ed? 

What man-made operations need consideration? 
What is the proximity of well sites to waste 

sites? 
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To viTliat extent has th.e natural groundv/ater 

flow system "been modified "by man? 
What can "be anticipated in the futupe ah out 

changes in groimdwater flow and water 
supply and waste disposal practices? 
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CHAPTER k 
FORESTS 

INTRODUCTION 
A continuous cover of mature forest is probalDly the 

loest protection that a water supply catchment can have to 
minimise erosion and turhidity. However, in Australia, 
forestry is practiced much less as protection forestry than 
for commercial production of timbero There are conflicts of 
interest when forestry operations have a deleterious effect 
on water quality or when water supply authorities stop 
harvesting of timber or even fire-control operations on 
catchment areaso 

The role of forests in protecting against erosion 
has heen-accep-ted for a very long timeo Kittredge (ref. 1) 
reports that as e-arly as 1-215-, LOUIB VI of Prance proclaimed 
an ordinance entitled "The Decree of Waters and Forests"« 
In 131+2, a community in Switzerland reserved a forest for 
protection against avalanches and "between 1535 and 1777? 
prctection forests were proclaimed in 322 instances. 

Early opinion held that the effects of forests on 
catchments were "beneficial "becuase of increased infiltration 
into the soil« greater moisture storage in the humus and 
litter layers, reduced flood peaks and longer sustained low 
flows s attenuated snowmelt and prevention of erosion. In 
1909, Chittenden (refo 2) pu'blished a treatise on the subject 
and from the availa"ble evidence, he stated the following 
seven conclusions? 

(1) The bed of humus and debris re tains 
precipitation«..oit acts as a reservoir 
moderating the runoff from showers and 
mitigating the severity of freshetso 

( 2 ) The above action fails- altogether in periods 
of prolonged a-nd heavy precipitation, which 
alone produces great general floodSe.•®Not 
only does the forest at such times exert no 
restraining influence upon floods,̂  but„o.. 
may actually intensify them» 

(3) In periods of extreme summer heat, forests 
operate to diminish the runoff«00« 
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(U) The e f f e c t of f o r e s t s upon tlie runoff r e s u l t i n g 
from snow-melting is to concentrate i t into 
b r i e f per iods and therelDy increase the s e v e r i t y 
of f reshets0 oco 

( 5 ) S o i l e ros ion does not r e su l t from f o r e s t 
cutt ing in i t s e l f J hut from c u l t i v a t i o n , using 
that term in a hroad sense•o » a(meaning a 
v a r i e t y of methods f o r disturbing the s o i l ) » 

(6 ) As a general p r o p o s i t i o n , c l imate and p a r t i c u l a r l y 
p r e c i p i t a t i o n , has not been appreciably modi f ied 
by the progress of settle-ment-. o o « 

( 7 ) The percentage of annual r u n o f f to r a i n f a l l has 
be-en s l i g h t l y increased by d e f o r e s t a t i o n and 
c u l t i v a t i ono 

Chittenden ^s pape-r- e - l i c i t e d considerable response wi-th 
22 wr i t ten d i s cuss ions contributedc Soon afterwards^ in 1912? 
Zon ( r e f . 3) put together an exhaustive review of ava i lab le 
f a c t s f o r the UeSo SenatOo Other studies such as those by 
Fors l ing ( r e f . ij.) and Munns et a l (ref^ 5 ) in 1933 have 
assembled the avai lab le Imowledge of the time«. In 19^8 
Kit tredge tr-aced the h i s t o r y of thought on f o r e s t in f luences 
and gave a b-raad r-eview of the sub jec t o The I.AaS«H. Sympo-sium 
of Hannover s ch-Munden ( r e f . 6) in 1959 was devoted to "Water 
and Woodlands" and 35 relevant papers were presented» Storey , 
Hobbn, and Rosa ( r e f « 7) set out more recrent knowledge in I96Í4. 
in the "Handbroak of Applied Hydrology-"« 

The most comprehensive review of a c t i v i t i e s and 
r e s u l t s of f o r e s t hydrology studies was made in I965 at the 
Internat ional Symposium on Forest Hydrology held at 
Pennsylvania, UeScA« Proceedings of the symposium which 
included 80 papers have been published with d i scuss ion ( r e f » 1 0 ) . 
Papers presented descr ibe f o r e s t hydrology research in 20 
countr ies inc luding a review of Austral ian a c t i v i t i e s by Gostin 
and Slatyer ( re fa12)o The countr ies whose work was reviewed 
at the symposium were Austr ia , Australia^ Belgiumj, Canada, 
Czechoslovakia J Denmark, East and Central A f r i c a , Finland^ 
Germany, Greece, I s r a e l , Japan^ Netherlands, New Zealand, South 
A f r i c a , Sweden, Switzerland, Taiwan, United Kingdom and UoSoA« 

Russian studies of f o r e s t hydrology have been 
extensive although there was no contr ibut i on from USSR at the 
Pennsylvania symposium, Rakhmanov ( r e f , 1 3 ) has reviewed and 
summarised Russian paper-s and r e p o r t s , as wel l as 87 in 
other languages, deal ing with the r o l e of f o r e s t s in water 
conservat ion» Another review has been made by Molchanov ( r e f , 
11+). Several papers ( r e f s . 21-23) at the I,A,S®H, symposium 
on "Water and Woodlands" a lso describe Russian work» 
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There have "been many annotated bibliographies 
prepared dealing with publications on forest hydrology» In 
the UoS.Aep Lull (refo 15) has prepared an annotated 
bibliography of publications on watershed man-agement research 
by the North-eastern Forest Experiment Station which covers 
156 public ations o Qleason (ref. 1-6-) has prepared a similar 
documentation of 20k publications on eros-ion, streamfloWj and 
water yield by the California Forest and R-an-ge Experiment 
Station« Price (ref. I7) reviews literature on watershed 
management in the Southwest« In 1930, Lowdermilk (refu 20) 
prepared a bibliography on the influence of forest litter on 
runoff, percolation and erosion« This lists early studies 
related to this aspect of forestso 

Australian research activity in forest hydrology 
has not been extensive although a wide range of subjects have 
attracted interest. The effects of converting native forest 
to grassland and to pine plantation; the effects of fire on 
water quality and erosion; the relation of turbidityan water 
supplies to forest roads and logging operations; have been 
studiedo However, with the exception of the Watershed 
Management Section of the Forest Research Institute in Canberra, 
research activity in G-overnment organizations has been more 
connected with the interests of individual persons than with 
any systematic programme^ Most states have one or two research 
catchments and usually only one person actively dealing with 
forest hydrologyo 

The published reports of Australian studies give a 
good summary of the problems that have attracted interest in 
particular areaso But the greater number of overseas reports^ 
particularly those from the UoSoA.^ are of more value in 
evaluating the effects of forests on water yield, floods, 
erosion and turbidity. An illustration of the problems that 
are relevant in Australia is given by McArthur and Cheney 
(ref. 11) who suggest that the forest management practices 
which may have an effect on catchment behaviour include -

(a) timber utilization and silvicultural treatment 
which result in a reduction of the stand density, 

(b) clearing of indigenous vegetation and its 
replacement with an alternat-ive forest crop, 
generally an exotic coniferous species^ 

(c) management designed to increase the density 
of the existing forest cover by protection 
from fire and grazing and by enrichment 
planting of native or exotic species« 

(d) grazing^ 
(e) fire,.. 
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These authors also note that "most f o r e s t prac t i ces 

such as readings logging^ contro l "burning^ and plantation 
c lear ing w i l l produce increased erosion and sedimentation i f 
carr ied out in an unplanned' and haphazaFd manner without due 
regard to the primary ohject ive of management which is to 
prewnt any reduction in water y i e l d and quality,. With care fu l 
prescr ipt ions the amount of sediment or iginating from areas 
where f o r e s t oper-ations are in progress can he frequently 
reduced to lower values than that from undisturbed areas , " 

The aspects of f o r e s t e f f e c t s on hydrology which 
are considered in th i s report are dealt with under the 
f o l l owing headings: 

1o E f f e c t s of clearings thinning^ a f fores tat ions 
speciess etc» on waiier^ yield«, 

2» E f f e c t s on f l oods» 
3« E f f e c t s on water qual i ty , including turhidity 

and erosiono 
ko E f f e c t s of f i r e « 
5« Snow management® 

EFFECTS ON YIELD 

4o2o1 Glearinp; and Af fores tat ion 

The change of pl-ant cover when trees are cleared from 
a f ores ted catchment and replaced with grass is of considerahle 
concern to Australian authori t ies because of- the vast areas 
which have been cleared since the beginning of white settlement. 
I t has also attracted considerable attention from f o res te r s in 
other countries and there have been many experiments made t o 
assess the hydrologic e f f e c t s of c lear ing , or conversion from 
trees to grass« 

This aspect has been dealt with in deta i l in an. 
e a r l i e r chaptero The resul ts of the review which has been made 
may be summarised as f o l l o w s ? « 

a« Conversion of a catchment cover from deep 
rooting trees to shallower rooting grasses 
usually results in an increase in surface 
runo f f , or in groundwa-ter recharge^ or poss ib ly 
botho 

bo Af fores tat i on of a grassed catchment w i l l r e su l t 
in the reverse e f f e c t 1 o e 9 a decrease in surface 
runoff or groundwater recharge® 
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Co The reason for the change appears to "be mainly 
related to the difference in root depth from 
which the different plant-s can extract moistiire 
from the soil» Treesp which have opportunity to 
extract more soil moisture than grass "because of 
their deeper root system, can create greater 
soil moisture deficiencies when there is 
sufficient water demande This results in less 
groundv/ater recha-rge, more alDstraction from 
following storms, and less surface runoff. 
Interception, infiltration and differences in 
potential évapotranspiration rates appear to "be 
much less significant than the differences in 
soil moisture which is available to the planto 

d. The effects of clearing are di-sguised to some 
extent "by faetors such as slope and aspect of 
the catchment YAïloh also affect évapotranspiration 
los^o There is-no simple or single relationship 
which ean he used to express the results of 
clearing on water yield and to date, no attempt 
has heen made to use mathematical models for 
simulation of the processes involvedo 

An opp-o-site effect has "been found for special conditions 
in Russia. Pereira (ref . 2U) reports that, under a rather 
unique set of conditions which occur over a wide area of 
European Russia^ forest cover gives a higher water yield than 
does farmlands The special conditions are:-

( i ) that most of the annual precipitation occurs 
as snow 5 

( i i ) that major runoff events in each year are due 
to snow me 11 o 

( i i i ) forest root-range is confined to a shallow 
layer of a"bout one metre depths 

This experience is a warning that the general 
conclusions a^ to d., a"bove may not hold in some areas of the 
alpine country in Australiao 

4ç.2o2 Thinning 

Some results of thinning experiments were reviewed 
in the earlier chapter on "Clearing"o Generally, i t was found 
that when only part of a catchment is cleared, the resulting 
increase in runoff is less than would "be expected i f the whole 
catchment was cleared, and in proportion to the percentage of 
the area clearedc 
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There is one area in Australia where an opposite 
view is held , and where the management of major water supply 
catchments is involvedo The Melhoume and Metropolitan 
Board of V/orks have opposed logging of mature trees from the 
catchments providing Melhourne^s water supply on the grounds 
that young growing trees w i l l take more water than the mature 
trees that they replace (see discussion of ref^ 61., p»107)® 

There is not much evidence in the l iterature to 
support this view . The review hy Hihhert ( r e f , 25) of 39 
paired catchment experiments on water y ie ld gives some 
evidence that yield increases as the stand of trees is 
thinned« Douglass (refo 26) reviews nine studies of the 
ef fect of varying stand density on évapotranspiration loss 
and he concludes " I n many cases^ failure to sample the entire 
root depth and inability to account for drainage loss prevent 
direct comparison of évapotranspiration rates , "but a tendency 
is clear - reducing stand density reduces évapotranspiration 
and the greater the density reduction, the greater the 
évapotranspiration reduct ion , " 

Kittredge (refo 1 pp « 214-2-214-3) in h is substantial 
review of forest influences put forward an opinion that 
thinning would reduce water usage and increase water y i e l d , 
Colman (refo 2?) held the same opinion® 

The results which are most relevant to the Melbourne 
catchment areas come from Brookes and Turner (ref« 28) who 
report on a study of the water yield of catchments covered by 
Eucalyptus regnans on the Dividing Range about 14-0 miles from 
Melbourne, They concluded that "there is some evidence for 
the view that in young forest of this type the water y ie ld 
decreases with increase of stand density, . " 

At the present time (jano 1970 ) , the Melbourne and 
Metropolitan Board of Works is establishing experimental 
catchments to study the hydrological effects of forest 
management in areas representative of their major water supply 
catchments. 

E f fects of Chanp;e of Species 

The poss ib i l i t ies of differences in water use 
between hardwood and coniferous forests have attracted the 
attention of foresters in a number of countries around the 
world« Douglass ( r e f . 26) reviews comparative studies made by 
Lul l and Axley (refo 2 9 ) , Metz and Douglass ( r e f , 30)^ Moyle 
and Zalmer (refe 31)? Patric (ref» 32)^ and Zahxier (refo 33) o 
H is conclusion from this review was that "well-stocked forest 
vegetation appears to use water at about the same rate 
regardless of species"» 
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One result showing a difference in water use loetween 
coniferous and hardwood species was attrilDuted to differences 
in root depth. Douglass coramen-ts that "As with grassp 
variations in rooting depth seem to cause the only significant 
differen-ce in seasonal evapotransp-iration from pine and 
ha-îdwo-od s-t an d s o " 

In South Africac the natural hardwood forest occurs 
only in small r-emn-ant-s hut large are-as have "been afforested , 
with exotic specieso Establishment of plantations of exotic 
species "began towards the end of the 19th century and Wicht 
(ref. 3U) has esti-mat-ed that the area of exotics in 1955 was 
ahout 813^000 hectares (2 million acres) and that this would 
"be extended to an upper limit of 1^382,000 hectares 
million acres) hy the end of this centuryo 

Controversy in South Africa over the exotic 
plantations arose from fears that' the forests would dry up 
water supplies5 exhaust the soil and pr'omote erosion® Wi-cht 
traces-the deve-lopment of interest and experimentation (see 
refs. 35-38) and reviews opinion held in Soulh Africa on the 
water use "by different species. He q^uotes from a 19U9 report 
on "Forestry and Water Supplies in South Africa" (ref. 3 9 ) as 
follows 

"o • o orelia"ble results from controlled analytical 
research are not yet availa"blea The following 
conclusions therefore merely attempt to summarise 
"briefly the least problematic results of general 
experience and o'bservation« 

It, Plantations of exotic trees, grown to timber 
size^; will probably not use more water than 
indigenous forests^ if they are on comparable 
siteso 

2o Plantations of exotics and indigenous forests^, 
will probably use more water than fynbos 
(sclerophyll scrub) or grass communitese The 
magnitudes of the differences are not knownr 
but in the case of plantations they will 
probably be greater the more conditions deviate 
from those in true, moist/ high-forest regions® 

3o The consumption of water by plantations, forests 
and other plant communities, will depend 
chiefly on the amount of vYater available in the 
soil. 

Plant communities of the same ecological order„ 
that is, occupying similar positions in the 
succession of vegetation^ will proba'Sy use 
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appr^o-ximately e-qnal volumes of water. 

Swamps and vie is tend to l)e dried up if trees 
are plan-ted in tliem, and also if the natural 
succession progresse-s as far as the forest 
climax» The water is constantly available 
or acces-sihle to the roots of the trees, 
because it is stagnant or nearly so« 

60 There is no evidence that fast-growing tree 
species use more water than slow-growing ones -
all other factores -"being equal» 

7o The removal of vegetation - natural or 
artificial - from catchments, especially along 
stream "ban-ks 5 will cause an increased discharge 
from streamso The advantage is prohahly 
temporary, "because it depends on the retention 
of deep soils rich in humus^ which is impossible 
without a good cover of vegetation." 

Australia is well endowed wi th hardwood forest "but 
is naturally deficient in softwoods. When the Australian 
Forestry Gounell -w-as established in the planting of 
softwood species was one of the principal topics discussed 
at its inaugural meetings The total area of coniferous 
plantations in Australia at that time was about 650,000 acres» 
The Council agreed that Australia should aim for an overall 
planting rate of 75,000 acres per year which would provide a 
total of 2 million acres and make the country self-sufficient 
in softwoods by the year 2000« 

Much of the area planted will be in the better 
rainfall areas which also form the water supply catchmaits for 
towns and ci tieso There has been interest by Forestry 
authorities in the effects that change from native eucalypt 
to pine species mi^t have on water yields and experiments 
to study the changes have been established in Queensland, 
New South Wales and Victoria« 

In Queensland, soil moisture measurements are being 
taken to investigate the nature of water use from Hoop Pine 
plantations of various ages, from undisturbed rainforest, and 
from improved pastures. In New South Wales^ the Water Research 
Foundation of Australia financed a joint study by the 
University of New South Wales- and the Forestry Commission, to 
examine the hydrologie effects of change from native eucalypt 
to Pinus radiata. This study commenced in 1963=- In 
Victoria, the Soil Conservation Authority has established 
two experimental catchments of 36O acres and 250 acres at 
Long Corner Creek to study the influence on water yield of 
conversion from eucalypt to Pinus specieso 
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The study i n New South Wales i s tlie only Aus t r a l i an 
experiment from which r e su l t s are ava i l ab le« Eleven catch-
ments^ ran-ging in s ize from 10 to 760 acres were studied^ and 
an analys-is of the data was pres-ented in 196-9 t y Be l l and 
Gaten^y (r-e-fo 1|:0)» The resu l t s showed no d i scern ib le 
d i f ferences between the species and the conclusion was made 
that "there are other sources of v a r i a b i l i t y "between catchments 
that are more important than mature vegeta t ion^" This study 
i s cont inu ing and s o i l moisture data are now included in the 
f i e l d measurementso 

I t i s of i n t e res t to note that the largest water 
y i e l d i n t h i s study occurred from an immature p ine cover^ 
This gives support to the thes is t ha t root depth i s the 
dominant f ac to r in water y i e l d , rather than any d i f ferences in 
species of mature forest". 

A l l evidence su-pports the propos i t i on t ha t there i s 
n eg l i g i b l e diffe-rence in water y i e l d between sp-ecies of mature 
fores-t. When na t i ve eucalypt fores t is c leared to es t ab l i s h 
an- exot ic pine p lan ta t ion^ there i s l i k e l y to be an increase 
in the amoimt of water y i e l d while the pine fores t is immature 
and has not es tab l ished i t s f u l l root depth and th i s d i f ference 
s-hould disappear as the •trees mature o 

Summary of Effects- on Water Y'ield 

The fores t ry practices' of- e l e a r f e l l i n g , th inning^ 
a f f ore&tationJ and change of spe-cies can have' an e f f ec t on 
the amount of water y i e l d from a catchmento The most evident 
e f fec t is v/hen -a sub'stant ia l change in the root depth of the 
p l an t cover occur-So as with a change i n catchment cover from 
trees to grasso Change from deep root ing trees to shallow 
root ing grasses usua l l y r esu l t s in less u t i l i z a t i o n of water 
by the p lan ts and more runof f or groundwater rechargeo 

When nat ive eucalypt fo res t is c leared to e s t a b l i s h 
exotic pine p lan ta t ion^ the immature pine forest uses less 
water and produces more runof f f o r some years u n t i l the t rees 
matureo A s im i l a r e f fec t could be expected when a mature 
pine p l a n t a t i o n is c l e a r f e l l e d i n a r o t a t i on system and 
replaced with seed l ings . There seem to be no detectable 
d i f ferences between mature fo res ts of drifferent species other 
than those a t t r i bu t ab l e to d i f ferences in root depthc 

When fores-t-s are th inned instead of c lear fe l led^ 
there appears to be a reduct ion i n water use p r opo r t i o n a l ' t o 
the area cleared,. I t seems probable tha t there i s some 
c r i t i c a l stan.d densi ty fo r each species and age above which 
no increase i n water use would be expected but below which 
th inn ing would produce an increase i n water y ie ld« Howeverj, 
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there i s v i r t u a l l y no quant l taMve ev-iden-e-e en which t o j u s t i f y 
or evaluate the propos i t i ono 

Wh-ile there have been many s tudies d i r e c t e d towards 
i n t e r c e p t i o n c a p a c i t y , i n f i l t r a t i o n r a t e s , and other components 
o f the h y d r o l o g i c a l c y c l e a f f e c t e d "by f o r e s t s (see Part I I of 
t h i s r e p o r t ) , there i s no d i s c e r n i b l e pattern in the r e s u l t s 
a v a i l a b l e to suggest any general dominant f a c t o r other than o f 
d i f f e r e n c e in r o o t deptho 

EFFECTS ON FLOODS 

The e f f e c t s of f o r e s t in delaying and attenuating 
snowmelt can reduce the peak f l o w s in large r i v e r s where snow 
melt i s the p r i n c i p a l f l ood -produc ing f a c t o r o This may be of 
s i g n i f i c a n c e in the mountain areas of New South Wales^ 
V i c t o r i a , and Tasmania» (See s e c t i o n on Snow Management)« 

There may a lso be an e f f e c t on f l o o d f l o w s from the 
higher s o i l moisture l e v e l s which occur when the f o r e s t cover 
of a catchment is converted to grass® As descr ibed in the 
s e c t i o n on " E f f e c t s on Y i e l d " , the replacement of d e e p - r o o t i n g 
t rees with sha l low-root ing grass w i l l usual ly r e s u l t in l e s s 
water use and higher s o i l moisture levels«, Reason d i c t a t e s 
that this would have an e f f e c t in reducing i n f i l t r a t i o n ra tes 
and lowering the abstrac t i ons from storm r a i n f a l l s I t i s 
p o s s i b l e that this cou ld increase some f l o o d peaks^ but i t 
seems l i k e l y that the e f f e c t would be small<> 

Studies of the d i f f e r e n c e s of i n t e r c e p t i o n , 
i n f i l t r a t i o n and depress ion storage c a p a c i t i e s of f o r e s t s and 
grassland are out l ined in Part I I of th is reporte There are 
no systematic d i f f e r e n c e s in these components of the 
h y d r o l o g i c a l cy c l e from which the d i f f e r e n t e f f e c t s on f l o o d s 
o f f o r e s t s and grasslands can be deduced with accuracyo 

Early United States s tudies of the e f f e c t s of f o r e s t 
cover on f l o o d s are l i s t e d in b i b l i o g r a p h i e s by Zon ( r e f . 3 ) 
and Munns ( r e f » 5a)^ Recent r e s u l t s r epor ted in the l i t e r a t u r e 
are c o n f l i c t i n g » Art the I.AoS.H, Symposium on 'H/yater and 
Woodlands" in 1959, Anderson and Hobb-a ( r e f o î -l ) r epor ted on 
comparisons of a 320 sq.uare mile catchment with a 665 sq.uare 
mile c o n t r o l j and co-mparison of a k^kO square mile area with 
a 320 square mile c o n t r o l in Oregon, UoS»A® Their r e s u l t s 
from graphica l double mas-s analys is and by mult ip le 
r e g r e s s i o n c o r r e l a t i o n o f f l o o d peaks with meteoro log ica l^ 
topographical 5 geology and cover f a c t o r s^ showed that c u t t i n g 
of f o r e s t s and f o r e s t f i r e s increased f l o o d peaks in bo th 
rain-snowmelt f l o o d s and snowmelt f l o o d s « 
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By comparison, Johnson (refo i\2) at the Pennsylvania 
Symposium on forest hydrology, reviewed the available 
information including the study "by Anderson and Hohha and 
concluded as follows:-

"Land use significantly affects maximum discharges 
from small forest and range watersheds. Restoring 
plant cover on misused land of sma-11 watersheds 
can alter the crests of small peak discharges. 
Clear cutting of hardwood forests has not 
significantly increased streamflow peaks. Clear 
cutting coniferous forests in the western United 
States influences storm peaks of snow-fed streams," 

Joh-nson cites studies "by Meginnis (ref. U3)-> Reinhart 
and Sschner (refo I44), Ursic and Thames (refo 45) 5 Packer 
(refs. 1+6,¿i7), Qoodell (ref. i+S), and the TVA (ref. 1+9) in his 
review. 

There have "been a number of attempts to codify the 
effects of forests on flood runoff into design procedures. 
The most comprehensive review of these is set out "by Storey, 
Ho"bTDa an-d R-osa (ref-o 7) . Th^ si-x me-thods that they descri"be 
are 

( 1 ) The Infiltration Procedure put forward "by 
Whelanp Miller and Cavallero (ref . 50)» 

( 2 ) A method of Snowmelt Analysis proposed "by 
Rosa (ref. 5^)« 

( 3 ) Multiple Regression analysis from an 
example hy Anderson (ref. 52),> 

(1+) Regional Analysis from the analysis of 
effects of fire "by Rowe, Countryman and 
Storey (ref. 53). 

( 5 ) Hydr ograpli Ana lys is , 

(6) U.S. Soil Conservation Service Runoff 
Curves Procedure. 

No detailed use of these methods in Australia is 
known. Most were derived for U.S. conditions, and all that can 
"be said is that the probable worth for estimating the effects 
of forests on floods in Australia is very speculative until 
much testing has been undertaken. 

The references already cited in this section include 
the major reviews, design procedures, etc. which are readily 
availableo Other reports of individual studies are in refs. 
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U.U EFFECTS ON WATER QUALITY 

I n t r o d u c t i o n 

Not a l l p o l l u t i o n or u n d e s i r a b l e s u b s t a n c e s i n w a t e r 
r e s u l t f r o m human a c t - i v l t i e s . Whi le s t r e a m f l o w f r o m 
u n d i s t u r b e d f o r e s t s i s g e n e r a l l y c l e a r , the w a t e r may n a t u r a l l y 
become t u r b i d d u r i n g p e r i o d s of f l o o d f l o w , or d i s c o l o u r e d 
f r o m d e c a y i n g v é g é t a t i o n , or even s u f f e r b a r c - t e r i o l o g i c a l 
c o n t a m i n a t i o n f r o m w i l d l i f e i n the catchmento 

U n f o r t u n a t e l y the i n f o r m a t i o n a v a i l a b l e on w a t e r 
q . u a l i t y f r o m f o r e s t e d c a t c h m e n t s does- n o t c o v e r a l l r e l e v a n t 
prob lems» I n a r e v i e w of the e f f e c t s of f o r e & t t r e a t m e n t on 
w a t e r q u a l i t y , P a c k e r ( r e f a 7 1 ) p o i n t s out t h a t " t h e most 
s e r i o u s s h o r t c o m i n g i s t h a t o n l y a f e w of t h e w a t e r s h e d - s c a l e 
s t u d i e s have had the a s s e s s m e n t of w a t e r q . u a l i t y e f f e c t s a s a 
major o b g e c t i v e o Most have b e e n c o n c e r n e d w i t h some a s p e c t 
of w a t e r y i e l d , w i t h w a t e r q u a l i t y c o n s i d e r a t i o n s a p p e a r i n g 
o n l y a s a by-product . . , C o n s e q u e n t l y ^ the q u a n t i t a t i v e w a t e r -
q u a l i t y d a t a f r o m t h e s e s t u d i e s i s a p p a l l i n g l y meagre i n 
c o m p a r i s o n w i t h d a t a on s t r e a m f l o w e f f e c t s . " 

The d i f f e r e n t a s p e c t s of w a t e r q u a l i t y t h a t may b e 
a f f e c t e d b y f o r e s t r y o p e r a t i o n s a r e : 

i« b a c t e r i o l o g i c a l q u a l i t y 
i i » t u r b i d i t y and e r o s i o n a s p e c t s 

i i i o c h e m i c a l q u a l i t y 

B a c t e r i o l o g i c a l Q u a l i t y 

There i s v e r y l i t t l e i n f o r m a t i o n a v a i l a b l e i n 
p u b l i s h e d f o r m about the e f f e c t s of f o r e s t management on 
b a c t e r i o l o g i c a l q u a l i t y of w a t e r . T e l l e r ( r é f . , 6 3 ) r e p o r t s 
r e s u l t s f r o m a s t u d y of 7 m u n i c i p a l w a t e r s u p p l y c a t c h m e n t s 
i n the P a c i f i c N o r t h w e s t r e g i o n of North Americao The 
c a t c h m e n t s r a n g e d i n s i z e f r o m 51 t o 23 1 sqo m i l e s ; a v e r a g e 
a n n u a l r a i n f a l l r a i g e d f r o m 50 to 200 i n c h e s ; and l a n d u s e 
v a r i e d f r o m w a t e r c o l l e c t i o n o n l y to l o g g i n g and v a r i o u s 
f o r m s of r e c r e a t i o n a l u s e « C o l i f o r m c o n c e n t r a t i o n was f o u n d 
to i n c r e a s e a s r u n o f f d e c r e a s e d i n summer months , b u t the 
s e a s o n a l r e l a t i o n s h i p s v a r i e d b e t w e e n catchmentso 
T h i s t l e t h w a y t e J i n d i s c u s s i o n of" t h i s paperc:. p r e s e n t e d some 
d a t a f r o m A u s t r a l i a n c a t c h m e n t s . 

Wi ld a n i m a l s can- c a u s e b a c t e r i o l o g i c a l p o l l u t i o n of 
w a t e r i n c a t c h m e n t s t h a t a r e c l o s e d to a g r " i c u l t u r a l and 
• s i m i l a r human a c t i v i t i e s o T h i s i s i m p o r t a n t where f o r e s t e d 
c a t c h m e n t s i n a r e l a t i v e l y n a t u r a l or unmanaged s t a t e a r e 
u s e d to p r o v i d e town w a t e r s u p p l i e s o Wild a n i m a l s can become 
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nume-rous and, with direct access- to rivers and streams, can 
cause • direct fecal c-ontamination of the water» 

Walter and Bottman- (ref® 59) studied the 
microbiological and- chemical quality of water in an open and 
a closed catchment, and found the waters of the protected 
catchment wei^e contaminated hy fecal ma-t-ter from wild animalso 
PaiT- and Morrison (refo 60) investigated the presence of 
disease producing "bacteria;, particularly of the genus 
Salmonella^ in a mountain catchment in Colorado. There was one 
area of concentrat-ed grazing activity hy domestic cattle in 
the lower area of the catchment and large numbers of wild 
animals, including "both small and large mammals, in the less 
accessible upper catchnente The authors conclude that:-

"oo<»even supposedly high quality mountain stream 
water may be a potential source of enteric 
infection, especially if consumed without 
treatment« Assumptions by laymen that water, 
such as has been studied in this investigation, 
is pure could lead to serious consequences» The 
isolation of potentially pathogenic bacteria in 
waters of remote mountain regions clearly 
substantiated the premise that there is no such 
thing as a naturally occurring potable surface 
water. It appears that wild and/or domestic 
animals are one source of potentially pathogenic 
enteric bacteria in surface water«" 

The problems of contamination from wi ldl i fe , 
particularly birds , was noted at the i3th Conference of 
Authorities controlling water supply and sewerage UQdertakings 
in Australia« In discussion of a paper on the multi-purpose 
use of catchments (réf., 61 , Po109)5 representatives of the 
Hydro-Electric Commission of Tasmania reported that when humans 
had been excluded from dams to control pollution, the 
reservoir area became a sanctuary for birds and resulted in 
pollution all around the water*s edgea Also, from South 
Australia 5 it was reported that^ when the sewage farm near 
Adelaide was in operationr seagulls fed at the farm, then flew 
to the Hope Valley reservoir and washed their f e e t . i n the 
shallows of the reservoiro 

i4^i|o3 Turbidity and Erosion 

Turbidity and erosion are- considered together in most 
overseas literature and it is convenient to consider them 
together herea However, in Australia the problems associated 
with turbidity have occurred in catchments providing town and 
city water supplies while erosion problems have lesser 
importance in this contexto 
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Turbidity has been a source of conflict between 

forestry and water supply authorities in the AcG.T. ., 
and Victoria^ Canberra's water supply experienced turbidity 
problems for many years and this particular example is well 
documented. In a report on the problem^ Teakle (ref, 65) 
reported: 

"The problem of turbidity in the Cotter Dam 
developed with time and drew increasing public 
criticism« The source and cause of the turbidity 
were a matter of argument^ and differences of 
opinion were well developed by 1931» The question 
was still unresolved when this brief was accepted 
in 1962«" 

In his report to the National Capital Development 
Commission^ Teakle noted that: 

"There is no doubt that the main sources of 
turbidity are areas of exposed soil - roads, 
firebreaks J earthworks, newly cleared lando 
eroded stream banks.;, etCe." 

Soil type and the amount and type of ground cover 
were identified as tlie prime factors in determining turbidity. 
Soils formed on granodiorite and volcanics were stated to be 
readily dispersible in water and more prone to release turbid 
water either as surface flow or seepage than soils on other 
rocks. Snowdon (ref, 68) reports on instruments used for 
measurement of turbidity in the study« Other reports b y the 
Department of Works (ref, GU). G-ilmour (refs, 66 ̂  6?)? and the 
A^CoTo Division of the Institute of Foresters (ref« 69) fully 
describe the problem^ 

In the UoSeA« Anderson (ref, 70) reported an 
extensive study of streamflow and sedimentation in 29 forested 
or partially forested catchments in western Oregon. He 
related sediment discharge to various catchment characteristics 
such as erodibility of soils and proportions of the catchment 
subject to different use-s-o Anderson found that the most 
erosive soils and highest sediment-producing soils were 
developed from intrusive igneous .parent rocks^ whereas the 
least erosive soils had developed from alluviumo Packer (refo 
71) reached a similar conclusion with respect to the sediment-
producing characteristics of logging roads on various kinds 
of soils in Montana and northern IdahOo 

Dyrness (refo 72)^ in a review of the erosion 
potential of forested catchments, reports that in many areas 
there is a close correlation between soil parent material and 
erodibility of the soilo Work in California b y Willen (ref.73) 
Wallis and Willen (ref. 74)0 and Andre and Anderson (refo 75) 
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demonstra tes t h a t s o i l s d e r i v e d from a c i d igneous r o c k s tend 
to "be c o n s i d é r a i ) l y more erodilDle than s o i l s d e r i v e d f rom 
o t h e r parent m a t e r i a l s • As a r e s u l t of a s tudy of s o i l s 
a t 258 l o c a t i o n s . W a l l i s and Wi l len ranked t w e l v e p a r e n t 
m a t e r i a l s in the f o l l o w i n g manner: 

E r o d i h l e p a r e n t m a t e r i a l s : 

G-ranite. q.uartz d i o r i t e ^ g r a n o d i o r i t e , 
Cenozoic non-marine s e d i m e n t s , schist ,» 

I n t e r m e d i a t e : 

d i o r i t e , a v a r i e t y of metamorphic rocks» 

N o n - e r o d i h l e : 

Cenozoic mar ine , h a s a l t and gahhro, 
p r e - C e n o z o i c marine sediments^, 
p e r i d o t i t e and s e r p e n t i n i t e , and a n d e s i t e « 

Wooldridge ( r e f ^ 76) a l s o found t h a t s o i l s i n œ n t r a l 
Washington d e r i v e d f rom a c i d igneous rock t o "be e s p e c i a l l y 
erodi"ble . 

F i r e i s a major cause of a c c e l e r a t e d e r o s i o n from 
f o r e s t e d c a t c h n e n t S j and t h i s su"bject i s d e a l t w i t h i n d e t a i l 
in a f o l l o w i n g s e c t i o n . Other than f i r e , there a r e three 
p r i n c i p a l s o u r c e s of t u r h i d i t y and e r o s i o n problems a s s o c i a t e d 
w i t h f o r e s t r y p r a c t i c e s and a c t i v i t i e s in A u s t r a l i a » These 
avei-

a , c o n s t r u c t i o n of roads through f o r e s t s f o r g e n e r a l 
a c c e s s ® f o r f i r e c o n t r o l purposesj , and f o r the 
e x t r a c t i o n of t i m b e r ; 

"bo l o g g i n g a c t i v i t i e s , p a r t i c u l a r l y where work i s 
c a r r i e d out around water c o u r s e s or where s k i d 
t r a c k s a r e used to haul l o g s to l o a d i n g a r e a s ; 

c , c l e a r i n g of l a r g e a r e a s of n a t i v e v e g e t a t i o n 
f o r t h e e-stahlishne-nt of a p l a n t a t i o n f o r e s t . 

Road c o n s t r u c t i o n "by n e c e s s i t y i n v o l v e s the removal 
of p l a n t and l i t t e r p r o t e c t i o n and the exposure of raw 
minera l s o i l over a s i g n i f i c a n t p o r t i o n of a f o r e s t e d a r e a . 
I t i s a l s o s i g n i f i c a n t t h a t the c o s t of road c o n s t r u c t i o n in 
f o r e s t s i s u s u a l l y a su"bs tant ia l p a r t of the t o t a l c o s t of 
growing and h a n d l i n g t imber to the s t a g e of d e l i v e r i n g the l o g 
to the m i l l o P l a n n i n g of road l a y o u t s to minimise e r o s i o n 
and p r o t e c t i o n of exposed s o i l s u r f a c e s "by mulches or s e e d i n g 
i s v i r t u a l l y n o n - e x i s t a n t i n A u s t r a l i a n f o r e s t r y p r a c t i c e o 
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There is very little published information in 
Australia on the conservation aspects of forest roads<> but 
overseas reports5 particularly those "by the UoS« Forest 
Services offer a good deal of information» 

Packer (ref« 71) cites two studies which illustrate 
the magnitude of the influence of forest roads on ^urhidity» 
In 195-9? the Pacific Northwest p-orest and Range Experiment 
Station (ref® 78) constructed 1 <»7 miles of road in a 250 acre 
water-shed on the H . J . Andrews Exp-erimen-tal For est ^ "baring 
miner-a-1 soi 1-- on Go 2% of the area« Maximum streamf 1 ow 
turhidity dur ing the preee-ding s-ix years-never exceeded 200 
ppm« During the first rainstorm following road cons true t ion 
stream turhidity increased to 1780 ppmo while the turbidity 
in a nearby undisturbed control watershed remained at 22 ppm. 

Three experimental drainages in Zena Creek catch-
ment in central Idaho (Copeland^ ref» 79)? which are situated 
on highly erodible coarse-textured soils derived from granite^ 
produced sediment yields of 8^900 and 89 tons per 
square mile in the season following construction of jammer 
logging roadso Watersheds that had no roads yielded no 
sediment» These high rates of sediment production are 
attributed not only tc the high erosion hazard presented by 
granite-derived s-oils-, but also to the laek of adequate road 
drainage facilitieso 

Methods of controlling erosion from logging roads 
are discussed by Haupt (ref« 80).o Haupt<> Rickard and Pirjn 
(refo8l) and the UeSo Forest Service (ref« 78),. Papers 
describing the locating of forest roads to minimise erosion 
are by Trimble and Sartz (refo 82) and Packer (refo 83)» 

Associated with the problem of roads in forests is 
that of logging or hauling the log from where it is cut to 
the point of loading onto trucks for transport to the millo 
Roads are generally a few tens of chains apart - values of 
500 to 200 feet would be typicalo A variety of logging methods 
are in use and these very widely in the amount of disturbance 
of the soilo 

The worst dis-turbance is caused by "skid trails" 
along which logs are hauled on the ground by h o r s e s t r a c t o r s 
winches? etcoo The least disturbance is caused by sky 
balloons or high-'W-ires which can lift a log clear of the ground 
for mcvemen^^» 

Packer (refo 7-1) has reviewed a number of studies 
which compare the effects of different logging methods on water 
quality, G-arrison and Rummell (ref , 81|) shewed that, in 
ponderosa pine forests of Oregon and Washington states in the 
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U.SeAo ,, 15% of areas logged iDy tractors suffered deep 
disturbance of the soil mantle in the form of skid t r a i l s . 
Cable logging; on the other hand, produced deep disturbance 
on only 1o9% O'f the area, 

Dyrness (refo 86) compared soil disturbance and 
effects on soil porosity of high-lead and tractor logging on 
the Andrews Experimental Foresto Forty-one percent of 
the area logged by a high-lead system was disturbed and this 
included 9% significantly compactedo Sixty-two percent of 
the tractor loggeii area was disturbed of which 27% was 
seriously compactedo Nearly all of the compaction occurred 
on skid trails which occupied 2Q% of the area, Steinbrenner 
and G-e&sel ( ref . 8 5 ) found that tractor skid trails in a 
similar forest occupied 26% of the logging area.. 

In the Cascade Mountains of Washington, Wooldridge 
(ref» 8 7 ) compared disturbance of soil created by tractor 
skidding and a skyline loggingo Disturbance from tractors 
was about k times that from the skyline-crane logging, 
G-reatest differences were the areas of deeply disturbed soil . 
The total area of soil disturbed by tractors in this study 
agrees closely with values reported by Garrison and Rummell 
( r e f o 8i+)j Fowells and Schubert ( re f , 8 8 ) , and Steinbrenner 
and G-essel (ref® 85)o' The area disturbed by the skyline 
crane agrees closely with values for high-lead logging reported 
by Dyrness ( ref , 86} <> 

Trimble and Weitzman (ref , 8 9 ) studied the erosional 
behaviour of four different kinds of tractor skid trails on 
the Fernow Experimental Forest» High order skid trails having 
gradients of less than 10 per cent and drained by waterbars as 
neededc, produced 55 lb/acre of eroded soil during the f irst 
year after logging« In contrastj> erosion from poor skid trails 
having no limit on gradients and no waterbars was almost eight 
times as great - some h;51) lb /acre . 

Measurements of logging disturbance and of soil 
eroded from skid trails are not necessarily a measure of 
damage to the quality of streamflow. Some of the eroded soil 
may be filtered out by less-er- vegetation and litter may not 
reach streamso Such measurements, however^ are indicative of 
potential damage to water quality where skid trails concentrate 
water, inter&ect other skid trails or roads, and encroach on 
stream channelso 

In Australia, logging is done by contract rather than 
by day l a b o u r a n d supervision for conservation or catchment 
management is left for the district forester in each case to 
work out with each contractoro 
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Sinee the iDegi-n-ning of the- acce-lerated programme of 
estahlishin-g -softwood plantations in Australia, clearing and 
planting of areas as large -as 15G0 acres in one operation has 
occurredo The clearing and planting has a number of phases 
in wh±ch the turhidity in runoff water can he seriously 
increasedo 

P-irstj one method of removing th-e native vegetation 
is to bulldoze all c lear-ed • material into windrows about 300 
feet apart for burning; then plough the area between them to 
prevent natural regrowtho Windrowing and ploughing in straight 
lines across conntry is more common than around contours. The 
practice offers substantial opportunities for turbidity and 
erosion problems to arise^ 

Second, there is a period of two to four years from 
the planting of seedlings to when the new forest can offer 
adequate protection to the soil, A large storm created 
considerable problems of turbidity in the Shoalhaven River 
in New South Wales which provides Nowra^s water supply, during 
such an interval after the establishment of a softwood 
plantation near Mongarlowe. 

Third, clearfelling a plantation forest and 
replanting for a new crop in a rotation system will mean 
substantial disturbance of the ground at intervals of 20 - UO 
years® The programme of softwood planting in Australia will 
eventually reach a stage where 75^000 acres will be clear-
felled and replanted each year^ 

The problems of road construction, logging and 
clearing for the establishment of softwood plantations are of 
most concern for management of forests in water supply 
catchments» However^ there is very little published information 
about these problems in the Australian environmenta While it 
is fair to record that a start has been made to collect some 
water q.uality data in Queensland, New South Wales^ and Victoria^ 
to study the effects of forestry practices on turbidity and 
erosiony little information of practical use is currently 
available. 

h-̂ h'̂ h Chemical Quality 
In areas of high rainfall and little destruction of 

forest litter by fires«, decaying vegetation can contaminate 
water supplies in a number of ways. The oxygen demand of the 
decaying vegetation can deplete the dissolved oxygen in the 
water and kill fish and other aq.uatic life. Serious taste 
and colour problems can be caused which may necessitate 
treatment of the water if it is used for town supplies® Also 
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the acidity can "be raised sufficiently to caiise prololeins for 
some industrial useso 

The rivers of southern Tasm-an-ia are affected in this 
way J, "but there is little published information available« A 
report ty Peltz and Slack (ref« 62) in the U,S,A» gives a 
description of the problem as it occurs in the North Pork of 
the QuantiCO Creek near Washington^ DoCo 

A pro'blem of more recent origin is the effect on 
water quality of spraying forests with insecticides» Elson 
and Kerswill (refs® 90-92) give an extensive description of 
the effects on salmon of DDT spraying on New Brunswick^s 
forestso In addition to the immediate killing of young fish 
which resulted, there was evid^ae of delayed mortality that 
occurred ¿4- to 6 months after spraying® Gole et al (refo 93) 
made a comparison of DDT levels in fish, streams, stream 
sediments^ and soil "before and after an aerial spray 
application in northern Pennsylvania o Graham (ref, 9U) reports 
on the effects of forest insect spraying on trout and aquatic 
insects in streams in Montana«, 

Howeverp two studies have shown no contamination of 
water supplies when herbicides have "been used on forests® 
Reignero Sopper and Johnson (ref» 95) studied the extent of 
streamfiow contamination by herbicides when vegetation along 
the stream channels of two small forested watersheds was 
sprayed with "by means of a mistblower» Water samples 
were taken just above and below the treatment area and one 
mile downstream immediately after spraying^ i-|. hours later, 
and for several days thereafter® Contamination was found in 
samples taken within k hours of treatment just below the 
treated area and later after a 1-inch rain» There was no 
contamination one mile down stream« 

Reinhart (ref, 96) studied the use of herbicides to 
increase water yield» Before clear cutting a portion of an 
experimental watershed on the Pernow Experimental Forest 
during the winter of I963? all trees above 1 inch d.boh,» were 
basal sprayed with 25̂i-(-?5~T in No® 2 diesel oil© After cutting 
sawlogs and pulpwood, all s-tump-s were sprayed with the same 
mixture» In the following May and June the foliage of 
residual vegetation was sprayed with Z^h^b—"^ with knapsack 
mistblowero During these treatments numerous water samples 
were obtained from the stream immediately below the treatment 
area and sniff-tested» Ther-e was no evidence of contamination 
by the herbicideo 
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EFFECTS OF FIRE 

Introductian 

Forest f ires a~re of two ma-to types - imcontrolled 
(or wild f i r e s ) , an̂ d eontroiled (or prescrilDed b-urning)^ The 
latter type of f ires are deliber^ately l i t , beiiig low intensity 
f ires started in periods of low iDu-s-hfire danger and in sTich a 
manner as to prevent spread» The-y ar̂ e designed to remove 
fuel from tke forest floor and s-o le-&een the ehances of wild 
f ires in summer periods«, Burning of pastures "by graziers in 
order to promote a flush of winter or s-pring growth is another 
form of deliberate f ire hut not related to forestry» 

The hydrologic effects produced hy f ire in a catchment 
vary greatly according to the type and condition of the soil , 
vegetation, litter cover, and topography as well as on the 
characteristics of the f ire i t s e l f . It is heyond douht that 
intensive burning increases erosion, and many studies suggest 
increased runoff as wello The difficulty is that few if any 
studies provide information or data that can be extrapolated 
to other situations and/or other areas» 

It may be noted at this point that the amount of 
runoff and erosion following any burning also depends on the 
timing and pattern of rainfall which follows® Light showers 
at regular intervals following an extensive burn can promote 
rapid regrowth and result in l ittle or no runoff or erosion. 
Few studies attempt to provide the detailed information that 
could account for such circumstances in quantitative terms» 
However J numerous q.ualitative studies have been made and 
their results offer some guidelines if not complete answers. 

General Review 

Two major reviews of the ecological effects of f ires 
have been prepared^ one by Shantz (ref^ 132) and the other by 
Ahlgren and Ahlgren (refo 98)^ Both reviews consider the 
hydrologic effects of f ire as par^t of the overall effects 
produced^ Cushwa (refo 108) has--prepared a summary of 
literature on fire in the United States from the mid'-l920^s 
to 1966» In Australia , Cooper ( r e f . 10?) has prepared an 
annotated bibliography of the effects of f ire on Australian 
vegetation® 

Ahlgren and Ahlgren (ref . 9 8 ) cite many studies 
that have reported increased eros-ion rates- due to fireo 
Elwell et al ( r é f . I IO ) reported that^ over a nine year 
periodj water soil losses were 12 to 3I times as great on 
burnt as on unburnt woodlots, Haig ( r e f , 11U) reported that 
runoff was 3I to 463 times as great and erosion was 2 to 239 
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times as great in iDurnt areas in pine forests. Other studies 
reporting increased erosion are listed in the bibliographyy 
(refs3 IOI15 106, 109, 112, 115^ 128 and 129). Biswell and 
Schultz (ref. I03) report no effect on runoff and erosion 
following prescribed burning« 

One of the earliest and best reported studies of 
the effect of fir-e on rmioff and erosion is that by Hoyt and 
Troxell in 1932 (ref, 116). The report describes the 6 .5 sqo 
mile Fish Creefc catchmen-t- in Sauttern California where the 
U.S. G-eological Survey had good streamflow records before 
and afte-r a severe fire on 3I August 19214--* The fire completely 
stripped the catchment of all plant life and tree litter^ 

Hoyt and Troxell used the neighbouring Santa Anita 
Creek catchment as a control and establis-he-d a relationship 
between the two streamflow records-» The comparison showed an 
increase of approximately 30^ in average annual yield due to 
the fire and subs-tantial increases in peak rates of runoff on 
the burnt catchment for the first year after the fire«» 

Other studies in California have shown considerably 
variation in results, Rowe (ref^ I30) reported substantial 
increases in both runoff and soil loss from burnt North Fork 
plots compared to unburnt controls» By contrast Veihmeyer 
and Johnston (ref» 135) from 1|2 trials in burning grass and 
brush concluded that runoff and soil loss had not been 
accelerated by annual burning^ nor had infiltration been 
influencedo 

In 19k-7f Adams, Ewing and Huberty (ref. 9 7 ) reviewed 
the literature on brush burning in California but^ because of 
the studies cited above, were unable to come to any 
conclusions concerning the relationships of burning and floods. 
Later, Anderson (refo 99) claimed that consideration should 
have been given to differences in natural cover. By re-arranging 
the data of Veihmeyer and Johnston<^ he demonstrated that burning 
increased both runoff and erosion. 

i+.5.3 Study by Rowe^ Countrymsen- and Storey 

The most comprehensive design procedure for evaluating 
the effects of f ire on runoff^ and erosion has been developed 
by Rowe^ Countryman and Storey (ref« 53) and this has been 
described and set out by Storey, Hobba and Rosa (ref« 7)^ The 
analysis by the former mentioned group of authors was made to 
determine the effects of f ire on storm runoff and erosion in 
Southern California . 
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( a) Determining; Effect of Fire on Peak Pis char p:e 

Th.e method u&ed- to dete-rmine the effect of 
f ire on peal^ dis-ch^pge was to group watersheds 
into storm zones and to select a key water-
shed -in eeeh zone® A long record of 
precipitation and streamflow an d a long 
un"burnt condition were essential requirements 
in selecting key watersheds® 

A frequency distribution of peak discharge rates was 
made on those watersheds with adequate records« The effect of 
c-Offiplet-e "burning of watershed cover was then determined "by:-

( i ) comparing peak discharge rates of hurnt 
wa-tersheds with those of similar "but un"burnt 
watersheds for the same storm; 

and ( i i ) comparing peak discharge rates from similar 
storms on the same water-shed "be-fore and 
after hurningv 

Watersheds- used in the determination were restricted 
to those in which measurements of streamflow were availa"ble 
for the "burnt and comparable imhurnt watersheds ^ and in which 
the normal vegetartive cover consisted of chaparral associations 
of ave-r-age density^ 

The comparisons were made storm "by storm hy years 
after the last fire» Similarity of- w-atersheds was judged "by 
comparison of frequency-discharge curves and watershed 
characteristies• The most prohahle size of each peak discharge 
event of the "burnt water&hed, had the area remained uhhurnt, 
was f irst determined» The frequency of each discharge peak 
from the unhurnt watershed was assumed to he the same as the 
frequency of the corresponding peak from the key and other 
near"by unhurnt watersheds• 

Using this frequency5 aQ estimated peak for the hurnt 
area ip an unhurnt condition was read from its normal frequency 
curveo The ratio of the observed peak of the "burnt watershed 
to the computed peak for unburnt conditions was then calculated 
to obtain the "fire-effect rat io " . Similar ratios were 
developed by comparing pe-ak̂  dis-charges- ocxîu-rring from water-
sheds before complete burning with those occurring in the same 
watersteds after burning. The ratios were plotted over their 
corresponding frequencies on logarithmic paper for all years 
after burn for which data were adequate« "Variations were 
eliminated by f itt ing smooth curves through the plotted points^ 
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(ID) Determining Effect on Erosion Rates 

Data "ased in determining rates of normal erosion 
consisted of measurements of siltation in reservoirs situated 
in watersheds with normal vegetation cover<> Because of the 
short length of the records availablep it was necessary to 
determine relations between the recorded peak discharges and 
erosion rates . The f i r s t step in doing this was to prorate 
measured erosion to the individual discharges that produced it» 

A representative cross section of the stream channel 
just upstream from the reserve was selected for determining 
velocities hy peak discharge sizeso The shape, cross-sectional 
dimensions^ and an average slope of this section were determined 
and a roughness coefficient was assumed<» Using the Kutter 
formula, a series of velocities was computed for various depths• 

A velocity-flow graph was then plotted showing 
velocity in feet per second hy flow in cusecs» Velocities for 
all discharge peaks during the period of siltation measurements 
were determined from this graph and the total eroded material 
was distributed to individual peak discharges in proportion to 
the f i f t h power of the velocity« This provided the relation 
between erosion rate and peak discharge» The relationships 
from five catchments showed little variation so all were 
combined to form a single r e l a t i o n ^ i p ^ 

Determination of the ef fect of f i re upon erosion was 
based on comparison of erosion rates of completely burnt 
watersheds with those of unburnt watershedso Ratios of erosion 
from the burnt watersheds to erosion for corresponding periods 
from the key watershed were f i r s t computed and these became 
practicably constant in 9 to 10 years indicating the establish-
ment of relatively stable conditions and normal erosion rateso 

Using these ratioSj^ estimates were made of the most 
probable rates of erosion if the key watershed were burnt^ The 
calculated figures were plotted and smooth curves f i tted 
through the plotted points to give average relations between 
normal peak discharge arid ero-sion by years after burning,» 

h^^^h A.ustralian Studies 

In Australia^ McArthur (ref^ has reported 
increases in streamflow following f ires on catchments in both 
Victoria and Western Australia (see Tables 1 and 2)^ Table 1 
shows the effect of f ire on streamflow in the Bogong High 
Plains of Victoria^ and Table 2 shows the effects on three 
catchments in Western Australia^ 
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Ta"ble 1 

The E f f e c t of F i r e on Streamflow - From Snb-Alpine 
Vep:etation in the Bogonp; HlRh P la ins of V i c t o r i a 

January, 1939 

Date Rain Streamflow Increased 
January ( p t s e ) (Cusecs) Streamflow 

Burnt UnlDurnt (Cusecs) 

5 14 17 

7 - 13 17 

9 5 12 15 
10 - 12 13 
11 - 9 12 F i r e Occurred 

12 - 11+ 11 5 

13 - 16 11 7 
1U - 17 1 1 8 

15 - 17 12 7 
16 59 29 21 12 

17 112 k2 32 16 

18 8 35 22 17 

19 - 28 21 11 

Tahle 2 

The E f f e c t of ' F i r e on Streamflow in Jarrah XE. marginata) 
Forests Near Dwellinpn:ip^ Wes-tern Austra l ia^ January, I96I 

Date STREAMFLOW IN CUSECS 
January North South Davies Brook 

Dandalup Dandalup 

17 0o1 1.2 O06 
18 0o1 n 2 0.5 
19 No Flow U2 0.35 
20 No Flow* 1o2 0.5 
21 0^7 1*2 O06 
22 0^2 1.2 Oo6 
23 Oo3 1o2 0.6 
24 0^5 1 ^0- 0 .6 -
25 0^9 1.5 0.7 
26 U7 2O3 1.1 

* The catchment was "burnt on th is day 
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Mc-Aï̂ tîiur ^-d Cheney ( r é f . 11) report increases in 
annual streamflow. ranging from U3% to 235^ , due to f i re in 
the Cotter River catcliment which provides Canberra 's water 
supply• The data reported are given in Table 3» 

Table 3 

Increased Streamflow following widespread f i res 
in the Cotter catchipent (1911-19621 

Year Calculated flow from 
monthly r a i n f a l l 

(acre feet ) 

Actual Plow 
(acre feet ) 

Percentage 

Increase 

1 917 ^ 46 , 0 00 260 , 000 78 

I 9 I 8 4 0 , 0 0 0 l3Uj.000 235 

1923 6 4 , 0 0 0 133 , 000 108 

1926 5 6 , 0 0 0 157^000 180 

1939 115 , 000 164 , 000 U3 

Pereira (ref,. 2a.) reports some data from the Snowy 
Mountains Hydro-Electric Authority on increases in streamflow 
and erosion due to f ire^ A major uncontrollable f i re in 
inaccessible country in the Australian Alps burnt out the 
catchment areas of the Wall ace "'s Creek and Yarrangobilly R iver , 
of l6o8 and 87v5 sq. miles respectively . These catchments 
had been gauged for eight years before the f i re w i t h detailed 
sediment samplingo 

The flow pattern deteriorated abruptly with sharp 
peaks from the burnt out areaso Rainstorms which from 
previous records would have been expected to give r ise to flows 
of 200-300 cusecs produced a peak of 1300 cusecs^ The sediment 
load at a flow of 100 cusecs had been increased by 100 times 
compared with the load before the f i re» 

A storm occurring some 7 months after the f i r e gave 
the highest sediment concentration recorded at Wallace^s 
Creek, At a flow of 33^ cusecs. the concentration was 114.^)4% 
by weight , equivalent to 115jOOO tons per day. On the same 
day the Yarrangobilly River with a flow of I66 cusecs y ielded 
an equivalent sediment load of 14.5?000 tons per day. The 
Snowy Mountains Hydro-Electric Authority estimates from the 
increased floY/ rate and increased sediment concentration that 
the tot a 1 sediment load in Wal lace ' s Creek is probably one 
thousand times greater than it was before the f ire» 



I l l , 

By contrast J no er^osion or increase in t u r b i d i t y was 
experienced in the Gliichester catchment prov id ing Newcast le ' s 
water supply f o l l o w i n g the severe f i r e In November. I968 which 
hurnt ahout 20% of the catchment in the region immediately 
aroimd the dam. No heavy rain was- exper-ien-ced f o r over 6 
months f o l l o w i n g th.e fir-e- and there was opportunity f o r ground 
vegetat ion to 'beco-me r e - e s t a h l i s h e d without e ros i on or severe 
f l o o d s o c curr ing . This i l l u s t r a t e s the importance of c l i m a t i c 
pattern in the per iod immediately a f t e r a f i r e as another 
f a c t o r to cons ider in estimating the e f f e c t s of a severe hurn,> 

5 Summary 

The only information which has been c o d i f i e d into a 
useable design procedure f o r evaluating the hydrologie e f f e c t s 
of f i r e is that prepared by Rowop Countryman and Storey« This 
cannot be recommended f o r immediate use in Austra l ia because 
of the numerous assumptions made in the analysis which appear 
somewhat arbitrary® 

However, the method c e r t a i n l y warrants fur ther 
study and i t is recommended that the o r i g i n a l report<v rather 
than the rewri t ten material in ref® be obtained when fur ther 
experiments on t h i s sub jec t are planned in Australia® 

In summary J, no s ingle statement can be made to 
s impl i fy the complex re la t i onsh ips among the c h a r a c t e r i s t i c s 
of the f i r e j , the s i t e and the c l i m a t i c pattern a f t e r the burn^ 
in determining how f i r e w i l l a f f e c t the quantity or qual i ty 
of water resources® There is need f o r more study of e r o s i o n 
processes on uncovered ground and more study of the pat terns 
of intense rain which are the p r i n c i p a l causes of damage 
a f t e r f i r e » 

I t seems c l ear that prescr ibed burning of low 
i n t e n s i t y at pre-determined times o f f e r s a low r i s k of adverse 
e f f e c t s on water resources compared with the uncertain r i s k 
of high i n t e n s i t y w i l d f i r e s i f f u e l is allowed to accumulate 
on a catchmento There is considerable opportunity here f o r 
management to in f luence the e f f e c t s that f i r e w i l l have on 
water supplies«. 

k^G SNOW MANAGEMENT 

In alpine areas., f o r e s t s can act to modify the 
natural patterns of snowfal l and snowmelt in two ways« By 
a l t e r i n g the aerodynamic c h a r a c t e r i s t i c s of the ground 
surface the l o c a t i o n s and amounts of snow depos i t i on can be 
be a f f e c t e d . By absorbing incoming rad ia t i on that would 
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o t h e r w i s e loe r e f l e c t e d back i n t o space f rom an exposed snowpack,, 
the p a t t e r n of snowmelt can "be a f f e c t e d ® 

G e n e r a l l y the o b j e c t i v e s of w a t e r s h e d management i n 
s n o w - f e d catchments are t w o - f o l d » Where w a t e r s u p p l i e s a r e 
d e f i c i e n t , a p r i n c i p a l o b j e c t i v e w i l l be to i n c r e a s e t o t a l 
w a t e r y i e l d s Where s u p p l i e s are a d e q u a t e , an o b j e c t i v e w i l l 
be to a t t e n u a t e the per-iod of snowmelt to l e s s e n f l o o d i n g and 
a i d the r e g u l a t i o n of the r i v e r f l o w . 

O b s e r v a t i o n s of the e f f e c t s of f o r e s t l a y o u t on 
snowcatch date back to 1 9 1 2 ( r e f o 1 3 7 ) » Connaughton ( r e f ^ I 3 8 ) 
i n 1 9 3 5 r e p o r t e d on the e f f e c t s of v e g e t a t i o n on the 
accumulat ion and r a t e of m e l t i n g of snow^ More r e c e n t r e v i e w s 
of the p o s s i b i l i t i e s of managing snowpacks i n f o r e s t e d c a t c h -
ments have been put f o r w a r d by Mar t i n e H i ( r e f s ® 1 39 - ' I43 )^ 
Goode l l ( r e f , j , Anderson^ R i c e and West ( r e f ^ K i t t r e d g e 
i r e f o 1 U 5 ) j a o o d e l l and Wilm ( r e f ^ 1 ^ 6 ) and Hoover and Leaf 
( r e f , 1Ù7)* C o s t i n ( r e f ^ lUS) has i n v e s t i g a t e d the p o s s i b i l i t i e s 
f o r manipu la t ing snow by f o r e s t management i n t h e a l p i n e a r e a s 
of A u s t r a l i a < , 

A more d e t a i l e d d i s c u s s i o n has b e e n made i n P a r t I I 
of the r e p o r t , d e a l i n g wi th the i n f l u e n c e of l a n d use on 
components of the h y d r o l o g i c a l eye l e o G-ene r a l l y , the r e s u l t s 
of the s t u d i e s c i t e d may be summarised a s f o l l o w s ? -

( 1 ) More snow accumulates i n smal l open ings i n 
f o r e s t s than under t r e e s » Smal l openings 
accumulate more than l a r g e openings^ the 
optimum s i z e of opening be ing about k to 
1 0 t imes the h e i g h t of surrounding t r e e s , 

( 2 ) On s m a l l ca tchments , the e x t r a snow accumulated 
i n openings i n a f o r e s t may be a t m e i n c r e a s e 
i n snow catcho On l a r g e c a t c h m e n t s , i t seems 
more l i k e l y t h a t the d i f f e r e n c e i n s n o w f a l l 
between openings and under t r e e s i s more a 
r e d i s t r i b u t i o n of the snow r a t h e r than any 
o v e r a l l i n c r e a s e in amount f a l l i n g on t h e 
catchment <, 

( 3 ) R e d i s t r i b u t i o n of snow i n t o deeper f a l l s over 
smal l a r e a s may be of some b e n e f i t i n 
a t t e n u a t i n g the r u n o f f f rom m e l t i n g of the 
snow^ 
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SUMMARY OF THE EFFECTS OF FORESTS 

Effects on Yield 

There is consideralDle evidence to show that trees use 
more water than grass and that more runoff or groundwater 
recharge could "be expected when a tree covered catchment is 
converted to a grass cover» It must he emphasised that the 
differences in water yield will he small and may he insignificant 
in relation to the very large natural variability of the flow 
in many Australian rivers« 

All studies which have heen made to compare the water 
use of hardwood and softwood tree species have not delineated 
any differences in water use other than could he attributed to 
differences in root depthv> It appears that mature forests of 
different species under the same conditions generally use 
ahout the same amounts of watero 

Studies of the differences in intercept ion^ infiltration 
and depression storage capacities between trees and grass covered 
areas do not show any systematic effects on water yield of the 
same magnitude as that caused hy difference in root depths 

UoT^S Effects on Floods 

When a forest is substantially defoliated and the 
ground litter removed by fire^ there is sufficient evidence to 
show that flood flows are higher than would be expected if the 
forest had been undisturbed. However3 the comparisons of 
floods from forested and grass covered catchments is not so 
clearcuto and any increase in floods from grassed areas 
compared to forests appears to be smallo 

The erosion control benefits of a forest cover are 
universally accepted by authorities controlling catchmentsj, but 
the reduction in flood peaks by forests compared to grass and 
bare soil is of much smaller significance in practice. 

Effects on Water Quality 

Three major forestry practices are significant in 
affecting water quality - the construction of access roads^ 
logging, and clearing for establishment of softwood 
plantations« In the eastern states of Australia« the practices 
are widely associated with problems of raising turbidity 
levels in water supplies and to a lesser extent,-promoting 
erosion» In Western Australia, clearing causes problems of 
salting in areas of shallow saline groundwaters and salt is 
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a dominant-factor restrieting the per-mitted degree of logging 
and clearing. 

In North America, some &tudy has "been made of the 
residues of pesticides in streamflow following aerial spraying 
of insecticides over forests or use of herbicides along stream 
banks» These problems do not appear to have arisen yet in 
Australia . 

(oh Effects of Fire 

There is substantial evidence to show that sediment 
production can be very high when a heavy storm occurs after 
f ire has burned a forested catchment» There is also some 
evidence that flood flows can be increased in the same manner• 
Howeverj, both effects depend on climatic pattern» Where light 
rain follows at regular intervals after a f i r e , regrowth can 
be rapid and no effect on flood peaks or erosion may occur^ 

American experience, particularly that from 
California., has been codified into graphs for estimating 
increases in both flow rates and sediment production in the 
years following bad f i r e s . This information, while useful for 
estimating possible magnitude of the effects involved, could 
not be recommended for use in Australia until substantial 
testing has been undertaken. 

Snow Manap:ement 

Overseas studies of the management of forests for 
manipulating snow accumulation and snow melt on catchments in 
alpine areas appears not to have progressed much beyond the 
stage reached in Australia. 

There is evidence that openings in forests can be 
used to increase the deposition of snow. It appears that this 
occurs at the expense of snowfall on other areas, the effect 
being a redistribution ra-tl̂ er than any overall increase over 
large areas« The effect may be useful in attenuating snowmelt 
to aid in regulation of flow, but studies to date are inadequate 
for establishing operational procedureso 
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CHAPTER 5 

ENGINEERING WORKS 

INTRODUCTION 

In this project, the prime concern is that of rural 
land u&e^ -and little attention has loeen given- to wholly urhan 
aspects^ soich as- flood flows in huilt-up areas, pollution 
from sewage disposal, industrial wastes, and similar non-rural 
aspectso However, there are some engineering works associated 
with rural land use that are relevant to the project a 

Dams and rese-rvoirs which provide rural water supplies 
range in size from stock ponds of a few thousand gallons 
capacity up to major reservoirs used to regulate river flows 
and divert waters for irrigation of large areas.. In the 
U . S . A . flood detention dams, distinct from storage reservoirs, 
are commonly incorporated into conservation flood control 
programmes o 

Modern expressways provide large- impei'vious surfaces 
which can increase the amounts and rates of runoff in 
localised areaso This^ effect of incre-ased runoff from road 
surfaces has heen deliberately util ised in the drier areas of 
Australia by the construction of "roaded" catchments and 
similar surfaces to increase the natural amount of surface 
runoff« 

The change -from rural land use to urban use as the 
fringes of cities expand into the countryside is one aspect 
that has received some attention overseas, particularly in 
the U.S-Ao The information available from these studies is of 
some help in studies of the hydrology of rural land use^ 

One type of engineering activity occurring in rural 
areas of Australia that has considerable impact on. water 
quality is miningc A short review of the problems encountered 
In Australia and the informa-tion available is made in the 
following sectionso 

Finally , a brief review is made of the problem of 
thermal pollution caused by the waste heat from power stations 
being "dumped" into a river or stream when the water is used 
for cooling purposes. • 

5o2 DAMS 

The dams associated with conservation programmes and 
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agricultiipal development are of two types - storage dams v/hich 
are allowed to fill to provide water for use^ and flood 
detention dams which fill during floods and are then emptied 
over a period of a few v/eeks at controlled rateso 

The storage dams encountered in rural areas of 
Australia range in size from small stock ponds to major 
reservoirs» There are large numbers of farm dams on individual 
prope-î ties and, gener-all-y, nuisbers of dams of a given size 
decrease as the size increases» 

There have "been some surveys made of the numbers of 
farm dams in four states of Australiao de Laine and Vasey 
(refo 1) surveyed numbers and sizes of these dams in central 
districts of Victoria; Boughton and Burton (ref* 2) report 
results of a survey in New South Wales; Rawlings (ref, 1+) 
studied farm dams in the Brigalow areas of Queensland; and 
McKenry (ref, 3) reports a survey of farm dams in Western 
Australia. In the U.SoA., Gambell (ref, 5) estimates that 
there are two million farm ponds which supplement the major 
water resources of the nation.» 

The effects of such large numbers of small storages 
on the amounts and rates of runoff are not fully establishedo 
In drier areas, it is axiomatic that runoff will be reduced 
because of the abstractions and use of water from the 
storages^ But studies of the effects have been few« 

Nelson (ref. 6) cites a study by Carothers and 
Newman (ref^ 7) of the effects of stock ponds on water yield 
of the 13,000 sq.<, mile Brazos River catchment in an area of 
20-30 inch rainfall. It was estimated that the 18,000 ponds 
in the catchment, each controlling an area of 25 acres^ would 
reduce the average annual runoff by about 

Sharp, aibbs and Owen (ref» 8) developed a procedure 
for estimating the loss by evaporation and seepage from farm 
dams over a large catchment and the effect of these factors on 
annual runoffs Culler and Peterson (refs. 10) have 
estimated the effect of stock reservoirs on runoff in the 
Cheyenne River basin in the U.SoAc 

More attention has been given to the effects of these 
ponds on reducing flood peaks than on volume of runoff« 
Zingg (refo 11) evaluated the costs and flood control benefits 
of farm ponds averaging 2^3 acr-e f^t capacity. He concluded 
that ponds kept empty as flood retarding structures could 
recover only kO% of their cost in saving flood damages while 
ponds allov/ed to fill for other uses would recover only 8%^ 



131. 

P-lGodwater retarding structures or detention dams are 
not common in Australia "but tiiey are the primary means of 
reducing flood peaks in conservation programmes of the U . S . Soil 
Conservation Se-rvice. The dams in these U.S.. programmes are 
generally much larger than the farm dams which are common in 
Australia^ Francis ( re f . 13) gives a description, hased on 
averages of 2 , 500 dams in small watershed projects, which 
illustrate the size of structure involved« Earth f i l l averages 
80 , 000 cuhic yards with costs ( in I963) averaging $ 5 0 , 0 0 0 ; 
flood pool capacities average 9OO acre feet . 

Hartman et al (ref • 12) describe the use of flood 
detention reservoirs in a 250 sq.uare mile tributary of the 
Washita River in Oklahoma. Each of the 25 reservoirs that 
were completed in 1962-1963 had a storage capacity equivalent 
to 3 i inches of runoff from its own catchment,^ Eighteen more 
such reservoirs were planned as part of the overall project 
in this catchinentc 

The relative merits in flood control of large numbers 
of medium size dams such as these on tributaries versus one 
large dam on the main river has been a source of controversy 
in the U.SeAe Leopold and Haddocks (ref^ have reviewed the 
problem in admirable detail and have compared the merits of 
each approach» G-enerally, the effect of flood control dams is 
to reduce floods in the valley immediately downstream of the 
storage but the effect diminishes considerably with distance 
downstream, Leopold and Maddocks give values to illustrate the 
different flood reductions obtained from one main stream dam 
with a catchment of 6OO sq_o miles and from a number of smaller 
dams each controlling 10 sq, miles of tributaries as an 
alt ernative o 

Major reservoirs can have a significant effect on 
the q.uality of water entering the storages, Symonds et al 
( re f , 1 5 ) have prepared a comprehensive review of literature 
on this subject and have set out a l ist of research needs. 

5 . 3 ROADS 

There are two aspects of roa-d-s which are important in 
catchment management in Australia - erosion from the areas of 
soil exposed in construction, and the use of roaded catchments 
for increasing water supplies in the drier areas of the 
continents 

The problem of erosion from forest roads, constructed 
for f ire access or for logging, has already b-een discussed in 
the chapter on Forests a Forest roads are rarely sealed and the 
exposed surfaces in cuttings and drains, as v/ell as the pavement 
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provide so-urces of sediment and turtidityc Controlling erosion 
and t-urbidity from the construction of forest roads is one of 
the prime problems in catchment management. 

But the problem is not wholly associated with forests^ 
Harris (refo 16) and Skurlow (refo 1?) describe the problems 
of erosion encountered with road drains in New South Wales. 
Weigle (refo 18) describes the problem of erosion from 
abandoned coal-haul roadso Diseker and Richardson (refs . 19? 
20) report on sediment production from highway cuttings, and 
the control measures usedo VicOp Ferguson and Guy (ref . 21) 
describe erosion which occurs in suburban highway construction« 
The report by Wolman and Schick (ref , I4-6 ) gives data on 
measured areas of exposed soil and rates of sediment production 
from roads in urban areas of Maryland, U.SoAo 

But the effect of roads on runoff , which is of most 
importance in Australia, is the increased yield which occurs 
from the compacted and/or paved surfaces of roads. In areas 
where natural runoff is inadequate to meet needs5 the surfaces 
of catchments have been treated to increase water yield by 
several means - by shaping and compacting the surface in the 
same way as for road formation; by bitumen paving the ground 
surface; and by covering the ground surface with sheet irono 

"Roaded catchments" were developed by the Public 
Works Department of Western Australia (ref , 22) and have been 
used on the Eyre Peninsula, in South Australia (ref . 23) and 
in Queensland, Construction involves the clearing of all 
vegetation from the catchment« shaping and smoothing the land 
surface to lead runoff into collecting drains, and then 
compacting the soil to increase water yield . Operational 
problems which include weed control and fencing to exclude 
stock from the area, are also problems with bitumen covered 
areas, and iron-clad catchments to a lesser extent. 

Recently, more attention has been given to 
bituminous surfaces in place of the "roaded" catchmento Kelsall 
{veto 2k) describes the method of construction of these used 
in Western Australia, and experiments in the performance of 
these surfaces have been carried out at the University of 
New South Wale So In the UoS.A», Myers (refSo 25, 26, 30) and 
others (refo 27-29) have developed sprayed asphalt-soil 
pavements for water harvestingo The paper by Myers, Prazier 
and Griggs (ref= 27) gives a good description of the asphalt 
materials used, construction methods, and field tests of 
pavement performanceo Chinn (ref« 29) describes a 16 ,9^0 
sq.uare foot asphalt catchment built in Hawaii in 1958 which 
deteriorated rapidly by cracking and by growth of vegetation 
through the paved surface« 
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Myers and Prazier (ref, 28) have m-ade "both lalDoratory 
and field tests of chemicals which make soil water-repellanto 
They review the available information on hydrophobic soils 
and materials, and report the res^alts of tests on five types of 
chemicals. A 50 ft. x 50 fto plot, treated with sodium methyl 
silanolate compound which costs about U«Se$250 per acre^ 
produced 3h% runoff from 9i inches of rain in a five month 
period following the treatments 

The most artificial type of catchment used in 
Australia is the iron-clad area covered with sheet iron. One 
catchment at Nowingi, about 30 miles south east of Mildura, has 
been in use for about 30-U0 years o Others have recently (I965) 
been constructed by the Irrigation and Water Supply Commission 
in Queensland, one at the Moura research station and two on 
private farms« Costs eq.uivalent to 1970 prices would be about 
$85000 per acre, 

5.U CHANaE FROM RURAL TO JJRBM lAHD USE 
Introduction 
The widespread trend towards more urban development 

is expected to continue in Australia for some time to come. 
The expansion of the major cities into the countryside results 
in a rural-urban contact zone around the periphery of 
development in each case o It is beyond the scope of this 
project to fully delve into the hydrology of urban areas, but 
it is relevant to consider the changes which occur as land use 
changes from predominantly rural to predominantly urban. 

Jens and McPherson (ref« 3I) give a review of the 
major aspect of urban hydrology. The principal problems 
generally encountered are three-fold:-

(i) The demand for water is usually very high and 
concentrated in an area too small to supply 
needs o Catchments usually extend well out-
side the boundaries of developmait and water 
must often be brought over large distances« 

(ii) Storm runoff from roads, houses, airports, 
etc o is high -while at the same time 
development often encroaches onto flood 
plains of the natural drainage system, 
Managenent of flood waters becomes difficult, 

(iii) Domestic waste waters and industrial wastes 
produce major problems of disposal as the 
concentrations of population increase« 



134. 

Savini and Kämmerer (réf. 32) have reported on a 
reviewp classification, and preliminary evaluation of the 
effects of -urbanization of the hydrologie regime. They trace 
a hypothetical change in land us-ê  from pre-urban to early-
urhan, middle-urhon and late-airhan stages with an outline of 
the possible hydrologie effect of activities in each stage^ 
eogo remova^l of trees, paving of streets, restriction of 
watercourses to artificial channels and tunnels, etc« 

Two major aspects of urban development have been 
the subjects of a significant number of reports in the 
literature - the effect of urban development on flood discharges, 
and the increases in sediment and turbidity due to urban 
construction and building. Only a little attention has been 
paid to the increase in water yield as rural land changes to 
urban areas although it is certain that some increase occurs. 
The other aspect of importance^ i.e« the disposal of urban 
waste water, constitutes a subject much bigger than this 
project can adequately deal with, and is not considered hereo 

5oUo2 Effects on Yield 
Sawyer (ref. 33) reports one of the few studies 

where volume of flow has been considered instead of flood 
peaks. A comparison was made of two catchments, 11i and 31 
square miles in area, in Long Island, New York, when the 
large catchment was affected by urban developmento A comparison 
of concurrent streamflow records for Mill Neck Creek (i1o5 
square miles) and East Meadow Brook (3I square miles) in Long 
Island, New York, showed that a definite change in runoff 
relations occurred with the urbanization of East Meadow Brooku 

A comparison of precipitation and average total, 
direct and base runoff for both streams for the periods 1938-51 
unurbanized; and 1952-62 urbanized; gives the following: at 
Mill Neck Greek, the increases in percentage of total runoff, 
direct runoff, and base runoff are similar-, ranging from 60 
to 7o3%p and are closely compar̂ ab-le t-o the 9oll-̂  increase in 
precipitation. At Eas-t- Meadow Brook, on the other handy total 
runoff increased I0I5 inches, or 15°8%; direct runoff increased 
O08O inches, or 123,1%; base runoff increased Oo35 inches, or 
only 5o3%. Comparison in annual peak discharge shows a marked 
increase with urbanizationo 

Stall and Smith (refo 34) also give some information 
on the effects of urbanization in yield. This study compares 
a U06 square mile watershed containing five rain gauges and a 
12,3 square mile rural watershed containing one rain gauge. 
The eleven year records are compared by mass curves of runoff, 
flow duration curves and unit hydrographs from one storm« 
Reactions of the basins to periods of drought as well as storms 
are considered. 
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Harris and Rantz (réf . 35) report results from a 
study of a five square mile catchment in California where the 
impervious area increased from to over a I3 year period» 
The report contains an analysis of rainfall and runoff volume 
records and douhle-mass c.urve comparison of the study area with 
an index area, Espey and others (ref . 3 6 ) used linear regression 
analysis for study of data from 21+ urhan and 11 rural catchments 
in Texas and found more runoff from the urhan areas. 

Muller (ref= 37) sets out a water balance method of 
estimating the effects of urbanization on water yields using 
Thornthwaite's approach to moisture storage capacities and 
évapotranspiration loss® 

5 . 4 «3 Effects on Floods 

A Task Force on Effect of Urban Development on 
Flood Discharge, appointed by the Committee on Flood Control 
of the American Society of Civil Engineers (ref . 3 8 ) has 
surveyed current knowledge and prepared an annotated 
bibliography of 68 references» Their review points to three 
phases being important in the effect of urbanization on 
floods 

( i ) Impervious areas increase the natural rate of 
surface runoff. 

( i i ) G-utters and stormwater drains carry flows at 
much higher velocities than natural water 
cour ses« 

( i i i ) Natural stream channel capacities can be reduced 
by flood plain development, enclosure of flow 
in stormwater drains^ and aggradation of the 
channels by increased sediment from the 
construction phase of urban development« 

Watkins ( ref . 3 9 ) describes a study of the effects of 
urbanization on a 5270 acre catchment near Harlow New Town in 
England« Wilson (ref« 1|0) reports on a preliminary analysis of 
streams draining the city of Jackson in Mississippi, It was 
found that increases in flood peaks ranged from 2.00% to 300% 
depending on the degree of development and the magnitude of the 
floods and that the degree of the effect decreases with 
increasing flood magnitude. 

Espey, Morgan and Masch (ref . 3 6 ) used linear 
regression analysis to compare data from 2U urban and 11 rural 
catchments in Texas® The results showed that urbanization 
leads to higher peak flows occurring in shorter time intervalso 



136. 

There have also heert studies of how urbanization changes 
the characteristics of the unit hydrograph of a catchmento 
Crippen (ref . Li-I ) presents unit hydrographs representing 
conditions before and after suburban development for Sharon 
Creek in California o Van Sickle (refo I|-3) reports on changes 
in unit hydrograph characteristics for a 90 square mile 
catchment near Houston, Texas, which changed from agricultural 
to urban land use after World War I-I. Wiitala (refo U2) found 
that the lag times of a 3605 square mile urban watershed and a 
22o9 square mile rural watershed were about three hours and 
twelve hours respectively, while the urban flood peaks were about 
three times those of the rural area. 

More recently, attention has been given to the use of 
mathematical catchment models for simulation of changes in the 
hydrologie regime as a rural area changes to an urban cover. 
James (refo I44) used the Stanford Watershed Model and varied 
the model parameters to simulate the effects of urban development 
and channel improvement on a digital computer = Narayana and 
Riley (refo by contrast, used an electronic analogue computer 
to simulate similar changes on a four square mile catchment at 
Austin, Texas, for study of changes in peak rates of flow, rise 
times, total volume of runoff, and duration of floWo 

Effects on Sediment Production 

Wolman and Schick (ref . 1|6) have made a detailed 
examination of how construction activities in urban and suburban 
areas of Maryland, U»S«A. ? affect the production of sediment. 
These authors estimated that, in four counties adjacent to 
Baltimore and Washington, about 7n2 square miles of land are 
cleared for construction at any one time^ Housing and other 
buildings accounted for 5o7 square miles and highways for 1^5 
square mile sc Sediment yields from construction areas ranged 
up to 114.0,000 tons/square mile/year compared with up to 1000 
tons/square mile/year from agricultural areas and 200-500 tons/ 
square mile/year from forested catchments. 

Guy and Ferguson (ref , h j ) describe how expanding 
urban areas can cause serious sediment deposition in small 
reservoirs. They cite an example of Lake Barcroft near 
W-ashington where I9 acre-feet -of sediment have been deposited 
for each square mile of completed re&ldent-ial construction. 

A review of existing knowledge of sedimentation in 
urban environments has been prepared by Dawdy ( re f . L|.8) and a 
statement of research needs by Guy (ref . k9) ^̂  Other studies 
have been reported by Anderson and McCall (refo 5 0 ) , Dumper 
( r e f . 51) and Barnes (refo 52)o 
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5 . 5 MINING 

Mining may be considered to "be a "rural" land use for 
the purpose of this project "because it is primarily associated 
with, rural rather than ur"ban areas. The pollution of water 
supplies "by mining activities is part of the overall water 
quality pro"blem and is considered here for completeness. 

Water pollution arises from mining activities in the 
following ways:-

a. Pumping of water from mines; 

"b, percolation of water through spoil dumps; 

c. erosion of spoil dumps; 

d» discharge of effluent from coal washing plants; 

e» sluicing« 

Goal mining is usually more troublesome than other 
forms of mining and is more widespread. Water which has "been 
in contact with coal strata commonly contains free sulphuric 
acid and other components which react to form acid. pH values 
of three or less would "be typical. The acid creates an 
environment which is generally incompati"ble with aquatic life^ 
recreational use® rural requirements for stock or irrigation 
water« or industrial use« 

Hov/ever, the most well-known instance of pollution 
from mining activities is the now-a"bandoned copper-lead-zinc 
mine at Captain*s Flat in the headwaters of the Molongolo 
River ahout 30 miles upstream from Can"berra. Mining dates from 
1882 hut the main activities and major pollution were in the 
period 1938-1962, Collapses of slime dumps deposited fine 
tailings in the river^ and these can still "be detected far 
downstream along 30 to UO miles of the Molongolo» Although the 
mine is now closed^ leaching of spoil "banks still causes zinc 
pollution immediately at the site of the works, and the effect 
diminishes downstreamc A detailed description of this pro'blem 
has heen reported hy Weatherley^ Beever and Lake (refo 53) 
and hy Haldane (ref« 54) c 

A major review of water pollution in Australia v/as 
made in 19^9 by a Senate Select Committeeu A considerable 
amount of information relevant to problemsj legislative controls 
and other facets of pollution from mining activities was put 
before this Committee in evidence. The report of the Committee 
is expected to be presented to the Federal Parliament during 
I97O0 Little purpose could be gained by attempting to recover 
the same ground in this project and the reader is referred to 
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the Senate Report for further information on Australian problems. 
However; it seems pertinent to draw attention to the 

major sources of information availahle in overseas studie s= Goal 
mine drainage is a major pollution pnohlem in the U.S.Ao and a 
number of reports describe the magnitude of the problème 
McCarren (ref. 55) reported that 1000 miles of streams in the 
Allegheny River are affectedc Lorenz and Stephan (ref. 56) report 
that coal mine drainage pollutes more than 5000 miles of streams 
in the Appalachian regiono Cleary (ref. 57) reviews the 
problem in the Ohio River Valley. The Ohio River Valley Water 
Sanitation Commiss-i-on has prepared a handbook for control of 
acid mine drainage waterso 

Abstracts of publications on mine drainage are 
prepared in the UoS.Ar. A supplement to the I966 Mine Drainage 
Abstracts (refc 58) gives abstracts of 255 relevant papers 
published in the period I9IO-I966. The June, I968 issue of the 
Journal of the Water Pollution Control Federation includes a 
review of literature in 196? on wastewater and water pollution 
controlo The section on "Coal and Coal Mine Drainage", po1158> 
reviews 39 papers and reports. 

In other countries, G-upta and Mukherjee (ref. 59) 
review the problem in India; Kemp (refa 60) reports on the 
problem in South Africa; and Anuria (refo 61) describes 
pollution from coal mine wastes in Spain« 
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CHAPTER 6 

IRRIGATION 

6.1 IIWRODUGTION 

I r r i g a t i o n i s a very large consumer of water. Tlie 
amount iised in applying 1 f o o t depth of water to one acre of 
ground would iDe s u f f i c i e n t to provide 15 people with 50 
ga l l ons per head per day f o r one year . Large sca le i r r i g a t i o n 
development s u b s t a n t i a l l y a l t e r s the hydro log ie regime of a 
r i v e r "basin "by increas ing the évapotranspirat ion l o s s and 
reducing the amount o f water avai lable f o r other purposes. 

However, the more permanent e f f e c t of i r r i g a t i o n 
development, and the more d i f f i c u l t problem to manage, i s that 
of s a l i n i t y . Almost a l l natural waters contain some soluble 
s a l t s . These der ive from the weathering and breakdown of 
rock mater ia l s , or they may derive from the leaching of 
sedimentary rocks which were formed under a sa l ine sea, or 
s a l t s of oceanic o r i g i n may be deposi ted on a catchment by r a i n . 

In i r r i g a t e d areas, where subsurface drains c o l l e c t 
any excess from overwatering, the amount of s a l t passing 
through the system is not a l tered but the amount of water is 
s u b s t a n t i a l l y reduced by évapotranspirat ion loss« Consequently, 
the s a l i n i t y of the drainage waters i s usual ly subs tant ia l l y 
higher than the s a l i n i t y of the i r r i g a t i o n supply. In areas 
where there i s inadeq.uate drainage, e i ther natural or a r t i f i c i a l 
overwatering usual ly r e su l t s in a rapid r i s e in groundwater 
l e v e l s and water - logging when the watertable reaches the surface 
I f the groundwater i s sa l ine , as o f t e n occurs in Aus t ra l i a , 
s a l t accumulates- at the surface as water evaporates , and 
s a l i n i z a t i o n of the land r e s u l t s . 

On a small i r r i g a t e d area, s a l i n i t y i s not a d i f f i c u l t 
problem to handle, A predetermined amount of overwatering^ 
based on the amounts of s a l t in the s o i l and the supply water , 
can r e s u l t in continuous leaching of sa l t beyond the roo t zone 
of the i r r i g a t e d crop and prevent any accumulation. I f natural 
drainage i s inadequate to stop the excess water from r a i s i n g 
the watertableJ drainage can usual ly remedy or avoid the 
problem« Drainage e f f l u e n t s from small i r r i g a t e d areas are 
usua l ly not major sources of p o l l u t i o n . 

However, when very large areas are i r r i g a t e d « the 
t o t a l amount of drainage e f f l u e n t and the t o t a l quantity of 
s a l t f o r d i sposa l can be very largec I f th is waste must be 
returned into the r i v e r channel and c a r r i e d downstream in the 
r i v e r to the sea, the qua l i ty of water downstream of the 
i r r i g a t e d area can be s e r i ous ly degradedo 
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In Anstraliaç tlie magor areas of large scale 
irrigation development have loeen aroimd the Murray River and 
its trihutarieso Prohlems of waterlogging, salinization^ and 
degradation of water quality in the lower reaches of the 
river , have occurredo Manageme-nt of salt is now a major 
problem in the opeT'ation of the" river« In the following 
s-ection, a description is given of irrigation development in 
the Murray B-asin and the problems of salinity which have 
arisen. For compari&on, descriptions are given in succeeding 
sections of other areas of large scale irrigation development 
which have encountered similar problems. In the f inal section 
an outline is given of the current state-of-the-art of 
salinity management, including knowledge of their movement and 
behaviour, and the criteria which are used to estimate the 
salt-tolerance of crops and animals« 

6 . 2 SALINITY PROBLEMS IN IRRIGATED AREAS 

The Murray River System 

The Murray River and its tributaries form the largest 
single river basin in Australia covering U08,000 square miles, 
about one-seventh of the total area of the continent. The 
biggest tributary, the Darling River, is regulated by weips and 
the Menindee Lakes storages, and contributes to the regulation 
of flow in the lower Murray; however, this tributary is not 
part of the large-scale irrigation development or the problems 
of salinity. 

The Murray was used extensively for navigation in the 
early days of expansion of white settlement, with paddle 
steamers trading 1000 miles up river to Euchuca and some as far 
as Albury. Of the locks built on the river between Hume 
reservoir and the mouth, 13 are f itted with navigation locks^ 
At present, these serve mainly small craft used for pleasure and 
sp or t o 

The f i rst irrigation scheme in the Murray Basin was 
commenced in Victoria in the 1870 's in the Kerang area. In 
1887, irrigation schemes were initiated by the Chaffey Brothers 
at Mildura and Renmark. By the turn of the century, it was 
officially accepted that the use of water for irrigation v/as 
the major concern as opposed to the maintenance of a navigable 
depth of water in the river. 

In recent times, the supply of water to towns along 
and close to the river has become increasingly important, 
particularly in South Australia which^ lacking other major 
rivers, is most dependant upon the Murrayo 
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Pr-om the 1880^s, conflicting demands occurred between 
navigation and irrigation, and there were disagreements among 
the states of New- South Wales, Victoria , and South Australia 
as to the use of available vfater. Following a Royal Commission 
in 1902 and interstate conferences, agreement was reached in 
I9II1 which resulted in the River Murray Waters Act^ ratif ied in 
the parliaments of the Commonwealth and of the three states in 
19-15-, and the es"tah 1 ishment of the River- Murray Commission. 

The-Murray Basin c-an he conveniently considered in 
3 zones- - Upland, River4ne Plain^ and Mallee. There are two 
primary salinity problems associated with irrigation development 
These are (1 ) shallow and highly saline watertahles in the 
Riverine Plains ;^and (2) high salinity in the river water in the 
Mallee region. 

The main supply of runoff water comes from the well-
watered Upland. Quality is very good for irrigation wi ih 
average soluble salt contents in the order of UO p^pomo The 
average salinity of rainfall on the catchment is of the order 
of 5 pop^m. and it seems clear that the dominant source of 
salt arising in the Uplands is from rock weathering and the 
leaching of salt from sedimentary rocks» However, the quality 
of this supply water is very good for irrigation and the much 
higher sa-linities which occur in the river v/ater further 
downstream derive from the River-ine Plaino 

The Riverine Plain is characterised "by shallow 
groundwaters, most of which are highly saline. Natural 
drainage is poor, and channel seepage and overwatering from 
irrigation has raised the watertahles with subsequent water-
logging, and salinization where the groundwater is salineo 
With the rise in water tab les , the discharge of saline ground-
water into the base flow of the rivers has a-lso risen,^ 
particularly after rain» 

The four major Murray areas of irrigation development 
in the Riverine Prai-n are the Kerang and Shepparton regions 
in Victor la p and Deniliquin -and Wakool regi ons in New South 
Waleso The Shepparton r-egion suffer^s- from waterlogging but 
no significant salinity problems-o In the Eerang region^ there 
are widespread shallow groundwaters- which are salinee This 
region suffers markedly from salinization of the soil , and 
contributes a considerable salt load -to the Murray River« The 
Deniliquin region in New South Wales- has--no problems wi th 
shallow watertables at presentj but it seems probale that these 
w i l l develop in t4me, The Wakool region has suffered water-
table problems for some time and the groundwater is saline« 

In addition to these Murray regions^ there is the 
Murrumbidgee Region which includes the Irrigation Areas of 
Murrumbidgee; Hay, and Coleambally» This region is of less 
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importance in the subject of this chapter because it contributes 
little salinity to the Murray; in fact, flow from the 
Murrumbidgee is important from the viewpoint of river 
managenBnt because of the significant dilution effect it has 
on Murray water downstream of the junction of the two rivers. 

Because of the salt loads from other tributaries 
entering the Murray in the Riverine Plain, the salinity of the 
river water increases steadily from Hume Reservoir downstream 
to the moutho The Mallee Zone commences near Swan Hill and 
includes the Sunraysia region, stretching to the South 
Australian border, and the South Australian region. In South 
Australia, the river flows in an incised channel and salt 
accessions to the river are from the generally saline ground-
waters o This salt added to that brought down from the 
Riverine Plain produces salinities which reach critical levels 
in periods of low flow-. The majority of irrigated land above 
Mannum in South Australia is devoted to horticultural cropsc, 
including stone fruits and citrus which are particularly salt-
sensitive. It is the salinity of the river supply water that 
is important in this region. 

Salinity control in the Murray River is a complex 
problem involving the disposal of some very high saline waters 
into evaporation basins, and the regulation of flow by many 
dams to control q.uality by dilution. Pels (ref, 2) in 196? 
put forward a proposal that high quality water be diverted from 
above the entry of the G-oulburn tributary into a channel to 
supply Sunraysia -̂ nd South Australia leaving the lower reaches 
of"the Murray as a drain to carry away low quality wastewaters« 

A major report on salinity in the Murray River has 
been commissioned by the River Murray Commission and is now 
approaching completion. This report will contain an extensive 
review of the salinity problem, discussion of various 
proposals for control, and a bibliography of relevant papers 
and"reports. The reader who is interested in detailed aspects 
of the'problem is referred to this report (ref. 1), 

6,2o2 Indus Valley, West Pakistan 
The Indus Valley in West Pakistan has supported 

irrigated agriculture for over I|000 year s o The rivers rise in 
the Himalayas and flow southwest through very dry country 
bordering on the Indian desert. It has been estimated that the 
average annual flow in the valley is 170 million acre feeto 
The plain is very flat with gradients about 1 foot per mile 
from the upper edge of the irrigated area to the coast» 
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The present irrigation system was originated "by 
Brit ish enginee-r-s i-n the middle of the 1-9th centTjryo Several 
large "barrages were constructed across the Indus and its 
tributaries , and a"bout 75 , 000 miles of canals were dugo 
Large tracts of desert were developed to fertile farming areas. 

The pro"blems of inadequate drainage and overwatering 
were not escaped... The alluvium extends for many hundreds of 
feet and is highly pervious. The groundwater was originally 
at great depth, but after the turn of the century, it began 
to rise at about feet per year« Leakage from unlined 
canals added to the problem of overwatering in the irrigated 
areas. When the watertable came to within a few feet of the 
surface, salt accumulated as the water evaporated, and the 
problems of salinity and Y/aterlogging resulted in considerable 
areas of land being lost to cultivation« It was estimated 
that, in the early 1960*s , about 100 ,000 acres of land were 
being lost each year. The magnitude of the problem equalled 
the magnitude of development in the valley, one of the great 
areas of irrigated agriculture in all history. 

The physical problem in the Indus is matched by 
the political problem of the area» When India and Pakistan 
were partitioned in ^^hl , the irrigated lands became part of 
Pakistan because of the predominantly Muslim population^ 
However, the headwaters of the rivers arise in India and there 
have been problems over sharing of the available waters, 
Birkhead ( ref . 3 ) describes the polit ical problems and 
institutional arrangements which now govern the operation of 
the are a. 

In addition to the large amounts of overseas money 
contributed for development and improvement of the "Valley, a 
large amount of expert technical assistance was provided. 
The major investigation, undertaken by the Water Resources 
group at Harvard University, (see re f . Lj.) put forward a 
solution for use of about 32 .000 tube wells spaced at about 
1 mile centres;. With this system, the watertable was 
lowered by pumping and the pumped water, mixed with fresh 
supplies, was "used to leach salt from the root zone by the v/ater 
circulation which resulted. Agricultural production could then 
be further raised by proper use of f e r t i l i z e r s , pesticides , farm 
equipment and better managements Piering ( re f . 6 ) gives a 
description of the computer simulation analysis used to optimise 
the components of the system» 

6=,2o3 Irrigation Systems in California 

The principles of salt balance, and methods of 
analysing the supply, movement, and f inal disposition of salt 
in an entire river system can be further illustrated by 
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examples of some irrigated areas in California,, These examples 
well illustrate the state-of-the-art of analysis^^ and the 
development of computer simulation models for water quality, 
similar to the water "balance simulation in mathematical catchment 
models. 

The Coachella Valley provides a good example of salt 
balance in an irrigated area. Irrigation has heen developed 
on ahout 60,000 acres in the valley, using water diverted from 
the Colorado River hy the Boulder Dam. The climate of the 
valley is hot and arid with mean temperature ahout 73°F and 
annual rainfall averaging 3 incheso 

In anticipation of restricted drainage of excess 
waters from "beneath the irrigated areas, a series of 
observation wells was installed as early as 19^8« As expected, 
the irrigation activity caused the development of a shallow 
semi-perched "body of groundwater "beneath the irrigated land 
and extensive tile drainage was installed. The nature of the 
sediments extending to a depth of 100 feet "beneath the 
irrigated land is such that there is no significant downward 
movement of drainage water to the underlying aquifer. 

The supply canal is concrete lined and water to each 
"block of UO acres is distributed throu^ underground concrete 
pipes, and is metered. The operations in the valley provide 
a good opportunity to study salt and water "balance in an 
irrigated area "because both salt and water inflow and outlfow 
are monitoredo 

Bowers Spenccer and Weeks (refc 7) analysed data on 
salt and water balance for the period 1957-1965 and found that 
the salt balance index (ratio of output of salt to input of 
salt) was highly related to both the area of irrigated land 
having tile drainage and the leaching percentage<> The index 
approached one when about half the irrigated land became tiled 
and when the leaching percentage increased to about 30<» 

At salt balance, évapotranspiration was calculated 
as the difference between applied water and drainage water, and 
this was found to agree within about 10% of that calculated by 
the Blaney-Criddle formulao Comparisons of the compositions 
of irrigation and drainage waters at salt balance indicated 
that about 10% of the applied salt precipitates in the soil 
largely as calcium carbonate^ and that calcium and magnesium 
in water replace exchangeable sodium in the soil during 
irrigation operations. 

The San Joaquin "Valley in California contains about 
U million acres of irrigated land, about one-half of the total 
valley floor area.. In addition to the natural water resources 
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of the valley, development works such as the Central Valley 
Project import a combined total of about ki million acre 
feet per year^ It has "been estimated that in I96O, irrigation 
usage of water in the area was ahout 9 million acre feet out 
of a total available of 13 million acre feet« 

The impending problems of salt accumulations and 
high water tables have been recognised. Berry and Stetson 
(ref. 9) have described the drainage problems of the area and 
early efforts towards a solution. Huffman (ref. 10) describes 
the results of an investigation of how the drainage waters from 
farms and from pumping for groundwater control are in part 
mixed with incoming water of high quality for re-use^ the 
balance becoming waste water for disposal. Huffman^s figures 
show that the amount of waste water is expected to increase 
continuously to an amount of about 500,000 acre feet per 
annum by the year 2000• 

The Californian Department of Water Resources has 
studied various ways of disposing of the waste water - by 
desalting, by evaporation basins, and by transportation to the 
sea in a canal. Desalting was found to be much higher in 
cost than the other methods. Evaporation was studied in detail, 
including studies of how much sprinklers and salt tolerant 
trees might increase the rate of évapotranspiration. There were 
local advantages of evaporation ponds in the southern part of 
the valley but, overall, the cost was about 50^ higher than 
disposal by transportation. 

The best solution was a master drain down the trough 
of the valley, lined to prevent percolation of highly saline 
water into underlying aquifers^ and incorporating a regulating 
reservoir to receive peak flows in summer and autumn and 
provide a uniform discharge through the year. The ultimate 
disposal point of waste waters will be near the natural 
discharge of the river near the San Francisco bay area. Dilution 
facilities will be provided to raise the quality of the 
discharge as requiredo 

A problem in this valley is the nutrient content in 
the waste waters from leaching of fertilizers in the agricultural 
areas« The Department of Water Resources has studied the use 
of algae to utilise nitrogen and phosphate in the v/ater with 
subsequent harvesting and disposal of the algae. Chlorinated 
hydrocarbon pesticides are not expected to become a serious 
problem» 

The Sacramento River in California has been highly 
developed for irrigation with 21 separate irrigation districts 
in the Valley, The river is regulated by the Shasta and 
Keswick dams of the Bureau of Reclamation's Central Valley 
Projecto The system is drained by the river itself and by a 
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system of agricult-oral drains. Orlob and Woods (refc 8) report 
that during the peak of the I96O irrigation season, releases 
from Keswick dam were about 21,000 acre feet per day to meet 
irrigation req.uirementSo 

The principal interest of this system for the present 
project is the hydrologie simulation model which has been 
developed of the entire river système The model, which is 
described by Or lob and Woo'ds, is a mathematical model using a 
digital computer to simulate both the water balance of 1he 
river system and changes in water quality along the river due 
to irrigation use^ 

The water balance model balances changes in soil 
moisture, groundwater and river storage in a number of 
individual components of the system which represent irrigated 
areasj reservoirs^ reaches of the river. etCc The interactions 
between the components are also simulated to represent the 
dynamic behaviour of the whole system. Data used to check the 
simulation are gauged main river flows, drainage returns, flows 
in principal tributarieso accretions to groundwater, calculated 
évapotranspiration loss, and measured rainfalls. 

The simulation of change in water quality is based 
on concentration of salts as water is removed by évapotrans-
piration in the irrigated areasc The authors assume the 
pollutants are conservative iaOo do not decay or react with 
soil, etc.:y- in the system, and the calculated "use factor" as 
water moves down the river system was found to be reasonably 
well correlated with measured electrical conductivity^ total 
hardness, sodium concentration, and bicarbonate alkalinity^ 
Recognising the limitations of the model, the authors set out 
requirements for an improved model which incorporates decay and 
interaction. They suggest the three (3) main requirements of 
a water quality model ares-

(i) compatibility with a dynamic hydrologie model 
of the same system; 

(ii) facility for accommodating time-dependent 
decay functions; 

(iii) facility for time-delay of quality constituents 
brought about by interaction with the physical 
media through which the constituent must pass a 
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1963)? India (1966)5 and 
these congresses contain 
practical aspects of 

6 . 3 SALINITY PRINCIPLES 

6«3»1 Oenei^al R&^iew of Literature 

The -information which has been published on irrigation 
and salinity is vast . The International Sourcebook on 
Irrigation and Drainage of Arid Lands in Relation to Salinity 
and Alkalinity , published as a draft in 1967 by UNESCO ( r e f . 1 l ) , 
gives a b-road survey of the subject by many specialists , and 
includes reference l ists with every chaptero This book is 
probably the most authoritative statement of knowledge and 
practice related to salinity yet prepared, 

A world-wide exchange of information on irrigation 
research and practice is organised by the International 
Commission on Irrigation and Drainage5 whose permanent head-
quarters is in New Delhi« The ICID v\ras set up in 1950 imder 
the sponsorship of the government of India , and some 60 
countries at present participate in its activities . International 
congresses have been held in India ( 1 9 5 ^ ? Algeria (1954) 
U . S . A . ( 1957 ) , Spain ( I 9 6 0 ) , Japan 
Mexico ( 1 9 6 9 ) . The transactions of 
information on both theoretical and 
irrigation. An annual bulletin is published on research and 
technical advances in irrigation« drainage, river control, and 
flood control, together with an annual bibliography. 

Many other bibliographies have been prepared from 
time to time. There are two annotated bibliographies on 
reclamation and improvement of saline and sodic soils,, prepared 
at the Institute for Land Reclamation and Improvement at 
Wageningen in the Netherlands (refs» 12y 13)0 In Australia« 
there is a bibliography of C . S . I . R . O . publications or on 
irrigation, drainage, and related subjects, compiled at the 
Commonwealth Research Station, Merbein, Victoria (refo 1U)? 
and Margaret Russell (ref , I 5 ) bas compiled a bibliography of 
publications by officers of the Commonwealth Research Station 
at Merbein and the Irrigation Research Station at Gr i f f i th , 
N . S . W . , from 1923 to 1956, 

Slatyer and Mabbutt (ref= I7 ) describe some aspects 
of the salinity problem in irrigated agriculture in their 
section, "Hydrology of Arid and Semi-arid Regions" , contained 
in the "Handbook of Applied Hydrology", edited by Yen Te Chow^ 
At the National Symposium on the Use and Management of Water 
Resources, held in Canberra from 9 to 13 September 1963« England 
( re f , 18) and Porster (ref« I9) reviewed the problem, and there 
have been some symposia in Australia devoted 
(e.go ref . 2 0 ) , Marshall (ref , 21) and more 
( re f , 2 2 ) give excellent reviews of the soil 
to salinization . 

to salinity 
recently Talsma 
physics background 
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Tlie Victorian Irrigation Re-s-ear-eh and Advisory 
Services Committee (VIRAOG) ii-as compilé- an excellent review 
( r e f . 28) of information on the suitalDility of water for various 
agricultural and related usesc A l ist of relevant references 
i-s- included at the end of each chapter of this puhlicationo 

6o3o2 Sources of Salt 

The original sources of salts in water are the 
primary minerals derived "by the breakdown of rocks and soil 
particles in the earth 's crusto Soluble constituén.ts are 
gradually released as a result of chemical decomposition and 
physical weatherings In humid areas, there is a steady 
leaching of soluble materials from the soil and rocks, into 
groundwater, thence into rivers and to the sea. 

Salt particles can also be taken up into the 
atmosphere from the surface of the sea and deposited on a 
catchment in rain . Salt is taken up from spray at the tops of 
waves and the bursting of bubbles at the surface of the sea. 
Large amounts of salt , in the order of 125 Ibs /acre /year , can 
be deposited in rain near the coast but the amount decreases 
to less than 5 Ibs/acre/year in inland areas of Australia . 
This type of salt is usually termed "cyclic salt" to indicate 
the cycle from sea to land via the a ir , and return to the sea 
in drainage waters. 

Chebotarev ( re f , 23) gives a useful account of the 
origin of saline water, aorham (refo 2k) and Hem (ref» 25) 
give good reviews of the factors affecting the supply of 
major ions into water. Cope (refo 26) gives a very good 
account of the sources of salt in catchments in Victoria and 
this includes a good review of the literature which deals 
with cyclic salt . Powell (refc 2?) gives a general description 
of the constituents which affect the q.uality of water and of 
sampling and analytical procedures, 

6 ^3 . 3 Quality Criteria 

Because the irrigated lands of many ancient 
civilizations have become saline and unproductive, man has 
probably known of the effects of salts on plant growth 
throughout recorded history^ Howeverc, detailed criteria of 
the salt tolerance of crops, and of animals, dates only from 
this centuryÇ 

Soluble salts in soil water raise the osmotic 
pressure and reduce the abil ity of plants to take up the water« 
Robinson (refo 29) gives a detailed description of the effects 
of salt on plants and how plant damage can occur. 
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Bifferent plant species vary widely in their tolerance 
to salts , and the tolerance of many crops has heen determined. 
The United States Salinity Laboratory has published ( re f . 30) 
a considerable amount of information on the salt tolerance of 
irrigated cropsc Informatron suitable for use in Australia has 
been sumiirari'sed in the draft Standard*s Association Code of 
Practice for Sprinkler Irrigation Design (refo 3 0 ? in the 
publication by the Victorian Irrigation Research and Advisory 
Services Committee (refo 28)» 

The major ions in irrigation water are the cations 
calcium, magnesium, and sodium; and the anions "bicarbonate, 
sulphate, and chlorideo Other ions that may be found are 
potassium, carbonate, nitrate, s i l ica , iron, and boron, but 
these are usually in low concentrationso 

Pour major characteristics determine the quality of 
water for irrigation. These are:-

( i ) total concentration of soluble salts 

( i i ) the proportion of sodium to calcium 
plus magnesium 

( i i i ) the concentration of bicarbonate 

( iv ) the occurrence of highly toxic minor 
elements such as boron^ 

I f the proportion of sodium is high , it may be 
adsorbed on the soil particles and result in an unfavourable 
physical conditiono Such soilsc, when wet , tend to run 
together and impede the movement of water and a ir . When dry. 
they form hard clodso Irrigation waters with high sodium 
percentages require special management practiceso 

Waters that are low in total salts but high in 
bicarbonate can also be dangerous if the bicarbonate is 
considerably in excess of the calcium and magnesium present« 
The excess bicarbonate over calcium plus magnesium is 
referred to as residual sodium carbonatea When an irrigation 
water containing residual sodium carbonate evaporates in the 
soil , calcium and magnesium carbonates precipitate and the 
sodium percentage of the soil solution increases. The sodium 
replaces calcium on the soil particles, the exchangeable-
sodium percentage of the soil increases and the physical 
condition of the soil deteriorateso 

The United States Salinity Laboratory has developed 
the "sodium - adsorption - ratio" (S .A .Ro) as having tie 
best-fit empirical relationship to the exchangeable-sodium-
percentage of the soil (see re f . 3 0 ) . 
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Na"̂  
„ ++ „ ++ Ca + Mp; 

The ScA.R- i s an index of how and to what extent 
a given water containing excess sodium might change the 
permeab i l i ty and s t r u c t u r a l p r o p e r t i e s of a s o i l o The higher 
the SoAoR,, the greater the adverse e f f e c t s « Quirk ( r e f c 32) 
g ives a review of those aspects of s a l i n i t y which are r e l a t e d 
to the chemical and p l iys i ca l "behaviour of s o i l s o 

Boron i s a minor const i tuent of p r a c t i c a l l y a l l 
natural waters and is e s s e n t i a l f o r the growth of p lants ; _ 
however, i t may "be t o x i c in concentrat ions only s l i g h t l y in 
excess of those needed f o r optimum growth. Sens i t ive p lants 
may "be a f f e c t e d at concentrat ions below 0 ,̂5 ppni and almost 
a l l p lants are a f f e c t e d above k ppm. Although the boron 
to lerance of most p lants i s wel l e s t a b l i s h e d , there is l i t t l e 
remedial a c t i o n which can be taken i f an e x c e s s i s p r e s e n t , 
other than to obtain an a l t e r n a t i v e i r r i g a t i o n supply. 

Jewitt ( re f^ 33) g ives a good summary of the s a l t s 
contained in the waters o f the Murray and i t s t r i b u t a r i e s c In 
the same symposium^ Pot ter ( r e f . 3k) d i s cu s s es the t o l e ran ce 
of sheep and c a t t l e to s a l i n i t y of the i r drinking water^ The 
V i c t o r i a n I r r i g a t i o n Research and Advisory Serv ices Committee 
has c o l l a t e d ava i lab le Austral ian information on the s a l t 
to lerance o f s t o ck , and they provide r e f e r e n c e to publ ished 
Austral ian data ( r e f o 28 ) , 

P r i n c i p l e s of Salt Balance 

Any s a l t s brought into the r o o t zone of an i r r i g a t e d 
crop in the supply water w i l l remain while the water i s 
removed by évapotransp i ra t i on , and w i l l accumulate unless 
leached outo To achieve a s a l t ba lance , a d d i t i o n a l water in 
excess of the évapotranspirat ion requirement must be app l ied 
to wash the s a l t s remaining from the prev ious i r r i g a t i o n 
a p p l i c a t i o n to below the r o o t zone <> Where natural drainage 
i s inadequate to allow ready discharge of the leaching water 
away from the area^. a r t i f i c i a l drainage w i l l be r e q u i r e d to 
prevent the water table from be ing r a i s e d too c l o s e to the 
surface^ When sa l ine groundwaters are r a i s e d to wi th in a few 
f e e t of the sur face , virater v / i l l evaporate and s a l l n i z a t i o n of 
the s o i l occurs as s a l t accumulates in the upper s o i l l a y e r s . 



157. 

In 1937, Hill (refo 3 6 ) developed the concept of 
"eq.uivalent service" which is that, because évapotranspiration 
is continuously removing water, the salt concentration of the 
remaining soil moisture is increasing except when moisture is 
percolating dovmwards from rainfall or irrigationo Thus, 
application of an increased gu-antity of a more saline 
irrig-ation water can lead to the sam-e mean salt concentration 
in the soil moisture of the plant root zone as will result 
from less freguent applications of a less saline waterc 
Applying an excess of irrigation water causes a part of the 
applied water to pass helow the root zone and become drainage 
water o 

In Australia,; the simpler and correct concept of 
"leaching requirement" (ref . 3 0 ) has "become more accepted. . 
Prom measurement of the electrical conductivity of the applied 
water and knowledge of the salt tolerance of the crop, the 
amount of additional water needed for leaching in excess of the 
évapotranspiration reguirement^ can "be calculatedo The method 
of calculation is set out in the Draft Code of Practice for 
Sprinkler Irrigation Design ( r e f o 3 0 and in r e f o 2 8 o 

Some of the applied water will move rapidly through 
the larger pores and reach the lower "boundary of the root 
zone with little increase in salt content. On the other hand, 
water moving through the finer pores may displace soil water 
essentially as piston flow, so that drainage from the smaller 
pores wil l have a"bout the same salt concentration as that of 
the soil water in the root zone. The water draining from the 
root zone is therefore a mixture of unchanged irrigation water 
and displaced soil water, and the fraction that is formed of 
soil water has "been called the "leaching efficiency" hy 
Boumans and van der Molen (refer to Bouwer, ref« 37)« Actual 
values of the efficiency have "been calculated from salt 
balance data for 3 irrigated regions "by Bouwer (refo 37)? the 
regions being the San Joaguin "Valley and the Coachella Valley 
in California , and the Murray River in Australia . 

Scofield (refr 3 8 ) developed the concept of salt 
balance applied to a whole catchment in contract with the salt 
balance at a point in an irrigated a-rea-o The principle is that, 
although man may use part of water -supply in a river for the 
irrigation of crops^ all of the salt in that-water must 
eventually be passed downstreamc Another reguirement of salt 
balance is that all the exce&s salts initially in the root 
zone of saline soils must be leached out to reclaim such soils , 

Pillsbury and Blan-ey (refo 39) review the problems 
and principles of salt balance in river systems and conclude 
that "degradation of water with progress downstream is 
inevitable if the use of the water resource is to be maximised. If 
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These authors introduced the term "degradation rat io " which is 
the fractional equivalent of degraded water to good water, e.g« 
1 , 000 acre feet of wat&r with an EC of mmhos per cm would he 
equivalent in irrigation potential to 600 acre feet of high 
quality water. Because of the need for more frequent 
irrigations , increased drainage f a c i l i t i e s , and other require-
ments, the actual cost of using degraded water could he much 
higher than the degradation ratio suggests» 

S .U SUMMARY OF INFORMATION ON IRRIGATION 

The major problems of salinity resulting from 
irrigation development in Australia are associated with the 
Murray River and its tributaries. A major report has just heen 
prepared for the River Murray Commission which gives a^ 
comprehensive review of the problem and an excellent biblio-
graphy of relevant Australian publications. 

Salinity and waterlogging problems have occurred 
frequently in areas of large scale irrigation development 
throughout the world. The major sources of salt are known, the 
principles of salt movement and behaviour are understood, and 
there is a well-established technology for managing salt in 
river systems<> Following the development of high speed digital 
computers there have been developments in mathematical models 
for predicting the movement and behaviour of salts in river 
systems and irrigated areas, mainly in the U . S . A . 

Understanding of salinity principles by research 
workers in Australia seems to be of a high standard when 
compared with other countrieso The use of d igital simulation 
methods for analysing large-scale salt movement in river systems 
has only recently been explored in this country; but these 
methods are very new and s t i l l in a state of development in the 
U . S . A . 
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CHAPTER 7 

REVIEW AKD CLASSIFICATION OF METHODS 

7ci INTRODUCTION 

There is a profusion of methods and technigues used 
to study the hydrologic effects of change in land use, and the 
choice of method is freq.uently as important as the results 
obtained. Where the method used is of doubtful validity, the 
results cannot "be accepted without q.uestion. 

The studies reported in other sections of this report 
have used a variety of techniques and types of study area» 
Data has been collected from fractional-acre plots, unit source 
areas, small experimental catchments, large representative 
basins, and such others as barometer watersheds, vigil networks, 
and benchmark basins. Data analysis ranges from simple 
graphical techniques relying on visual examination of plotted 
data, to the most sophisticated of statistical procedures. 

There has been little systematic study or development 
of the methods used. Standard hydrologic texts do not deal 
with experimental catchments or methods of experimental design, 
and there are no established manuals of practice which set out 
details of how to identify a unit source area, how to set up 
a paired or multiple catchment experiment, or even what 
criteria should be used to identify and evaluate changes in 
runoff. 

One objective of this project has been to review 
past methodology, to identify weaknesses in the approaches 
used, and to suggest the methods which offer best prospects 
for future studieso In this chapter, a review is made of 
methods which have already been used in order to put past 
studies in perspective, and a classification system is out-
lined« 

7 , 2 THE METHODS 

The literature dealing with studies of hydrological 
effects from changes in land use lacks a systematic classific-
ation of the different methods us-ed. Some ordering of the 
methods is desirable in order to see e-aeh method in 
perspective and to make comparisonso Existing classifications 
do not seem adequate o For example, the American G-eophysical 
Union (refc 2) classes watersheds used in research studies 
into two principal categories:- experimental watersheds and 
representative watersheds. They state -
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"an experimen-tal watershed is one tliat has teen 
chosen and ins-t-rumented for study of hydrologie phenomena; a 
representative watershed is one that has heen chosen and 
instrumented to represent a hroad area in lieu of making 
measurements on all watershedSo" 

The Director of the Office of Water Resources 
Research of the U,So Departments of the Interior (Renne^ 
ref . ) quotes this classification and comments that -

"studies using experimental watersheds imply a 
search for principles , relationships, and factors for 
prediction schemes; studies using representative watersheds 
imply that data are transferred g:uite directly to other 
watersheds where similar measurements are not avai.lahlec" 

This classification has some weaknessesc Apart 
from being very hroad, it is not well definedc Some groups 
of representative has ins are specifically intended for study 
of hasic relationships, for example c, the Australian system 
of representative hasins is heing selected "for detailed 
study, particularly of rainfall-runoff relationshipso" 
(Australian Water Resources Council^ refo 7s 

The following classification system, which 
encompasses hoth methods of data collection and methods of 
data analysis^ has heen proposed by Boughton (ref , I3 ) as 
an alternativeo 

r—- Plots 

- Unit Source Areas 

Collection 

of data 

Observational-
Methods 

Experimental 
Me th od s 

Analysis 
of data 

Statis tical-

Physical 

Barometer Watersheds 

Representative JBasins 

V i g i l Basins 

• Benchmark Basins 

-Calibrated Catchments 

- Paired Catchments 

Multiple-catchment 
experiments 

- G-raphical Analysi s 

' Single-variable analysis 

— Multi-variable analysis 

-Mathematical Models 

• Physical Models 

-Analogue models 
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The separat ion of data c o l l e c t i o n from d a t a a n a l y s i s 

serves p r i n c i p a l l y for the review of past s t u d i e s which is 

made here , h u t is not the most s u i t a b l e approach to p l a n n i n g 

of land use experiments . I n t e g r a t e d studies where c o l l e c t i o n 

of data i s planned in conjunction w i t h analysis of data are the 

idealo 

7 ,3 COT.TmTION OF DATA - OBSERVATIONAL METHODS 

A v a r i e t y of methods of data c o l l e c t i o n have been 

u s e d in experiments and p r o j e c t s to evaluate land use e f f e c t s o 

The methods range from the purely p a s s i v e , or ohservat ional 

to the a c t i v e , or exper imental , approachc This d i s t i n c t i o n 

"between observat ional and experimental is adopted as a 

primary separat ion in the c l a s s i f i c a t i o n of methods of data 

c o l l e c t i o n . 

With o b s e r v a t i o n a l methods, the observer plays a 

p a s s i v e role by observing the behaviour of d i f f e r e n t catch-

ments , and attempting to deduce by a n a l y s i s the i n f l u e n c e of 

catchment c h a r a c t e r i s t i c s or land use on the observed v a r i a b l e , 

u s u a l l y runoff or sediment yieldc W i t h experimental methods, 

the experimenter introduces a d e l i b e r a t e change to some part 

of the catchment system^ and then attempts to monitor the 

e f f e c t s produced b y that change., 

O b s e r v a t i o n a l methods encompass both large complex 

s i t u a t i o n s a s in representat ive b a s i n s and smaller , more 

homogeneous s i t u a t i o n s as in r u n o f f and s o i l loss plots= 

U n i t source areas are between these extremes in b o t h s i z e and 

homogeneity-^ Experimental methods include "before and a f t e r " 

s t u d i e s of a s i n g l e catchment, comparisons of d i f f e r e n t 

catchments in paired-catchnent studies , and multiple-watershed 

experiments in wh ich many catchments and many treatments are 

involvedc These methods are descr ibed in the f o l l o w i n g s e c t i o n s . 

( i ) P l o t s 

The two b a s i c ideas beh ind the use of small p l o t s f o r 

hydrologie s tud ies are f i r s t l y that , being small , it should be 

p o s s i b l e to select d i f f e r e n t s i t e s with v a r i a t i o n in only one 

f a c t o r (such as s l o p e , s o i l type^ land use., etco) , , and ; 

s e c o n d l y , b e i n g cheap , s u f f i c i e n t r e p l i c a t i o n s could be made 

to ensure s t a t i s t i c a l s i g n i f i c a n c e of the r e s u l t s . R a r e l y , i f 

e v e r , are these i d e a l s a t t a i n e d or even adeq_uately pursued in 

p r a c t i c e o 

Hayward ( r e f s » 27^ 2 8 ) has made a comprehensive rev iew 

of p l o t experiments ; p a r t i c u l a r l y those d i r e c t e d towards s o i l 

losso This study has shown the wide range of p l o t s which have 

been u s e d , ranging from a few square f e e t to s e v e r a l thousand 

square f e e t in a r e a . 
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T h i s r e v i e w has a l s o shown up two major weaknesses 
which t y p i f y most p l o t s t u d i e s - l a c k of s t a t i s t i c a l d e s i g n 
and a n a l y s i s of the exper iments^ and, more s p e c i f i c a l l y , 
d i s r e g a r d f o r any h i a s c r e a t e d "by the "boundaries of the p l o t c 
F r a c t i o n a l - a c r e p l o t s in p a r t i c u l a r a r e so s m a l l t h a t "boundary 
e f f e c t s can c o m p l e t e l y dominate n a t u r a l e f f e c t s . I n t e r f e r e n c e 
v/ith the n a t u r a l o v e r l a n d f l o w p a t t e r n and wind "blow of r a i n 
and s o i l p a r t i c l e s i n t o the c o l l e c t i n g g u t t e r s can c r e a t e 
q u i t e considera"ble e r r o r s in the data c o l l e c t e d f rom p l o t s c 
The need to a l low f o r such e f f e c t s i n p l o t exper iments has 
"been s e t out e l s e w h e r e . (Boughton, r e f o 

There a r e fev/ r e s u l t s f r o m p l o t s t u d i e s r e l a t e d to 
l a n d - u s e e v a l u a t i o n which a r e v a l i d a q u a n t i t a t i v e ^ and 
s t a t i s t i c a l l y s i g n i f i c a n t o In a d d i t i o n , the s tudy "by M i n s h a l l 
and Jamison ( r e f ^ 36) shews c l e a r l y the d i f f e r e n c e s which can 
occur "between watershed r u n o f f and r u n o f f f rom p l o t s w i t h i n 
the v/atershed due to "both i n t e r f l o w and t r a n s m i s s i o n l o s s e s o 
The pro"blems of "bias i n h e r e n t in the c o l l e c t i o n of d a t a f r o m 
p l o t s a re thus compounded "by the problems of e x t r a p o l a t i o n 
f rom the p l o t to the whole watershed® 

B e f o r e p l o t s c o u l d "be used wi th c o n f i d e n c e f o r l a n d -
use e v a l u a t i o n s t u d i e s , some "basic i n v e s t i g a t i o n s of the 
f o l l o w i n g would "be n e e d e d : -

(a ) to e s t a " b l i s h the d e g r e e of "bias to d a t a caused 
hy the n a t u r e of the p l o t c o n s t r u c t i o n . 

(b) to e s t a " b l i s h the v a r i a n c e w i t h i n s o - c a l l e d 
homogeneous a r e a s which p l o t s a re used to 
sample« 

( c ) to c l a r i f y the d i f f e r e n c e s "between p l o t r u n o f f 
and water shed r u n o f f due to i n t e r f l o w and 
t r a n s m i s s i o n l o s s e s ^ 

( i i ) Unit Source Areas 

The u n i t SOUP ce a r e a i s an approach to i s o l a t i o n of 
the f a c t o r s a f i e c t i n g r u n o f f and s o i l l o s s which i s i n t e r n e d i a t e 
between p l o t s and l a r g e catchments« 

A u n i t source a r e a i s presumed t o have r e l a t i v e l y 
homogeneous s o i l s and v e g e t a t i o n c o v e r , uni form p r e c i p i t a t i o n r 
and g e o l o g i c i n f l u e n c e s on the s u r f a c e o u t f l o w which a r e 
a r e a l l y r e p r e s e n t a t i v e ( K i n c a i d e t a l , r é f . 33)0 Amerman 
( r e f o 3 ) d e f i n e s a u n i t source a r e a as "a su"b-div is ion of a 
complex w a t e r s h e d which, i d e a l l y , has a s i n g l e c o v e r , a s i n g l e 
s o i l t y p e , and i s o t h e r w i s e p h y s i c a l l y homogeneous^" 
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The underlying concept is that complex watershed 
runoff is essentially a summation of the runoff contributions 
from its component unit source areaso Unit source areas that 
are sufficiently alike are assumed to react in a similar manner 
hydrologically when they are suhgect to storms that are alike . 
Amerman says:-

"hy prediction and combination of unit source area 
runoff^- it should be possible to predict runoff from ungauged 
complex watershedso In this manner, the integrated effects on 
runoff of various combinations of land use changes on a complex 
watershed may be calculated without actually measuring and 
evaluating runoff from other complex watersheds to which the 
several plans have been appliedo" 

The runoff computed from unit source areas at 
Coshocton did not agree with observed runoff in the examples 
q.uoted by Amerman, but linear regression eq.uations between 
computed and observed data gave correlation coefficients of 
0<.98 for a 76 acre watershed and Oo99 for a 1 ̂ k acre water-
shedo Amerman suggests that the disagreement in direct 
comparison may be due to:-

1) interflow 
2) partial area runoff 

( 3 ) influence of runoff from upslope areas upon 

runoff production on downslope unit source 

areas c 

Amerman and McG-uinness (refo U) discuss this problem 
of extending from small areas to large complex watersheds« 
These authors give the following definition of unit source 
watersheds 

"Unit source watersheds are defined as all research 
watersheds p plots included, .whose data are to be applied 
directly to larger watersheds." 

Robins, Kelly and Hamon (refo i;2) propose the use of 
unit source watersheds as a basis for hydrologic study of a 
93-sq.c mile experimental catchment in Idaho, but this report 
and the others cited omit any detailed specification for 
delineating unit source types and for classifying sub-areas of 
catchments into these types. Amerman also cites unit source 
studies by Rowe (ref^ 144) and Allis (refo 5 ) . Doty and Carter 
(refo 2i|) use unit source areas for study of the rates and 
particle size distributions in soil erosion. 

A Unit Source Watershed Conference was held at 
St . Louis, Missouri, U.SoAo, in February 1965j indicating th^ 
American interest in this method of research; however, unit 
source methods are virtually unused in Australia. While the 
concept is attractive because of its relative simplicity^ the 
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f o l l o w i n g apparent weaknesses r e q u i r e some r e s o l u t i o n "before 
the method would he s a t i s f a c t o r y f o r land use s t u d i e s 

(a) the present l a c k of s p e c i f i c a t i o n s f o r 
c l a s s i f y i n g and i d e n t i f y i n g u n i t source 
a r e a s . 

(h) the l a c k of data on d i f f e r e n c e s in the 
response of u n i t source a r e a s of the same 
t y p e , i , e o the w i t h i n - t y p e v a r i a t i o n which 
w i l l determine the s i g n i f i c a n c e of "between-
type v a r i a t i o n e 

(c) the unknown e f f e c t s of i n t e r f l o w , p a r t i a l a r e a 
r u n o f f y and t ransmiss ion l o s s in e x t r a p o l a t i o n 
from u n i t source areas to whole catchments, 

( i i i ) Barometer Watersheds 

Dort ignac and B e a t t i e ( r e f . 23) descrihe a catchment 
u n i t tha t seems to "be a s p e c i a l type of r e p r e s e n t a t i v e "basin.^ 
These watersheds , used by the U.S. F o r e s t Serv ice^ are termed 
"barometer watersheds" and are s t a t e d to "be "50 ,000 to 
150-000 acres in a rea (80 sci® mi les to 2U-0 sqo m i l e s ) s e l e c t e d 
to r e p r e s e n t a "broad c l i m a t i c - p h y s i o g r a p h i c r e g i o n » " 

These catchments are surveyed in d e t a i l w i t h 
measurements of water s torage c a p a c i t i e s of s o i l and rocko 
v e g e t a t i v e compositiono ground cover e t c . Sampling techniques 
are app l ied to the measurements to ensure accuracy» The data 
obtained are combined in a water ba lance a n a l y s i s which 
accounts completely f o r the d i s p o s i t i o n of p r e c i p i t a t i o n from 
the moment snow or r a i n s t r i k e s water s u r f a c e , s o i l , rock or 
v e g e t a t i o n , through a l l of the r u n o f f or p e r c o l a t i o n p r o c e s s e s 
u n t i l the p r e c i p i t a t i o n i s accounted f o r a s r u n o f f p a s t the 
gauging s t a t i o n or as deep p e r c o l a t i o n e 

Parameters in t h i s a n a l y s i s are a d j u s t e d (not s t a t e d 
how) u n t i l hydrographs are reproduced "with reasonable 
accuracy" whence the watershed i s "adequate ly c h a r a c t e r i s e d or 
c a l i b r a t e d " « E x t r a p o l a t i o n to other a r e a s i s not c l e a r l y 
explained» 

The approach descr ibed in the paper by Dort ignac 
and B e a t t i e could be sound» The problem in rev iewing the 
concept of "barometer watersheds" i s that i n s u f f i c i e n t 
in format ion i s a v a i l a b l e on two important fundamental a spec t s 

(a) how parameters in the water b a l a œ e model are 
a d j u s t e d in order to c a l i b r a t e the catchment. 
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( I d ) w h a t c r i t e r i a and methods a r e u s e d t o e x t r a p o l a t e 
the r e s u l t s f r o m one w a t e r s h e d t o o t h e r a r e a s = 

( i v ) R e p r e s e n t a t i v e B a s i n s 

The c o n c e p t of a r e p r e s e n t a t i v e h a s i n a r i s e s f r o m 
t h e f a c t t h a t t h e l a n d s u r f a c e o f the e a r t h c o n t a i n s a number 
o f r e c o g n i s a h l y d i f f e r e n t l a n d s c a p e s , i ^ e , t y p e s of c o u n t r y 
a s d e t e r m i n e d h y g e o l o g y , t o p o g r a p h y , l a n d - u s e , e t c . , and t h a t 
w i t h i n e a c h l a n d s c a p e a c a t c h m e n t o r c a t c h m e n t s may he s e l e c t e d 
w h i c h a r e r e p r e s e n t a t i v e o f t h e c a t c h m e n t s w h i c h f o r m t h e 
l a n d s c a p e . H y d r o l o g i c a l s i m i l a r i t y among th.e c a t c h m e n t s of t h e 
r e g i o n i s p r e s u m e d . 

G e n e r a l l y , t h e " b o u n d a r i e s of s u c h r e g i o n s a r e 
d e t e r m i n e d b y c l i m a t i c zone s 5 l i t h o l o g y , and l a n d f o r m . The 
r e g i o n n e e d n o t "be i n a v i r g i n c o n d i t i o n and^ u s u a l l y , v i r g i n -
c o n d i t i o n c a t c h m e n t s o f a r e p r e s e n t a t i v e n a t u r e a r e t r e a t e d 
s e p a r a t e l y a s Benchmark o r V i g i l B a s i n s ( s e e l a t e r s e c t i o n s ) o 
H o w e v e r , a r e p r e s e n t a t i v e b a s i n s h o u l d h e d e v e l o p e d to the 
same e x t e n t as . , and h a v e t h e same l a n d - u s e , a s the r e g i o n i n 
g e n e r a l . 

R e p r e s e n t a t i v e b a s i n s f o r m the o t h e r e x t r e m e i n s i z e 
and c o m p l e x i t y t o p l o t s i n the r a n g e of o b s e r v a t i o n a l methods 
u s e d i n l a n d - u s e s t u d i e s i n h y d r o l o g y . The c o n c e p t of a 
r e p r e s e n t a t i v e " b a s i n may h a v e p r e c e d e d t h e I n t e r n a t i o n a l 
H y d r o l o g i c a l Decade ( l . H . D . ) h u t i t was t h e I . H . D . programme 
i n w h i c h t h i s t e r m i n o l o g y w a s f o r m a l i s e d . D e s c r i p t i o n s c o n t a i n e d 
i n I . H o D . r e p o r t s g i v e a w i d e r a n g e of s i z e s of r e p r e s e n t a t i v e 
h a s i n s . r e c e n t l y g i v e n a s g e n e r a l l y f r o m 1 t o 2 5 0 sq_. km^ and 
r a r e l y ' i n e x c e s s of 1 0 0 0 sq.o km« 

I n c o u n t r i e s where a n e t w o r k of r e p r e s e n t a t i v e h a s i n s 
i s t o h e g a u g e d j d a t a w i l l he r e c o r d e d f r o m a w i d e r a n g e of 
c a t c h n e n t S ; and i t i s p r o h a h l e t h a t d a t a w i l l he o b t a i n e d f r o m 
some l a n d s c a p e s t h a t o t h e r w i s e may n o t h a v e h e e n i n c l u d e d i n 
the n a t i o n a l n e t w o r k « H o w e v e r , t h e s c i e n t i f i c m e r i t o f 
r e p r e s e n t a t i v e h a s i n s i s n o t a t a l l c l e a r and t h e v a l u e of t h e 
d a t a c o l l e c t e d , h e y o n d r o u t i n e a s s e s s m e n t of n a t i o n a l w a t e r 
r e s o u r c e s , i s open to q u e s t i o n c 

The u n d e r l y i n g c o n c e p t t h a t r e p e a t i n g u n i t s i n a 
l a n d s c a p e a r e h y d r o l o g i c a l l y i d e n t i c a l , or a t l e a s t s u f f i c i e n t l y 
s i m i l a r f o r one c a t c h m e n t t o he r e p r e s e n t a t i v e o f the group^ 
h a s n e v e r h e e n e s t a h l i s h e d c The f e w s t u d i e s w h i c h h a v e e x a m i n e d 
c a t c h m e n t s on a r e g i o n a l h a s i s and e x a m i n e d t h e d i f f e r e n c e s 
b e t w e e n regions^^ f o r example S o p p e r and L u l l ( r e f . 5 0 ) o r 
I v a n o v and Romanov ( r e f . 3 2 ) , g i v e t h e i m p r e s s i o n t h a t t h e r e i s 
a s much h y d r o l o g i c a l v a r i a t i o n among t h e c a t c h m e n t s i n a r e g i o n 
a s t h e r e i s b e t w e e n t h o s e o f d i f f e r e n t r e g i o n s « 
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It would 'oe wrong to condemn the collection of data 
from catchments in such, diverse landscapes as v^ill he included 
in representative hasin networks= Indeed, there is still a 
great need for collection of data on many such catchments in 
Australia., Hov/ever, there could he danger in use of the term 
"representatiA^e" if it is allovied to convey the impression 
that hydrological similarity of catchments in a region is a 
proven fact , and that data from one such catchment may he 
extrapolated directly to other catchments in the same region. 

The report of the 1st Session of the Co-ordinating 
Council of the I . H . D . j held in Paris in May 1965? mentions 
Decade Stations, Benchmark Basins, and Vigil Basins in addition 
to Representative Basinsn 

Decade Stations describe the minimum essential stream 
gauging network, i .e» the stations of major significance for 
defining the water resources of a country, or stations which 
are established to assess the resources of an area which is 
under special examination for development purposes. It seems 
that this class of station is of more concern to countries 
ViTith stream gauging netv/orks less developed than in Australia, 
Benchmark and Vigi l Basins are more related to the topic of 
this report and are described separately in the following sections« 

(v) Benchmark Basins 

The following is q_uoted from the Report of the 1st 
Session of the Co-ordinating Council of the loHcD. i-

"By exploitation of resources, man's mark upon his 
ov/n environment becomes ever deeper and more drastic« On the 
other hand, changes in climatic patterns, through their 
effects on the hydrological cyclen on soilp and on vegetation 
can produce results remarkably similar to those caused by the 
works of m n . Among natural phenomena, the most pervasive and 
probably the most important are the slow and subtle changes 
in land, vegetation and v/ater which result directly or indirectly 
from variations in climatec- Over periods of time^ pulsations 
in precipitation and temperature regines cause changes in 
e^.^apotranspiration, in soil-moisture recharge, in groundwater 
recharge, and in streamfloWo Climatic variations also cause 
changes in patterns of erosion, of which spectacular 
conseq_uences can be observed in arid areaso 

Hydrologie benchmarks are basins and associated 
stations established to provide simple measures of time trends 
in the secular march of hydrologie events unaffected by the 
works of man. Beyond simple measurements, however, they 
provide the means for more sophisticated uses such as direct 
comparison v/ith other recordsc For example, records of stream-
flow at a regular gauging station may show a downward trend 
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relative to flow at a nearloy hydrologie iDenchmarko In suitable 

circumstances J this would he direct evidence of streamflow 

deple tionc 

Hydrologie benchmarks would help unravel the 
interrelations among climatic and hydrologie variables with 
confidence that the results are not biased by effects of 
human activity. The interrelations thus demonstrated could 
provide the base or datum for distinguishing natural from 
artif icial phenomena elsewhere." 

This quotation illustrates the concept behind 
benchmark basins for use in land-use studies. Their use is 
not sufficiently widespread or vœ 11-established to give much 
indication of their value at this time« 

(vi ) Vigil Basins 

The following is quoted from the Report of the 1st 
Session of the Co-ordinating Council of the I .HoD. :-

"The purpose of (the V ig i l ) network is to establish 
stations and make observations generally similar to those 
established for the benchmark networks, but with no attempt 
either to protect the station from art i f ic ia l changes or to 
deliberately introduce special changes« Vigil basins may be 
regarded as a special type of representative basin . 

The purpose of the vigil basins is to collect data 
that will clarify relations between man, the land and the 
hydrological cycle. The network will include areas^ therefore, 
that are subject to such uses as farming, grazing, deforestation, 
afforestation:- community development, and other activities of 
man. " 

The Co-ordinating Coimcil of the I .HoD. recogaised 
V ig i l Basins as a special type of catchment for data 
collection, but did not recommend special attention to this 
form of catchment during the loH.Do 

Even with the description given, the concept and 
exact purpose of Vigil Basins are somewhat vague, and their 
relation to benchmark and representative basins also cloudy« 
The proposals given by Slaymaker and Chorley (ref . kl ) for 
establishment of a V igi l Network in Great Britain give the 
impression that these basins are intended wholly for 
geomorphological studies, but this may have been just the 
special interest of these authors. 

V ig i l Basins appear to be midway in size between 
unit source areas and representative basins. They are about 
the same size as catchments generally used in experimental 
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studies, "but are an olDservational type of catchment, Th.ey 
complete a series^ arranged in order of size^ of plots -
unit source areas - vigi l "basins - representative "basins -
general streamgauging networks« 

7oU COLLECTION OF DATA - EXPERIMENTAL METHODS 

With, experimental methods, as distinct from the 
observational methods descri"bed earlier , the experimenter 
observes a catchment during a calibration period until he is 
satisfied that he is able to determine the "normal" response 
of the catchment under given conditions of rainfall and 
evaporation, either by comparison with the behaviour of another 
catchment nearby or from some relationship with rainfall , 
evaporation, etCo, established during the calibration periods 

The experimental catchment is then treated in the 
required manner and the runoff or sediment yield observed 
after treatment is compared with estimates of the normal or 
without-treatment behaviour of the catchment obtained from 
the earlier comparisons or calibrationso 

The basic experimental methods used are -

( i ) Calibration of Single Catchment 
( i i ) Paired Catchments 

( i i i ) Multiple Catchment experimentSo 

( i ) Calibration method 

This method is also referred to as "Before and 
After" teclmique,; "Single Basin" technique and by some other 
titleso Essentially, a single catchment is calibrated for a 
number of years until its behaviour can be predicted from its 
past performances« A treatment is imposed and its effect is 
measured in terms of the deviation from the expected behaviouro 

Success or failure of this method depends wholly on 
the ability to predict the behaviour of the catchment from 
climatic variables, usually rainfall and evaporation^, The 
two approaches to relating runoff to climatic variables are by 
linear regression (for example^ see Reigner^ (refc 39) or by 
use of a catchment model. 

Reigner describes the single watershed approach as -

"ooless costly because no control is involved, and 
the analysis is more informative because it relates streamflow 
to the factors that influence it rather than to streamflow from 
another watershed only« Its principle disadvantage is its 
complexity; considerably more tabulation and analysis of data 
are required than with the control watershed system,." 
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However, the single watershed approach, is not well 
regarded generally. Sharp, Owen and GihlDs (refo -Li-6) conclude 
" . o i t is not "believed this method of testing effects of land 
use and treatment changes on water yield is either logical or 
practical , hence, although it has "been trie do is not "being 
used by this project . " 

( i i ) Paired Catchments 

This method involves the use of an untreated control 
catchment (sometimes more than one) in conjunction with the 
experimental catchment which is to be treated» This method 
is also called "Comparative Basins" techniq.ue, "Control 
Watershed" method^- etCo, but all names refer to the same 
concept and method* 

Two catchments are selected for their similarity in 
s ize , shape, topography^ plant cover, land-use, climate, and 
general locationc F irst , they are calibrated for a period of 
years to establish the response of each to a variety of storm 
conditionse The period of calibration is long enough that 
the behaviour of one can be predicted from the behaviour of 
the other. Criteria and methods for determining the required 
length of calibration have "been proposed by Wilm (refo 57) 
Kovner and Evans, ( ref . Bethlahmy (ref^ 9)? and Reinhart 
( ref . kO) o The period appears to range from about 3 to 10 
years, 

Following the calibration, a treatment is applied to 
one catchment while the other is left as a control« The 
effects of the treatment are measured as departures from the 
predicted behaviour of the catchment« The predictions of 
expected behaviour are based on the control catchment, but may 
be supported by predictions b)ased on the period of calibrationo 
I f the climatic conditions are the same for the treatment and 
calibration periods, and the characteristics of the control 
catchment have remained unaltered, then changes in the 
characteristics of streamflow or sediment yield are attributed 
to the treatmentc 

This technique was f irst used in the Wagon Wheel Qap 
study of 1911 (Bates and Henry^ (ref« 8 ) ) . Hibbert^ (refo 30) 
l ists 32 paired-catchment studies of the effect of forest 
treatments on water yield . 

The most comprehensive study of this method has been 
made by Sharp, Owen and Gibbs ( ref . U6 ) . They found that the 
ratio of flow on one catchment to flow on another was not 
constant during periods of calibration before any treatments had 
been applied« They reported that "the reactions of small 
watersheds a r c.are so erratic that direct comparisons are not 
safe"« 
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Ivanov and Romanov ( r e f o 32) also give examples to 
show that the use of comparisons "between catchments can he 
meaninglessc They used various pairs of catchments to 
illustrate the relative evaporation rates from swamps and 
swampless areas^ Three pairs of catchmnts were used in the 
example and, according to the authors, "each pair of 
comparative hasins is selected within a homogeneous physio-
graphical region which is homogeneous not only in climatic 
conditions hut also in relief^ geologic structure and some 
other characteristicso The selection was performed on the 
hasis of usual qualitative areal descriptions without any 
quantitative measures of relief and other characteristicso" 

Comparison of the second pair of catchments showed 
that normal annual evaporation from swamps is greater than 
from swampless areas- comparison of the third pair of catchments 
showed that it is less; while comparison of the first pair 
showed that normal annual evaporation from swamps was a 
negative amount. 

( i i i ) Multiple Catchment Experiments 

Wicht (refo 56) describes multiple catchment experiments 
in South Africa designed to overcome the deficiencies of paired 
catchment experiments» These are afforestation experiments on 
a group of 6 catchments, designed to compare the hydrologieal 
effects of deliberate controlled burning in spring, summer and 
autumn on k to 12-year cycles? and indefinite protection of the 
scrub o 

An integrated pattern of treatments is applied to the 
complex of v/atershedsj. in which the components are closely 
comparable in geology^ topography, and initial vegetal cover^ 
and simultaneously subject to the same or related uncontrolled, 
extraneousp climatic influences« Related treatments on 
related viatersheds are expected to produce related effects « 

The experiments are designed for a major rotation 
cycle of i-i-0 years and, on the 6 watersheds included, an 8-year 
secondary planting-eyele permits the progressive development of 
a complete series of age classeso The burning experiments are 
designed to include indefinite protection with which burning 
can be comparedo 

The comparison of identically treated watersheds and 
of diversely treated watersheds with two or more under the 
original treatment will be used to test whether discharge 
relationships have changes due to influences other than that of 
the treatments- The treatments are replicated and the results 
checked by repeated comparison of different watersheds 
variously treated. 
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S t r i f f l e r (ref^ 51) describes experimental work on 

forested catdiments in th.e central and soutliern United States 

wliere th.e e f fects of disturbances , such as reading and strip 

mining, on water y i e l d and water qual ity , is evaluated by the 

multiple catchment technique. Data from a large number of 

catchments are analysed s tat i st ica l ly to determine the 

influence of the disturbance s c, 

In New Zealand, Yates ( r e f . 59 ) describes a series 
of multiple catchment experiments ( cal led "comparative 
catchment s t u d i e s " ) designed to assess the e f fects of graz ing , 
oversowing and topdressing, and cultivation and conservation 
structures (such as pasture furrows and graded banks) on 
runoff and soil loss . These experiments were planned by the 
Department of Agriculture , to be undertaken on groups of 
catchments at Makara and Moutere. At Makara, eight catchments 
were to be combined in a 2 x 2 factorial experiment, and 
similar experiments were proposed for the 16 catchments at 
Moutere. 

These examples portend the development of more 
complex experimental methods in hydrology, beyond the 
tradit ional cal ibration and paired catchment techniques , 

7^5 ANALYSIS OF DATA 

The variables used as criteria to i l lustrate the 
e f fects of land-use changes are numerous.. For example, a 
few of the variables used in simple comparison studies of 
runoff (neglecting the many variables in catchment models, 
and sediment y i e l d var iables ) are:-

volume of runoff 

peak rate of runoff 

coef f ic ients of runoff 

seasonal d istr ibution of runoff 

half-flow time 

flow duration d istribution 

groundwater recession constant 

There are also ratios of runoff from one catchment to 

runoff from control catchments, residuals of r a i n f a l l minus 

runof f , e t c . To simplify the profusion of variables used as 

these c r i t e r i a , the following c l a s s i f i c a t i o n is proposed for 

methods of analysis :-
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1, Statistical 

2. Physical 

( i ) G-rapliical Methods 

( i i ) Single varia"ble analysis 

( i i i ) Multi-varialDle analysis 

( i ) Mathematical models 

( i i ) Physical models 

( i i i ) Analogue models 

Statistical methods treat the data as abstract 
variables without concern for cause and effect relationships^ 
The emphasis is on testing the significance of differences 
between data obtained after change in land use from data 
obtained before the change. The major abuse of statistical 
methods occurs when attempts are made to use the results from 
an arbitrarily selected model (eogo multiple linear regression) 
from which wild speculations about physical behaviour of the 
variates are made. 

Physical methods, on the other hand, begin from 
known or postulated cause and effect relationships and are 
generally used to demonstrate that the proposed physical 
relationships reproduce observed hydrological behaviour to a 
satisfactory degree» Statistical and physical methods are 
described in more detail in the following sections, 

7 ,6 AIJALYSIS OF DATA - STATISTICAL METHODS 

( i) G-raphical 

The use of graphical methods of analysis such as 
double-mass plots (plotting cumulative runoff from one 
catchment against cumulative runoff from another catchment) is 
common in land use studieso G-raphs are used both to find and 
to illustrate the changes thought to be caused by the change 
in land "us e ® 

Graphical methods have a place in preliminary analyses 
and for illustration of results after more comprehensive 
analyses. However, graphical methods only supplement the final 
statistical analysis of data and are not an alternative. It 
is unfortunate that graphical methods are often proposed as 
the sole analysis of data that may have taken 10 or more years 
to collect. 
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Most graphical methods have a s t a t i s t i c a l ec^uivalent 

from which numerical values can he given to the variations 

detected on a graph. This can "be i l lustrated hy considering 

the common graphical method of plotting cumulative runoff 

from one catchment against cumulative runoff from a second 

catchmento This method is usually associated with paired 

catchment experiments and involves two assumptions 

( a ) the ratio of runoff from one catchment to 
runoff from the second catchment is re lat ive ly constant and so 
the cumulative plotting results in a re lat ive ly straight line,, 

(D) following treatnent of one catchment (or change 
in its land use ) the ratio of runoff w i l l s t i l l be r e l a t i v e l y 
constant hut at a different value , the difference appearing as 
a d i f f e r e n t slope on the graph, and being due to the treatmento 

In r e a l i t y , the runoff ratio before treatment is not 
a single value but w i l l have a d istribution of values about a 
mean value . After treatment, there w i l l s t i l l be a scatter or 
d istr ibut ion of values of the rimoff ratio^ but the hypothesis 
to be tested is that the mean has changed to a d i f ferent value . 

This resolves into a simple exercise in statistics«, 
There are two groups of values for the runoff ratio (before 
treatment and after treatment) and we can test the probabil ity 
that both groups are drawn from the same population, ioCo the 
difference between them is due to chance f luctuation and not 
conclusively attributable to the change in land usee I f the 
student^s test shows that the probabil ity of the two groups 
be ing drawn from the same population is very small, then the 
hypothesis that the difference in mean value is due to the 
treatment is substantiated. The difference between the means 
of the two groups of value may then be accep ted as the 
dif ference produced by the treatment or change in land-use, 

Hoviiever, f luctuations in runoff due to d i f ferences in 
r a i n f a l l can be s i g n i f i c a n t , and s tat i st i ca l checking of the 
homogeneity of the climate before and after treatment should 
be made to avoid introduction of such errors^ Unfortunately , 
there is no established methodology for analyses such as these^ 

Another method of graphical analysis which has been 
used is to plot flow duration curves for both before and 
after treatment and to attribute differences in the curves to 
the treatment. This also ignores natural variations in flow 
durations on untreated catchments and can allow natural 
variations to be interpreted as be ing due to the applied 
treatmento A conversion to a s tat i st i ca l equivalent may be 
made by examining the differences betviieen the before treatment 
d istr ibut ion and the after treatment d istr ibut ion using the 
chi-sq.uare test of s i g n i f i c a n c e . 
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( i l ) Single Variable Analysis 

The most important aspect of data analysis is to take 
accoimt of natural variations and to ensure that other variations, 
which are to "be attributed to change in land use^ are 
significantly different from the natural fluctuations. Not all 
of the variables vvhich are encountered in these studies are 
constant from storm to storm or from year to year. Volumes and 
peak rates of runoff, coefficients of runoff and distribution 
of runoff throughout the year^ e t c . , all show differences from 
one period of record to another. It is human nature that the 
fluctuations which veer towards the direction we hope for are 
accepted as proof of our hypothesis while fluctuations which 
veer away from the desired directions are discarded as errors 
in measurement. 

Simple statistical techniques are available to help 
distinguish variations caused by changes in land use from 
natural variations in the variable being analysed-. The two 
techniques which are most useful for the tests of significance 
needed'in these studies are the Student's t test and the Chi-
square test. 

In records collected over a number of years, a 
variable such as the date when half of the yearly flow has 
passed (half-flow date) will have a mean value and a standard 
deviation of the values» Following a change in land use, a new 
mean value is observed. The Student's t test will give a test 
of significance of the difference in the mean values® Half-
flow date was proposed by Court (ref . 18) for studying possible 
changes in streamflow regime caused by watershed management 
practices, especially vegetational manipulation aimed at 
incre a sing snowpack and delaying snow-melt« 

The problem of significant differences in distributions 
such as change in a flow duration distribution, is more readily 
examined using the Chi-square testo Changes in flow duration 
curves have been used by Reinhart (ref . i-i-O) and others® 

Knisel (refe 35) and Brown (ref« 16) used the slope 
of the recession curve as an indicator variabler. while 
Schneider (refp i|5) uses a low flow index defined as the 
"average annual minimum daily flow" . There is a multitude of 
coefficients based on the ratio of runoff to rainfall ; for 
example, Dunin (ref , 25) uses 3 yield coefficients - on an 
annual basis , on a storm basis and on rate of flow basis - in 
analysis of a paired-catchment experiment in Victoriaa 

Hewlett and Hibbert (ref^ 2 9 ) define two response 
factors vihich describe the ratio of surface runoff to total 
runoff (surface runoff plus groundwater flow) and the ratio 
of surface runoff to precipitation. These measures are meant 
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to indicate th.e effects of forests in ameliorating flood flows 

from a catchmento 

These examples may give some idea of the range of 
variables used as indicator s o either of the effects of a change 
in land use or of the difference between catchments having 
different characteristics. There is a need for a more detailed 
review of these variables than is given here and of some 
sorting and classifying» 

( i i i ) Multivariable Analysis 

Multivariahle analysis is most common in analysis of 
observational experiments. Data are recorded from a number of 
variable sp and the data are analysed to determine what 
correlations exist among the variables^ An illustration is 
the equation used by Musgrave ( ref , 37) for predicting soil 
loss 

E = I . R . S . .L 0 . 3 5 

E = soil loss in acre inches 

I = inherent erodibility of soil in inches 

R = a cover factor 

S = degree of slope in percent 

L = length of slope in feet 

P = maximum 30 minute rainfall amount for a two 
^ year freq^uency, in inches. 

The most popular method used for multivariable 
analysis is linear regression. It has increased in popularity 
since the introduction of digital computers, undoubtedly due to 
the prepared regression programmes which are now available at 
most computer installations and the case with which they can 
be used. 

Multiple non-linear regression is not common except 
for logarithmic transformation of a linear regression, which 
results in equations of the type illustrated in the soil loss 
equation above^. Graphical multi-variable non-linear correlations 
are not common but graphical methods are flexible to use. The 
accuracy obtainable with graphical methods is frequently equal 
to the accuracy of the data used^ 

Multiple regressions are useful in deriving 
prediction equations where the value of one variable ecg® 
soil loss^ can be predicted from values of other variables 
e,go slope, cover e t c , , based on past relationships of the 
variables., Hoviiever, much confusion arises when attempts are 
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made to interpret these prediction eq.-uations as cause and effect 
relationsh-ips* 

The difference between prediction eq.uations and causal 
relationships "becomes clouded in land use hydrology where the 
physical process is complex and not well understood^ A recent 
example (Taylor, ref. 52) illustrates the absurd misinterpret-
ations that can occur with indiscriminate use of multiple 
linear regression. By attempting to correlate mean annual 
discharge in cusecs with mean annual rainfall and catchment 
area as independent variables, Taylor found that rainfall was 
not a significant factor in causing runoffs To quote:-

"Rainfall emerges as a significant factor only when 
the effect of area is incorporated in the dependent variable 
as a runoff/area ratio; the mean annual rainfall then becomes 
of prime importance. To a large extent^ however, the effects 
of catchment size overrule the effects of local climatic 
variations." 

A little reasoning in advance should have dictated 
that the volume of runoff should have been correlated with 
the volume of input, i.eo the product of rainfall and area^ 
and not with rainfall and area as independent factor sQ Misuses 
of multiple linear regression such as this have resulted in 
many hydrologists discarding the method altogether. 

In an endeavour to find a statistical method by 
which causal relationships might be established, some 
hydrologis t have turned to factor analysis (Snyder, ref« Ij-8, 
Wong, ref. 58^ Eiselstein, ref« 26)o In multiple regression, 
the contribution of a number of predictor variables to the 
variance of the dependent variable is expressed in the 
prediction equation. In factor analysis, principle components 
are found which describe the variance of all of the variables. 
The principle components or factors are the eigenvectors of 
the correlation matrix of the variables« 

Unfortunately, there is no direct physical significance 
of the eigenvectors^ To quote from Eiselstein:-

"The interpretation of the eigenvectors is somewhat 
subjective and consists of determining which of the original 
independent variables are primary contributors to each 
eigenvector and from this information deciding which quantities 
of variance each eigenvector is mainly concerned with»" 

It is this subjective interpretation that is the 
major weakness of factor analysis« This method, therefore, 
offers no more information on physical relationships than does 
multiple linear regression. Both methods can establish that 
there is some correlation between the variables but neither 
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can determine whether this is spurious or causal. 

7-C-7 AÎÎALY3I5 OF BATA - MODElg OF PHYSICAL PROCESSES 

The difference between models of physical processes 
and the previously described statistical methods of analysis 
is one of the most important distinctions in modern 
hydrologieal analysisc Catchment models are deterministic 
instead of probabilistic. parametric instead of stochasticr 
and are based on a specified structure of physical processes 
rather than on a manipulation of independent and abstract data 
sets. 

Models of physical processes range from hydraulic 
models, or scale models, of watersheds using arti f icial 
ra infa l l , to mathematical models» The classifications and 
terminology used are neither simple nor uniformo Many 
different classifications of deterministic models have been 
proposed. 

Nemec and Moudry (refs . 60 , 61) proposed that there 
are three types of modelling of the surface runoff process -
physical models^ analogue modelSn and mathematical models. 
Physical models are generally laboratory models of catchments, 
usually involving dimensional analysis to obtain similitude 
between model and prototype» The model prepared by Chery 
(refso 62 , 6 3 ) is one of the best examples of this type « Other 
studies are by Mamisao (ref , 6)4)9 Chow (ref« 65)? and Amorocho 
(refo 6 6 ) , 

Analogue models are based on the use of different 
physical phenomena between prototype and model, but whose 
mathematical description is the same. The best example of an 
analogue model of a whole catchment runoff system is that by 
Riley and others (refs . 67j 68 ) . Their model is a resistance-
capacitance network which simulates the rainfall-runoff 
processes of a catchmento Analogues have been widely used in 
:groundwater studies, flood routing, and other applications 
(Shen, ref , 69)« 

Mathematical models are a complete abstraction of 
the physical process into mathematical form. These models may 
be of a single component of the hydrologieal process^ e^g, 
infiltration or évapotranspiration^ or of a whole catchment 
system. The most widely-used mathematical catchment models 
to date are the Stanford Model in the U .S .A . (refSo 19-22) and 
the Boughton model in Australia (refs . 10, I 5 ) , 

Dooge (refe 70) proposed a different classification 
of simulation methods used in rainfall-runoff analysiso He 
proposed three types s -
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(1) direct simulation (scale models, analogues etc») 

( 2 ) semi-direct simulation (network analysers^, 
Hele-Shaw models, etc.) 

(3) indirect simulation (desk calculators^ digital 
computers, etc,)® 

These tliree types correspond closely with the physical^ 
analogue, and mathematical models described "by Nemec and 
Moudry. 

Amorocho and Hart (ref. 7I ) further divide laboratory 
physical models into two types - model catchments and 
laboratory prototype systems - and the latter type is again 
subdivided into "hydromechanic prototypes", which encompass the 
many devices used to make detailed studies of specific 
hydraulic mechanisms, and "prediction analysis prototypes" which 
are used to provide laboratory data for the test of methods 
for the mathematical analysis of systems. Chery (reft, 72) 
discusses these methods and their uses. Their principal 
application is to the study of hydrograph shape, with little 
use for the water balance aspects which determine catchment 
yields 

Only a few of the models mentioned in this section 
have been used for the purpose of evaluating how changes in 
land use affect runoff or groundwater recharge, Narayana and 
Riley (refo 73) used the electronic analogue catchment model 
developed at the Water Research Laboratory^ Utah State 
University, for study of the effects of urban development on 
the hydrologie regimeo James (ref«, 7U) also studied the 
effects of urban development on flood peaks, the model used 
being the Stanford mathematical catchment model. Generally, 
most models of physical processes have been used for study 
of basic rainfall-runoff relationships, rather than the 
effects of any change in land use. 
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CHAPTER 8 

EFFECT OF LAND MAmGEMSNT ON COMPOKSm'S OF 

THE HYDROLOGICAL CYCLE 

INTRODUCTION 

The chapters in Part I of this report contain the 
results of many empirical studies which demonstrate effects 
on water resources "by change in land use and land managemento 
The results of such studies are useful in delineating that 
certain effects occur, hut are rarely suitable for producing 
general relationships or for extrapolation to other areas and 
other circumstances. 

The only method which appears suitable for obtaining 
results which can he used in widely different circumstances and 
localities is to deal with the. disposition of precipitation 
in each catchn^nt hy a detailed water balance and to consider 
the effects of any change in land use on individual components 
of the water balance. While the number of such studies to 
date has been few, this method has attracted increasing 
interest in recent years^ particularly since the advent of 
high-speed digital computers which makes it possible to under-
take the large amount of calculation involved in daily and 
even hourly water balances. 

Because of the relative newness of these methods» 
there is no established methodology as. for example, in paired 
catchment experimentso Individual workers tend to use methods 
appropriate to the area of their own interest, and there is 
only limited similarity betweenj. say, studies of change in 
land use affecting saline groundwaters in the viheat belt of 
Western Australia and studies of snow-depth and snow me It in 
mountain areaso 

Only a few publications include any description of 
the land phase of the hydrologie process and the individual 
components that may be affected by change in land use, 
Downes (ref . 1) suggests that there ai^e varian-ts- of the basic 
water balance equations for broadly differing regions, namely, 
arid areas where, on an annual basis^ the precipitation is 
small in relation to potential evaporation and transpiration; 
humid areas where the reverse situation holds; and the 
intermediate areas where the precipitation about balances 
the potential evapotranspiratione 
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Downes then discusses the effects of land use on 
individual components of the water "balance in these areas, 
and lists the components as precipitation, evaporation, 
transpiration, surf ace r m o f f ^ and infiltration. 

Colman (refa 2) in a description of the influence 
of vegetation on hydrologie processes lists interception^ 
infiltration, soil moisture storage and drainagen evaporation 
and transpiration, and surface flow, in addition to erosion 
and deposition and snow accumulation and melto 

Storey, Hohha, and Rosa (ref. 3 ) in a description 
of the hydrology of forest lands and rangelands list the 
components affected hy vegetation as interception, infiltration, 
évapotranspiration, soil moisture storage and drainage, over-
land flow, and snowmelt, in addition to erosion and sedimentation 
Chapman (ref, lists interception hy vegetationj. évapotrans-
piration, gain and loss of soil water, surface detention, over-
land flow, stream channel flow, and groundwater recharge and 
discharge. Philip (ref. 5) gives a description of the physical 
processes involved in the infiltration of water into soil and 
evaporation from free water and soil surfaces "but does not 
cover the whole runoff process• 

Different components of the hydrologie process are 
involved depending on whether the effects studied are effects 
on volume of runoff, rates of flow, water q_uality, or erosion^ 
For the purpose of "brevity in this report, discussion here 
will "be restricted to effects on volume and rates of runoff o 
Some consideration is given to effects on water quality in 
the following chapter on mathematical models. 

The major components of the water balance involved 
in the effects of land use on volume and rates of runoff can 
he considered under the following headings 

Effects on precipitation 

Effects on interception 

Effects on depression and detention storages 

Effects on infiltration 

Effects on soil moisture storage 

Effects on évapotranspiration. 

Changes in the amount and rates of surface runoff 
and groundwater recharge and discharge are considered to be 
end products of the above effectsc 
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8 . 2 PRECIPITATION 

The notion that forests increase water reso-urces "by-

inducing more ra in to f a l l is a hardy myth that is s t i l l 

prevalent among uninformed lay persons . Because forests 

occur freq.uently in high rainfa^ll areas , the cause and e f fect 

relationship is often confu&ed and distorted to support the 

idea that it is the forests causing the r a i n rather than the 

reverse« There is l i t t l e evidence to suggest that forests 

increase r a i n f a l l except in some special circumstances in 

alpine areas« 

There is some evidence to suggest that prec ip i tat ion 

in alpine areas can "be modified , although the e f fects are 

small in relat ion to natural precipitationo The means by which 

prec ip itat ion might "be modified seem to "be that trees may 

increase the catch of rain in moist cloudy environments hy 

straining out or condensing mist and f ine rain^ and that 

snowfall and rate of snowmelt might he modified hy creating 

small clearings in a f o r e s t or constructing a r t i f i c i a l wind-

breaks • 

Costin (refso 7 ) measured precipitat ion in the 
open and under trees in the Quthega catchment in the Snowy 
Mountains in New South Wales at 4 sites between i+OOO and 6000 
f e e t . The catch was s ign i f icant ly greater under the trees 
during windy periods of mist and fine r a i n , part icularly at 
the higher elevations . At f reez ing temperaturesj, rime from 
moving fog and cloud collected on the trees in large amounts. 
I t was concluded that the timbered areas would probably 
collect an additional 2 to 5 indies of water per annum 
compared with treeless areas . 

Costin also measured snow water content in a range 
of natural and a r t i f i c i a l clearings from continuous snow ga.m 
to large open areasc. Smaller clearings accumulated 
substantially more snow than under the trees , and more than 
in the larger clearings and open areas . The optimum clearing 
was about to ^0 times the height of surrounding trees 
depending on expos-ure. The deeper snowpacks persisted longer 
ijitc the s-pring before meltingo 

The p o s s i b i l i t i e s of managing s-nowpacks have 
attracted much interes-t from forest-ersy part icularly in the 
UoSeAa Lull and Pierc-e (ref« 8 ) review pr-ospects for 
af fecting the q.uan-tity and, tim-ing of water- y ie ld t h r o u ^ 
snowpack managements Martinell i ( r e f , 9-) suggests operational 
procedures that may have s-o-me chance of success - intentional 
avalanchin-g to store snow in high-elevation shaded v a l l e y s ; 
reshaping natural terrain features to improve their snow 
^rapping e f f i c i e n c y ; construction of snow fences or other 
barr iers to increase the amount of snow in areas of natural 
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accumulation; and control of snowmelt by th.e addition of 
materials to the snow surface. Martinelli reports that 
snowfences in the Rocky Moimtains in Colorado increased 
nat-ural snow accumulation hy one acre-foot of water per 100 
to 125 feet of fence« Tahler (ref . I3) gives an excellent 
summary of the evaluation of increased snow accumulation "by 
snowfenceso 

Hoover and Leaf (ref , IO) report more snow in cleared 
areas than imder trees on a 71^ acre catchment from which 
tim"ber had "been removed from 39% of the area in a series of 
strips. However y these authors point out that total snow catch 
of the whole catchment remained the same as "before clearing 
the stripso They attribute the recorded increase in runoff to 
a redistribution of the snow rather than to any increase in 
total catch. 

Other reports such as those "by Eschner and Satterlund 
(refs . 1 1 , 1 2 ) record observations of different snow catches 
under different plant covers, the effects of introducing 
clearings on snow catch, and the effects of both cover and 
clearings on rates of snowmelt and thaw of frozen groundc 
However, most of the available evidence is inadequate for 
producing any generalised relationship or prediction equationo 
This particular aspect of land management has not progressed 
far beyond the stage of observing that trees can inflicence the 
deposition of snow and rates of snowmelt, and may increase the 
total catch of precipitation in special circumstances. 

803 INTERCEPTION. 

When rain commences over a dense forest, there is an 
interval while the foliage of the canopy is being wetted before 
any rainfall comes through to the ground. Early thought in 
hydrology was that this intercepted water was "lost" by not 
being available to replenish soil moisture or produce runoff. 
Later opinion was that the intercepted water was not a true 
loss as the evaporation of this water would tend to reduce the 
amount of water transpired from the vegetation by a similar 
amountp and so reduce any overall effect of the water balance. 

In recent years, the concept of interception 
capacity has become complex^ involving litter interception as 
well as canopy interception^ and the redistribution of rain 
by branch drip and stemflow as well as questions of the 
difference in rates of evaporation of water from interception 
storage and soil moisture. The subject is of particular 
interest where conversion from, trees to crops or grass may 
produce change in interception capacity with subsequent change 
in water balance, 

'"-•Sic-
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Zinke (refo 11+) traces the development of interception 

concepts by a review of the complex terminology, whicli is now 

in u s e . The fol lowing ; from h is review^, indicates the 

complexity of the process and the deta i l in ^ i c h it has been 

s-tudied. 

INTE-RGEPTION: according to Horton ( r e f . 15) total 

interception equals lea f storage capacity plus evaporation 

loss during the storm. Hamilton aad Rowe ( r e f . 16) have 

considered interception to "be the process in which r a i n f a l l is 

caught by the vegetative canopy and redistributed as througti-

f a l l , stemflow, absorption^ and evaporation from the 

vegetation . Hamilton and Rowe also give the following 

d e f i n i t i o n s : 

THROUGHFALL: that portion of the r a i n f a l l which 
reaches the ground directly through the vegetative canopy and 
through openings and as dr ip from leaves , twigs , and stems. 

STEMFLOW: that portion of the r a i n f a l l which having 

been intercepted by the canopy reaches the ground by running 

down the stems. 

INTERCEPTION LOSS: the portion of the prec ip i tat ion 

retained by the aerial portion of the vegetation and is either 

absorbed by it or is returned to the atmosphere by evaporationo 

In the opinion of some investigators , drip from the stem of 

rough barked trees should be included in stemflpw (Voigt , 

refc 1 7 ) . 

GROSS RAINFALL: actually measured ra in fa l l in the 

open or above the vegetative canopy. 

NET RAINFALL: the quantity of r a i n f a l l which actually 

reaches the ground, the sum of throughfall and stemflow. 

STORAGE AREA: the surface area of leaves , twigs , 

branches , and stems that can retai-n water against gravityc 

STORAGE CAPACITY: was defined by Horton ( r e f . I 5 ) 

as the depth of water on the projected area covered by the 

plant which can be stored or detained on the plant surface in 

s t i l l a i r . 

As a result of detailed studies on single p lants , 
Grah and Wilson ( r e f . 18) used the fo l lowing terms: 

SURFACE DETENTlONi water retained on the surfaces 

of leaves and stems. They f e l t that this had three components 

as follows :-
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MAXIMUM SURFACE DETENTION: that cccurrlng during 
the shower when the plati-t surf^ces are unable to hold any more 
water o 

SURFACE DETENTION AFTER DRIP: that occurring in 
still air after rain has ceased and the excess has drained from 
the plant (upper extreme in the field). 

SURFACE DETENTION AFTER SHAKE: that occurring after 
the excess has drained and the plant has "been shaken to 
simulate maximum air movements Usually the lower extreme in 
the field after strong wind. 

Further subdivision of the components are then made 
into : 

TRANSITORY STORAGE: maximum detention minus surface 
detention after drip, 

CONDITIONAL STORAGE: surface detention after drip 
minus surface detention after shake. 

RESIDUAL STORAGE: amount of water retained after 
drip and shake « 

Each of these components amounted to about one-third 
of the maximum surface detention. 

Because of problems arising as to whether interception 
is a true loss to the soil-vegetation system, Burgy and Pomeroy 
(refc 19) have chosen to subdivide interception loss into: 

GROSS INTERCEPTION LOSS: that portion of the 
rainfall that is retained on the aerial portion of the 
vegetation. 

NET INTERCEPTION LOSS s that portion of the rainfall 
retained on the aerial portion of the vegetation that has no 
net effect on the soil water consumption of the plant (assumed 
to be the only true loss by thes-e authors). 

The storage and evaporation of water by leaf litter 
layers in a forest has been less freq.uently studiedo Rowe 
(refo 20) and more recently Helvey (refc. 21) and Helvey and 
Patrie (refo 22) have chosen to include evaporation losses 
from the leaf litter layers of the forest floor as inter-
ception loss, and they have used the following terms: 

TOTAL INTERCEPTION LOSS: rainfall per storm retained 
by the canopy and litter and evaporated without adding to 
moisture in the mineral soil. 
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NET RAINFALL: water that enters the mineral soil 
after penetrating the forest canopy and l i tter , sometimes 
called "effective rainfall "o 

CANOPY INTERCEPTION LOSS: rainfall retained on 
standing vegetation and evaporated without dripping off or 
running down the stemso 

LITTER INTERCEPTION LOSS: ra infall retained on the 
litter layer and evaporated without adding to moisture in the 
underlying mineral soilo 

These definitions reflect some of the problems which 
are inherent in the study of interception» To avoid an 
abundance of effec-t-s from the profusion of terms, which could 
confuse rather than clarify the effect of interception on the 
water balance, the discussion in this report can "be limited 
to the answering of two questions: 

( i ) what effect does change in land use have on 
interception capacity? 

( i i ) what effect does change in interception capacity 
have on the water balance? 

The additional water storage capacity of a catchment 
created by interception capacity is generally small in relation 
to soil moisture-capacity. Zinfce (ref . IL1-) has summarised 
interception storage data in American literature ( refs , 155 
I 8 - 3 I incl . )= About 30% of the values given in his summary 
are Co05 inches or le^s , about 30% in the range 0o05 - OciO 
inches, and 20% above O0IO inches (excluding snow interception 
values ) . These values were for canopy interception capacities, 
not including litter interception, and he concluded: 

"The storages indicated that one would not be greatly 
in error to estimate about 1e3 nim (O0O5 irio) storage capacities 
for rain for most grasses, shrubs, and trees; and 3®8 nrni 
(Ooi5 i n . ) for snow for t rees . " 

In a previous American study, Helvey and Patrie 
( re f , 22) summarised all available reports of rainfall inter-
ception by hai^dwO'Od forests in the eastern U.SeA. Their 
results showed that throughfa-11 and stemflow varied over a 
surprisingly narrow- range in the studies reviewed. Using 
regression analysis, these authors produced the following 
eq.uations which are the most useable to date for estimating 
interception losses from storm rainfall : 



197. 

S-uimier Winter 

Througlifall T = Oo901.P - 0,031 T = Oo9lUoP - 0 ,015 

Stemflow S = O.Oi+I.P - 0 . 0 0 5 S = 0 c 0 6 2 . P - 0 o 0 0 5 

where P = storm rainfall 

T = thronglifall 

S = stemflow 

(all values in inches) 

The following equations were also given for estimating 
seasonal values of throughfall, streamflow, litter interception 
loss, and total interception loss, from total seasonal rainfall 
(Pt ) , and number of storms (n ) , 

G-rowing Season Dormant Season 

Throughfall T = 0,901»Pt ~ 0.031on T = 0.91^oPt - 0 , 015 .n 

Stemflow S = O.Oi+loPt - 0o005on S = 0 = 062.Pt - 0 . 005 .n 

Litter 

interception L = 0 .025 .Pt L = 0.035«Pt 
loss 

Net rainfall R = O o 9 1 7 » P t - 0 , 0 3 6 . n R = 0 . 9 ^ 1 . P t - 0 . 0 2 0 o n 

Interception I = 0 , 0 8 3 . P t + 0 o 0 3 6 . n I = 0 . 0 5 9 . P t + 0 . 0 2 0 c n 

(all values in inches) 

In Australia, Jones (ref« 32) reviewed available data 
for estimating interception storage capacity values to "be used 
in the Boughton catchment model (see Chapter 3) for estimating 
the yield of ungauged catchmentso The objective in Jones' 
study was to provide a basis for estimating the storage 
capacities of parameters in the model from field measurements, 
rather than adjust the parameter values to make calculated 
runoff agree as well as possible with recorded flows. 

Jones set out the available information from the 
studies that he reviewed (refs. 15, 18, 19, 23, 2l|, 26, 33-UO 
inclusive) into k groups: 

i . f ield studies of interception losses 

i i . theoretical calculations based on wetted 
surface area. 

i i i . laboratory measurements of ttie moisture 
retained by sprinkled vegetationo 

iv , general range of values quoted in the literature. 
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He sTimmapised the median values of interception 

c a p a c i t i e s of t rees , grass , and crops , from a l l methods and 

so-urces of inforiiHtion as follows? 

Cover Median Value 

interception c a p a c i t y . 

Trees 0 . 0 3 2 5 inches 

Grass - 2 feet 0,0ii95 " 

2 to 6 feet 0 , 0 2 0 0 

6 f e e t 0 . 0 5 7 5 

Crops 0 . 0 3 8 5 

Jones concl-uded that "a consistent d i f f e r e n c e in 

storage capacity for trees., crops , and grass of var ious he ights 

was not e v i d e n t , " 

While this revieviT and the others c i t e d above show 

l i t t l e d i f ference in the interception capacit ies of trees and 

grass , there is some evidence of a d i f ference "between the 

rates of evaporation of intercepted water from the surface of 

vegetation and the corresponding p o t e n t i a l transpirat ion rate 

from the leaves under the same conditions« 

Rutter ( r e f , k1 ) reports an analysis of evaporation 

from a stand of P inus sylvestr is in Southern England in which 

the rate of evaporation of intercepted water was , on average , 

about U times as great as the transpirat ion rate in the same 

corjditions. Rutter found that the d i f f e r e n c e s were due to 

d i f f e r e n c e s in the mean resistances to the d i f f u s i o n of Y/ater 

vapour from wet leaves and from transpir ing leaves w ith dry 

s u r f a c e s . I t was poss ib le to explain the observed d i f f e r e n c e s 

s a t i s f a c t o r i l y u s i n g d i f f e r e n t values for the resistance to 

vapour transport in the Penman evaporation eq.uatic:n (refo 1+2)• 

The calculated and observed rates of evaporation 

of intercepted water were of the order of 1 to 3 mm/day in 

winter and 7 to 10 mm/day in summer and they exceeded the 

equivalent intens ity of net r a d i a t i o n considerably . Rutter 

concluded th^t the add it ional energy required was obtained 

from the a i r . Evidence for this was the d i f ference between 

wet leaves , found to be 0,3® to 1oO°G cooler than the 

surrounding a i r , and transpiring l e a v e s , found to be only 0 

to 0 . 1 ° ^ cooler than the air^ 

Generally , the order of magnitude of intercept ion 
capacity values are small compared with s o i l moisture storage 
c a p a c i t i e s . So i l moisture capacity is about 2 inches of water 
per foot depth of s o i l for a wide range of s o i l type so 
Temporary capacity betv/een f i e l d capacity and saturaticn adds 
more to the storage capacity during storms. Even surface 
storage capacit ies which are used in mathematical catchment 
models to simulate the i n i t i a l less potent ia l of catchments 
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have values in ttie order of 1 .0 inch to 5oO incheso 

The conclusions which can "be drawn from the available 
evidence are as follows:-

( i ) the principal effect of interception on the 
water "balance is from an accelerated rate of 
evaporation loss of intercepted water 
following a storm at a rate higher than the 
potential évapotranspiration rate. 

( i i ) there does not appear to "be any consistent 
differences in interception capacity among 
trees5 grass and crops» 

( i i i ) interception capacities are very small 
compared with total moisture storage 
capacities of catchments, heing in the 
order of 0 .05 inches. 

SoU DEPRESSION AND DETENTION STORAGES 

S.l+oi Introduction 

There is an interval between the commencement of 
rainfall on a catchment and the start of surface runoff at the 
outlet from the catchment. The amount of rainfall needed to 
"wet" the catchment enough to produce surface runoff is usually 
called "initial loss" (see refo ¿13)? and the value can "be as 
high as 5 to 6 inches on large catchmentso 

The storage capacity of initial loss appears to "be 
composed of interception storage, depression and detention 
storage, and the high initial abstractions of infiltration lossc 
Infiltration is deal,t with in the next section; discussion in 
this section is restricted to the effects of change in land 
use on depression and detention storages and how this affects 
volumes and rates of runoff« 

Lins ley, Kohle r , and Paulhus (ref . liU) give a 
description of surface retention as follows: 

"Much of the rain falling during the first part of a 
storm is stored on the vegetal cover as 'interception' and in 
surface puddles as 'depression storage*. As rain continues, 
the soil surface "becomes covered with a film of water, known 
as 'surface detention', and flow "begins downslope towards an 
established surface channel. En route to a channel, the water 
is designated as 'overland flow' and, upon entering a channel^ 
it becomes 'surface runoff' 
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D e p r e s s i o n s t o r a g e i s n o t d i r e c t l y measurable and 
even d e t e n t i o n s t o r a g e i s u s u a l l y d e r i v e d from hydrograph 
a n a l y s i s r a t h e r than from o"bservationo Moreover, the 
phenomena are c o m p l i c a t e d hy v a r i a t i o n i n the s t o r a g e 
c a p a c i t i e s over the a r e a of a catchmento S u r f a c e r u n o f f can 
and u s u a l l y does comnence from one p o r t i o n o f a catchment 
"before t h e i n t e r c e p t i o n and d e p r e s s i o n s t o r a g e s on o t h e r 
p a r t s are s a t i s f i e d . A l e c , on catchments where f l o w i s 
i n t e r m i t t e n t or ephemeral^ t r a n s m i s s i o n l o s s e s can occur i n 
s tream c h a n n e l s , and s u r f a c e r u n o f f f rom the upper p a r t s of a 
catchment may n o t show up a t a gauging s t a t i o n f u r t h e r 
downstream. 

From the i n f o r m a t i o n a v a i l a b l e i n t h e l i t e r a t u r e , i t 
a p p e a r s t h a t the f o l l o w i n g components c o n s t i t u t e the major 
p a r t s o f d e p r e s s i o n and d e t e n t i o n s t o r a g e on n a t u r a l catchjDents 

D e p r e s s i o n S t o r a g e : 

s m a l l d e p r e s s i o n i n the s u r f a c e of the ground 

t r a n s m i s s i o n l o s s i n s t r e a m c h a n n e l s 
- s t o r a g e d e f i c i t s and l o s s e s i n dams on the 

catchment 
- n a t u r a l swamps and a r e a s of b l i n d or 

r e s t r i c t e d d r a i n a g e 

D e t e n t i o n S t o r a g e : 

o v e r l a n d f l o w f i l m 

channel s t o r a g e 
- f l o o d c o n t r o l dams 

swamps w i t h slow b u t f r e e d r a i n a g e . 

These are d e s c r i b e d i n d e t a i l w i t h r e f e r e n c e s to 
r e p o r t e d s t u d i e s of e a c h i n the f o l l o w i n g s e c t i o n s . 

D e p r e s s i o n S t o r a g e 

( i ) S u r f a c e D e p r e s s i o n S t o r a g e s 

Very l i t t l e d a t a has been accumulated on the v a l u e s 
of s u r f a c e d e p r e s s i o n s t o r a g e , and conseq_uently t h e r e i s 
l i t t l e i n f o r m a t i o n about the i n f l u e n c e of change i n land use 
on such v a l u e s . Hicks ( r e f . 1;5) u s e d d e p r e s s i o n s t o r a g e 
l o s s e s of 0 . 1 0 i n . , 0o15 i n , 3 and 0.20 in» r e s p e c t i v e l y f o r 
c lay . , loam, and sand, b a s e d on an a n a l y s i s of p e r i o d s of 
h i g h r a t e s of r a i n f a l l and r u n o f f . T h o l i n and K e i f e r ( r e f » 
U-G) used d e p r e s s i o n s t o r a g e s of i/U i n c h on p e r v i o u s a r e a s 
and 1/16 i n c h on paved a r e a s i n a s t u d y of urban r u n o f f i n 
the C i t y o f C h i c a g o . 
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In Australia, Bell (refc hi) meas-ured puddle depths 
at Lidsdale State Forest in New South Wales after a prolonged 
flood-producing storm in June 196i+ when the ground was close 
to saturation; all depressions were filled^ and overland flow 
had almost ceased. Traverses were made through mature pine 
forest, through eucalyptus3 and a grassed firebreak with 
soundings of depression depth every 6 feet. Over 100 
observations were made in each traverse and these were averaged 
and summarised as follows: 

Slope Mature Pine Euealyptus Firehreak 
less than 5% Oe3 in. 0o2 in» in. 

- 0o2 in, O0I in, 0,3 in. 
over 15^ 0c1 in. 0o05 ino 0.2 inc 

Bell reported that "the differences between vegetation 
are caused "by the effects of the litter which appeared to be 
more significant than irregularities in the soil surface«" 

A review by Boughton (refo U8) of quantitative measures 
of catchment characteristics produced only one measure adaptable 
for direct measurement of depression storage« This was a 
measure of "random roughnes-s" of the micro topography of the 
soil surface by Burwell and otiiers (refso kS, 50)0 These 
authors give some guide of how cultivation and other management 
practices affect the soil surface in terms of their measure of 
roughne ss. 

Doty and Wiersma (refSo 51? 52) made measurements of 
the micro-profiles of cultivated land and derived estimates of 
the water storage capacity on different slopes. They compared 
the surface storage capacities of different methods of 
cultivation and found surface depression storage values ranging 
from 1 to 3 inches. 

A principal objective of many land treatment measures 
is to artificially increase the capacity of surface depression 
storage by construction of absorption banks and terraces. The 
magnitude of this increase appears to be about 2 inches on 
moderately sloping ground to about 3 inches on fairly flat 
ground. 

(ii) Transmission Loss in Stream Channels. 
Some substantial abstractions from runoff as flow 

moves down a stream channel have been recorded» Laurenson 
(refe 53) found substantial losses in U floods on two major 
rivers in Australiao Figures in his report show losses of 
12, 36, and 95 acre feet per mile on the Darling River, and 
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acre feet per mile on the Marrumbidgee River. 

Keppel and Renard (réf. ^h) reported on a study made 
in the 1U-inch rainfall area of south-eastern Arizona, on a 58 
sq. mile tributary of Walnut Gulch. In a very dry channel 
system, where runoff occurred only as a result of intense 
summer thunderstorms, transmission losses of 25 acre feet per 
mile were recorded. (See also ref. 55)« 

Sharp and Saxton (refo 56) studied 57 selected flood 
events on 18 rivers in the Great Plains of the U,SoAc and 
reported that transmission losses averaged liO% of flood flows 
between upper and lower gauging stations which averaged 53 
valley miles aparto Losses of over 200 acre feet per mile, 
approximately 75% of flood volumes^ were found. 

The exact nature of the loss in each case is not 
clear. Laurenson suggests that seepage into the river "banks 
and evaporation can account for the losses that he encountered. 
Surface depressions in the flood plain could account for more 
during periods of overhanJk: flow. In the western plains of 
Nev/ South Wales, groundwater levels are often substantially 
belov/ the "bottom of the river channel and leakage to groundwater 
from these effluent streams could also "be a contri"buting factoro 
The influence of "bank storage in a"bstracting from flood runoff 
and sustaining "base flow "between storms is discussed in the 
section on "Soil Moisture and Groundwater"o 

Sharp, Gi"b"bs, and Owen (ref. 57) have prepared an 
empirical relationship which relates valley transmission loss 
to the ratio annual precipitation/average annual potential 
évapotranspiration« They reasoned that vâien precipitation is 
low and evapotrnaspiration high, vegetation on valley land 
draws heavily on soil moisture to considerable depths, and 
this creates a large storage capacity for water from the next 
flood. The relationship produced is empirical to suit the 
small amount of data available to these authors, and gives a 
multiplying factor to annual runoff. 

(iii) Depression Storage in Farm Dams. 
Where there are a large number of farm dams or larger 

storages in a catchment, the total yield of the area can be 
reduced by the increased evaporation and seepage losses afforded 
by the storages, in addition to the use of impounded waters 
for water supply or irrigationc The numbers of farm dams can 
be considerable in areas where they form the main source of 
stock water supplies. A number of surveys have been made to 
indicate the density of these dams in some states of Australia 
(refs. 58-61) and in the U.S,A. (ref. 62, 63)-
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There arep however, no research data available on 
the overall effects of these dams on water yields, and only 
one attempt has been made to estimate the likely effects» 
This is reported as part of a procedure for estimating the 
effects of land and watershed treatment on streamflow, 
developed in the Co-operative Water Yield Study in the U.S.A» 
(ref , 57)0 

The authors of this report estimated the water loss 
"by ponds and reservoirs as a function of evaporation and 
seepage losses. Seepage was related to clay content of the 
soil , and allowance was made for the variable surface area 
of the reservoirs exposed to evaporation as water level 
fluctuated throughout the year» This procedure provides a 
single annual water loss from reservoirs but the reasoning 
used could be adapted to allow for this form of depression 
storage in a continuous simulation model of catchment 
behaviour. 

( iv) Lakes and Swamps. 

There is considerable variation in the type and 
scale of lake s 3 swamps, and depressions in Australia which 
can act as depression storage. On the grand scale, the 
entire Lake Eyre basin with an area of 500 ,000 sq., miles is 
a blind depression that does not drain to the sea. In the 
Murray-Darling basin, natural lakes such as Lake Victoria and 
the Menindee Lakes were once natural depression storages and 
are now developed to act as part of the storage system which 
regulates the river flow. 

On the eastern and south-eastern coastal strip of 
the continent 3 many rivers pass thro-ugh f lat areas bordering 
the sea, and these contain depression storage for overbank 
flow from floods. The coastal area in the south-east of 
South Australia was permanently in swamp each winter until 
extensive drainage works were installed (ref . 614.) ^ 

On a still smaller scale, and in a drier environment^ 
there are areas of depression storage in the wheat belt of 
Western Australia, ranging frcm large lakes such as the 
Johnston Lakes near Norseman to small salt lakes of a few 
acres in area. There does net appear to have been any 
systematic study of swamps and lakes in Australia as depression 
storage in the hydrologie cycleso There is little information 
available to estimate the possible magnitude of such storage 
or its effects on the water yield of catchm^ents, but it seems 
possible to incorporate this sort of storage into models of 
the runoff process if sufficient basic data is available 0 

One example of such modelling is given by Haan and 
Johnson (refs . 65-67) who describe a mathematical model which 
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was developed to examine the effects of tile drain systems on 
flood flows from an area of swamps and depressions in Iowa 
and Minnesota. Large areas in this locality are characterised 
"by numerous depressions and the area was very swampy in its 
natural state "before subsurface drainage was installed. 
Popular opinion held that the drainage had increased flooding 
from the area "by removing natural storage. Haan studied the^ 
geometrical characteristics of the depressions and found their 
storage capacity to "be ahout ^ inch of water. A mathematical 
model was developed to analyse the hydrology of the area with 
its drainage system« No effect on floods was found. 

Woodward and Nagler (refo 68) also report an 
investigation of the effects of agricultural drainage on floods 
in the Upper Mississippi Valleyo Analysis of streamflow records 
from the Des Moines and Iowa Rivers showed no detectable 
influence on flood peaks hy extensive drainage works= 

8,14-.3 Detention Storage 
The main components of detention storage which might 

"be influenced hy the activities of man are: 
ie the overland flow film 
ii. channel storage in small channels 

iiio channel storage in rivers 
iv. detention in flood control dams 
V. detention in swamps with slow "but free 

outlet drainage. 

(i) Overland Plow: 
Most studies of overland flow have "been engineering 

studies related to the stormwater drainage of airports and 
roads; consequently, more information is available related to 
flow over impervious surfaces than over natural surfaces. 
However, a lot of information of detention storage on natural 
surfaces has accumulated over the years. 

The first experimental study of the mechanics of 
overland flow was "by Izzard (ref, 69) and other investigations 
have been made by Woo and Brater (ref. 70) and by Yu and 
McNown (ref. 71)® A review of these studies is given by Chow 
(ref. 72). 

Where steady uniform overland flow is considered., 
the following relationship between rate of discharge and depth 
of overland flow can be theoretically derived: 
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Q = K-D"* 

where Q = discharge 

D = depth of f low 

K i s a c oe f f i c i e n t i nvo lv i ng slope and 
v i s co s i t y 

m = 3oO for laminar flow and ahout 
1 , 6 7 f o r t-urhulent f low. 

However3 the r e a l i s t i c prohlem i s one of s p a t i a l l y 
var ied unsteady flow under r a i n f a l l i n which the ra te and depth 
of flow increase down the length of f low pa th . For these 
cond i t i ons , the r e l a t i o n sh i p "becomes: 

D^ = KoLog 

where D^ = volume of detent ion when equ i l i h r i um 
f low cond i t i on is estahl ishedo 

L = length of flow 

g = discharge per foo t width a t egu i l i h r i um 

K i s a c o e f f i c i e n t depending on r a i n f a l l 
i n t e n s i t y , slope^ and roughness of the 
surface» 

Values of the roughness coe f f i c i e n t s f o r surfaces 
ranging from smooth asphal t to dense grass t u r f are l i s t e d hy 
Chow ( r e f , 72) and the hydrograph of f low over a v a r i e t y of 
surfaces under cond i t ions of steady r a i n f a l l can "be c a l cu l a t ed , 

Another source of in format ion of de tent ion storages 
on n a t u r a l surfaces comes from sp r i nk l i ng i n f i l t r ó m e t e r 
experiments used to der ive ra tes of i n f i l t r a t i o n . The method 
of analysing the runof f record from the i n f i l t r ome t e r to 
o"btain the i n f i l t r a t i o n curve involves der iv ing a r e l a t i o n s h i p 
"between ra te of discharge and mean depth of the detent ion 
storage i n the i n f i l t rometer e The method is described "by 
Musgrave and Holtan (ref« 73) who show the r e l a t i o n s h i p s which 
have "been recorded f o r a number of vegetated surfaces» 

Studies on catchments are rare "but Sch i f f ( r e f . 7U) 
reports r e su l t s from 9 small watersheds ranging i n s i ze from 
0.65 to 2e71 acres. The per iod of study was from I9I1O to 
1914.9« There were 6 crop watersheds of s ize O065 to •1®69 acres , 
3 of poor l and vse and 3 good lan.d use; and 3 grassed watersheds, 
2 i n good cond i t i on and 1 i n poor cond i t i on , ranging i n s ize 
from 1 063 to 2o71 acreso S ch i f f reports the e f f e c t s of cover 
density on the dep th-dis charge r e l a t i o n sh i p of the over land 
f low f i l m and on ve l o c i t y of f low. 
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( i i ) Channel Storage in Small ClianneiLsj 

The discharge r e l a t i o n s h i p s of channels is normally 
ca l cu la ted hy an equation derived in 1889 hy Manning ( r e f o 75) • 
In English imitSj the form i s : 

V = 1.U9.R -S 
n 

where V = mean v e l o c i t y of f l ow 
R = hydraulic radius 
S = s lope of channel 
n = roughness c o e f f i c i e n t 

The value o f the roughness c o e f f i c i e n t f o r grassed 
channels was f i r s t invest igated hy the UoS» S o i l Conservation 
Service (Ree, re fo 76, Ree and Palmer, r e f . 77, see a lso 
Chow, r e f . 78 ) , The Manning roughness c o e f f i c i e n t f o r grassed 
channels i s s p e c i f i c a l l y known as the "retardance c o e f f i c i e n t " 
and th is is r e la ted to the product of mean v e l o c i t y of f low V 
and the hydraulic radius R, Experimental curves f o r n versus 
V.R were developed f o r a number of American grasses ranging 
in height from inches to 3 f e e t hy Ree and Palmer» 

In Aust ra l ia , Eastgate ( r e f . 79? 80) has evaluated 
the re la t i onsh ips f o r a number of Australian g r a s s e s , and is 
current ly (I969) s e t t ing up a c a l c u l a t i o n model of the 
combined overland f low-grassed channel flow path in order to 
analyse the e f f e c t of d i f f e r e n t spacing s of contour "banks on 
times of concentrat ion and detention stor ageso Some recent 
work in Canada ( r e f . 81) has attempted to provide a quas i -
t h e o r e t i c a l b a s i s f o r f l ow in vegetated channels. 

Most s o i l conservation works d i re c ted to increasing 
detention storage are aimed at increas ing the small-channel 
storage component by construct ion of contour or graded bankso 

( i i i ) Channel Storage in Rivers : 

Major f l o o d s on large catchments are caused by 
storms of long duration and large t o t a l volumes o f runof f and 
r a i n f a l l . The in f luences of changes in overland f low and small 
channel detention storages are minimal under such cond i t i ons , 
and f l o o d peaks are more in f luenced by channel storage in the 
major r i ver and main t r i b u t a r i e s . 

The e f f e c t s of human inf luence on f low in major 
channels has been studied more in r e l a t i o n to the empir i ca l 
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art of r i v e r improvement than to any c a l c u l a t i o n model f o r 
determining f l o o d hydro graphs o Strom ( r e f . 82) descriloes 
r i v e r improvement problems and p r a c t i c e s in V i c t o r i a , and 
Reddoc^ ( re fe 83) descrilDes the same f o r the Hunter Val ley 
in New South Wale so 

On many r i v e r s , the tendency to f l o o d i n g i s increased 
due to p a r t i a l obstruct ion of the r i v e r channel "by f a l l e n 
t r e e s , growing vege ta t i on , or eros ion dehris^ Clearing of 
the channel can increase the hydraulic capacity of the r i v e r 
and reduce overbank f l o w . Clearing and other r i v e r improvement 
works, such as the cutt ing of "bends to steepen gradients and 
the construct ion o f l evees , a l l act to change the s torage -
discharge re la t i onsh ip of detention storage. 

Strom ( re f o 82) l i s t s water logging, eros ion and 
s i l t a t i o n in addit ion t o f l o o d i n g as the main problems r e l a t e d 
to r i v e r improvement in Victor iao Waterlogging can occur 
when the s t r i p of land along each bank of the r i v e r is b u i l t 
up higher than the adjacent f l a t s by s i l t depos i t ion during 
overbank f l o o d s . These natural levees tend to b lock drainage 
from the f l a t s back into the r iver and swamps develop between 
them and the high land bounding the r i v e r val leyo The Orbost 
P lats in their natural state i s c i t e d as an example of this o 

The report by Reddoch ( re fo 83) shows bank eros ion 
as the main reason f o r r i v e r improvement in New South Wales. 
Reddoch and Milston ( re fo 8i-)-) po int out that any improvement 
to the r iver channel which would have the e f f e c t of expedit ing 
the storm runof f from outlying sect ions of the catchment may 
increase the peak discharge at the downstream end of the 
improvemejits. 

The e f f e c t on f l o o d f l ows of any improvement to a 
sec t i on of r i v e r channel can be analysed by f l o o d routing 
methods based on change in roughness c o e f f i c i e n t or in slope 
or length of the channel, Maniak ( r e f , 85) descr ibes a 
study in G-ermany in which a d i g i t a l computer program was used 
to evaluate the e f f e c t s of r i v e r improvements on 154 Km. of 
the Aller-Oker r i v e r system. An overa l l increase in peak 
f l ow of 20% resu l ted and this was compensated by the 
construct ion of detention storages« 

( i v ) Flood-Control Dams: 

S o i l conservation p r o j e c t s f requent ly include small 
dams e i ther f o r f l o o d - c o n t r o l (ioe® no permanent storage) or 
as s torages , or as combined structureso Small dams f o r f l o o d 
contro l are more common in the U.S«A. than in Austra l ia , but 
many areas o f Austral ia have substant ia l numbers of farm dam.s 
( re fso 58-61)• The f l o o d surcharge capac i ty of these dams 
have a small detention storage e f f e c t o 
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The mechanics of flood routing through these detention 

storages are well estahlishedj given data of inflow, storage, 
and spillway characteristics ( e .g . see refc 86)® Analyses of 
the effect of a number of such storages on flood flows from a 
whole catchment have heen made hy Leopold and Haddocks ( r e f . 
8 7 ) , hy Zingg (refs . 88-90), and hy Hartman et al (ref . 91)o 
These reports are described in more detail in the chapter on 
dams in Part I . 

(v) Swamps: 

The influence of swamps on reducing flood peaks can 
"be calculated in the same way and from the same data as for 
flood routing through dams. Given details of any changes in 
storage capacity or in the outflow characteristics by human 
activities , it is possible to calculate the effect of the 
change on any inflow flood hydrograph. The problem of 
evaluating the influence on detention storage in swamps appears 
to be one of data collection onlyo 

Costin (refo 7) reports an experimental study which 
was made to evaluate the detention effects of a wetland 
community. Sphagnum bogs, Carex fens and associated wet heath 
commimities comprise some 12% of the Guthega catchment in 
the Snowy Mountains. Measurements of detention effects and 
seepage losses from these communities were measured by applying 
art i f ic ial rain and then covering to prevent évapotranspiration 
losses while outflow was measured. 

SUMMARY OF DEPEESSIQN AND DETECTION STORAGES 

Depression and detention storages are particularly 
important in studies of the hydrological effects of change in 
land useo Many conservation and land treatment measures are 
purported to directly affect these components of the runoff 
process, both in reduction of total yield and in reduction of 
peak rates of runoff . 

However, the concepts are poorly defined in the 
literature, and there is no established methodology for 
directly evaluating the capacities of the storages on a natural 
catchmento At best , the values can only be deduced indirectly 
by analysis of rainfall and runoff. This provides a poor 
basis for making any realistic assessment of how these 
storages affect the runoff process and how, in turn, the 
storages are affected by changes in land use. 
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8.5 IKPILTRATION 
The soil is the largest reservoir of water on most 

catchments, and the processes of water entry into and movement 
thro-Qgti the soil are of th-e -upmost importance in the hydro log-
ical cycle c Infiltration is the entry of water into soil 
through the soil-atmosphere siipface, and movement of water 
through, the soil is referred to as per cola ti on o 

Bodman and Colman (refo 93) have shown that, when 
water is freely available for infiltration at the surface, then 
the moisture distribution in the soil during infiltration is 
composed of a zone of saturation close to the surface, an 
unsaturated transmission zone of almost constant water content^ 
and a wetting fronto 

In natural soils, the advance of a wetting front of 
infiltrating water is influenced hy soil stratification and 
changes in porosity« When a low porosity horizon occurs in 
the soil helow the surface layer, a saturated zone of positive 
pressure is established in the upper layer while infiltration 
proceeds under negative pressure and unsaturated conditions in 
the lower soil. Surface runoff "begins when the upper soil 
layers are saturated» 

The high rates of infiltration that occur while the 
upper layers are approaching saturation are usually treated as 
part of "initial loss", referred to in the previous section^ 
The rate of advance through the unsaturated subsoil becomes 
the long-duration infiltration rate which approximates the 
storm "loss rates" which are used in flood flow estimation. 

When water is applied to the soil s-urface, the rate 
of infiltration is initially very hi^, and then decreases 
exponentially to approach a low constant rate after a long 
period of time^ Early thou^t as expressed by Horton (refo 
Q̂l\?, 105) was that the reduction in infiltration rate with 
time was more probably controlled by factors operating at the 
soil surface than by the flow process in the body of the soilc 
Swelling of soil colloids and the closing of soil cracks, 
sealing of the surface by fine particles, and compaction of 
the soil surface by raindrops were all offered as factors 
responsible for the decrease« Unfortunately, some of these 
concepts are still promoted today. 

Modern infiltration theory has provided a more 
realistic basis for understanding infiltration behaviour in 
terms of the principles of continuity and flow governed by a 
potential'. A review of developments in the theory and applications 
of the theory in practice is set out in a paper by G-ardner 
(ref. 106), and another review is given by Philip (ref. 101 )o 
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P h y s i c s of the i n f i l t r a t i o n m o i s t u r e p r o f i l e have 
heen s e t out i n a s e r i e s of p a p e r s "by P h i l i p ( r e f S c 9^-^^00)0 
J u s t a f t e r \¥ater i s a p p l i e d to the s u r f a c e of d r y s o i l , the 
g r a d i e n t s i n s o i l m o i s t u r e s u c t i o n are much g r e a t e r than t h a t 
due to g r a v i t y and r e s u l t s i n a h i ^ i n i t i a l a b s o r p t i o n of 
? /a te r . Depth to the w e t t i n g f r o n t t h e ^ i n c r e a s e s as t 2 ( t = 
t i m e ) and i n f i l t r a t i o n d e c r e a s e s a s t " 2 f rom the h i g h i n i t i a l 
r a t e s o A h i g h e r i n i t i a l m o i s t u r e content i n the s o i l 
i n i t i a l l y d e c r e a s e s i n f i l t r a t i o n r a t e 5 a l t h o u g h ti ie w e t t i n g 
f r o n t moves f a s t e r thro-agh the s o i l . 

A f t e r long p e r i o d s of i n f i l t r a t i o n , the s o i l r e a c h e s 
a h i g h c o n s t a n t w a t e r content approaching s a t u r a t i o n f o r an 
a p p r e c i a o l e depth "belov^ the s u r f a c e . The i n f i l t r a t i o n r a t e 
i n t o the s o i l then approaches t h a t v/hich i s t r a n s m i t t e d through 
the s a t u r a t e d s o i l hy g r a v i t y o n l y . 

P h i l i p found t h a t the e q u a t i o n f o r t o t a l i n f i l t r a t i o n 
can be e x p r e s s e d as an i n f i n i t e power s e r i e s i n 

1 

= S . t ^ 4- A . t -Î- Bot 3/ : 

v^here I i s the t o t a l i n f i l t r a t i o n a f t e r time t 
and S , A, B , and the o t h e r c o e f f i c i e n t s a r e 
f u n c t i o n s of b o t h the s o i l - w a t e r d i f f u s i v i t y and 
the i n i t i a l and s u r f a c e water c o n t e n t s of the s o i l , 

P h i l i p termed "S ' ' as the " s o r p t i v i t y " b e c a u s e of i t s 
s p e c i a l s i g n i f i c a n c e , p a r t i c u l a r l y d u r i n g the e a r l y s t a g e s of 
i n f i l t r a t i o n . For h o r i z o n t a l i n f l o v / , a l l terms e x c e p t the 
f i r s t become z e r o . For v e r t i c a l inflov,r . the s e r i e s c o n v e r g e s 
r a p i d l y and o n l y the f i r s t f ew terms need b e usedo 

While t h i s t h e o i y p r o v i d e s a b a s i s f o r p r e d i c t i n g 
i n f i l t r a t i o n b e h a v i o u r i n a s imple s o i l column, t h e r e a r e many 
c o m p l i c a t i n g f a c t o r s which i n f l u e n c e the i n f i l t r a t i o n b e h a v i o u r 
of a Y/hole catchmento S o i l p r o p e r t i e s a r e not c o n s t a n t , e i t h e r 
in a v e r t i c a l p r o f i l e or e v e r the a r e a of a catchmento S u r f a c e 
s o i l s a r e a f f e c t e d by i n c o r p o r a t e d o r g a n i c matter^ s o i l 
o r g a n i s m s , r o o t s « and c u l t i v a t i o n . Compaction by r a i n d r o p s . -
animal h o o v e s , and machinery can a l s o have e f f e c t s . L u l l 
( r e f . 1 1 2 ) p r e s e n t s a r e v i e w of l i t e r a t u r e on s o i l compact ion 
:n f o r e s t and range l a n d s ; the e x t e n t of compact ion b y l o g g i n g , 
g r a z i n g , and o t h e r a g e n c i e s ; and the e f f e c t s of compaction on 
s o i l - w a t e r r e l a t i o n s . 

I n 1 9 3 7 - 3 8 , the Committee of the American G e o p h y s i c a l 
Union on P h y s i c s o f ' S o i l Mois ture s u r v e y e d r e s e a r c h w o r k e r s 
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concerned with, infiltration to review availalDle information and 
current t h o u ^ t on the effects of organic matter on the rate 
of infiltration of water into soils (see ref . 107) . The 
Committee circulated a guestioimaire whicli included the 
following questions 

(1) Effect of incorporated organic matter on the 
rate of entry of water into soilso 

(2 ) Effect on rate of entry of water into soils 
due to the presence of organic matter on the 
soil surface« 

(3) Effect of organic matter on the physical 
condition of the soil helow it^ in so far as 
it influences the rate of entry of water into 
soil'^ 

Effect of surface litter on filtering of silty 
water and thereby influencing the rate of 
entry of water into soil , 

(5 ) Effect of the presence of organic matter in 
retarding runoff. 

(6) Effect of organic matter on the water-holding 
capacity of so ils o 

(7) Change with time of the rate of entry of water 
into soil for measurements made while the rate 
was steady or unsteady. 

The replies which are summarised in ref , 107 contained 
a consideralDle variety of information, ranging from results of 
laboratory studies involving artif icial composted material 
incorporated into soil samples^, to f ield plots and catchment 
studies. A very "brief summary of the replies is as follows:-

to (1) most opinion held that organic matter increased 
rate of entry. F l o u r i n g may give the impression 
of an increased rate when it may only he due to 
surface storage; it was found to he difficult 
to distinguish "between these effects. Any 
influence of organic matter is so limited in 
heavy rain that effect on flood control is 
negligible o 

to (2 ) most opinion held that organic matter on the 
surface increased the rate of entry "but; as in 
(1 ) it was difficult to distinguish from 
surface storage 
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to ( 3 ) little information and conflict of opinion 

to (U) little information and conflict of opinion 

to ( 5 ) general agreement that organic matter retards 
runoff 

to (6) there was agreement that organic matter 
increases water-holding capacity l)ut the 
magnitude of the increase was negligible. 

to ( 7 ) general agreement that rate of entry is 
highest at the beginning of application of 
water and decreased until approximately a 
s.teady rate was reached. 

(A hihliography of 60 refs. to early and contemporary 
work is given in this report.) 

There are additional factors which complicate 
infiltration "behaviour in a natural catchment» Because of 
different drying rates in different parts of a catchmentp 
antecedent moisture conditions can "be very variable at the 
start of a storm and this can cause substantially different 
infiltration behaviour over a catchment. 

Also, redistribution of water in the soil after rain 
finishes is complex due to hysteresis effects in the moisture 
holding characteristics of soil. Simulation of a series of 
wetting and drying cycles as in natural rainfall patterns 
involAres overlapping a number of different infiltration patterns 
in which the drainage and redistribution of infiltrated water 
from one storm is incomplete before another storm commenceso 
Watson (ref. 1 0 3 ) gives a description of the available theory 
for dealing with random patterns of wetting and redistribution. 
Hanks and Klute (ref. 108) describe a computer programme which 
has been prepared to simulate infiltration, redistribution, 
drainage, and evaporation processes. Hanks and Bowers (ref. 
1 0 9 ) describe a similar programme for evaluating the equations 
for infiltration into layered soils, and G-reen, Hanks, and 
Larson (ref, 1IO) have shown that computer techniques can give 
a reasonable prediction of infiltration into a non-uniform 
field soil at several antecedent moisture conditions when 
sufficient description of the soil profile is available. 

However, at the present time, there is little basis 
for directly applying infiltration theory such as that 
developed by Philip to the behaviour of whole catchments. The 
customary practice of 'fitting" infiltration curves to rainfall 
and runoff records^ either by hydrograph analysis as described 
by Musgrave and Holtan (ref. 73) or by optimising parameters 
in a catchment model as described by Bou^ton (refo 181), 
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produces a mathematical convenience rather than a description 
of a real phenomenono 

A great amoimt of information on the relative 
infiltration characteristics of different soil-plant complexes 
has "been determined from infiltrómeter experiments on small areas 
of a few square feet. Musgrave and Holt an (refc 73) summarise 
much of the information available o However ̂  it must "be 
emphasized that there are marked differences in the rates of 
infiltration derived on small areas and storm loss rates 
derived from rainfall and runoff records on large catchments o 
There is no established method for using infiltróme ter data 
to estimate the effects of change in land use on the "behaviour 
of a whole catchment. 

Sharp and Holtan (refc 111) descri"be how the method 
of analysis for determining infiltration curves from sprinkled-
plot experiments can he used to derive average infiltration 
curves for small catchments from rainfall and runoff records^ 
Horton (ref. 10U) put forward a method for determining the 
infiltration capacity of a large catchment. The capacity 
derived from Horton"s method is what is now known as a "loss 
rate" ice^ an average rate of loss through the storm such 
that the amount of rainfall in excess of the loss rate eq̂ uals 
the volume of runoff. 

Loss rates are the indices of infiltration loss now 
widely used in flood flow estimation for engineering design 
purposes. They are most closely associated with real 
situations on large catchments; however, they are fairly 
insensitive indicators of any effects caused hy change in land 
use because of the averaging of natural variability which is 
involved in their determina tion o Laurens on and Pilgrim, (ref. 
113) and Pilgrim (ref. 1lU) have reviewed available data on 
loss rate values and the factors which influence the rates. 

The inform.ation on loss rates which is used in 
engineering design practice is in "Australian Rainfall and 
Runoff" (ref- 116) which has been prepared and published by 
the Institution of Engineers 5 Australia. The relative loss 
rate values for the different soil-plant complexes in this 
report should be regarded as guesses rather than an accurate 
summary of data,. There seems to be little basis for using 
such information to estimate the hydrologie effects of change 
in land use. 

One attempt which has been made to estimate values 
of infiltration parameters for a whole catchment without 
"fitting" has been made by Jones (ref„ 115) in a study of 
parameter values for the Boughton catchment model. Jones 
attempted to relate infiltration values used with the model 
to properties of the catchment soils^ but could not find any 
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relationship. A surprising result of the study was that the 
infiltration values on the catchments studied were found to 
be highly correlated with mean catchment slope i . e . infiltration 
rates increased as catchment slope increased^ It is doubtful 
that this is a general relationship "but it illustrates the 
diff iculty of assessing the effects of change in land use on 
infiltration "behaviourr 

8 , 6 SOIL MOISTURE AND GROUNDWATSR 

Water stored in the soil can "be considered to he in 
two major components - one in the saturated zone of groundwater 
and the other in the unsaturated zone between the groundwater 
level and the surface of the ground> 

Groundwater moves slowly through rock and soil and 
is the principle reservoir of water which sustains streamflow 
betY/een storms. Water in the unsaturated zone is not held 
permanently against gravity and is also steadily depleted by 
drainage in addition to use by plants and other losses.^ 
Hew-lett and Hibbert (refc 117, 118) have shown that drainage 
of moisture from the unsaturated zone continues long after 
rain ceases and may be a primary source of sustained flow from 
small steep catchments= 

Soil moisture is rarely if ever constant but certain 
soil moisture stages are useful in dealing with soil-water-
plant relationships o Field capacity is the moisture content 
•when soil is allowed to drain freely for about L|.8 hours from 
saturationÏ Permanent wilting point is the moisture content 
left in the soil when plants are unable to extract any more. 
The modern soil moisture suction equivalents of these are 
about 1/3 atmosphere and 15 atmospheres respectively, Marshall 
(ref- 119) gives an excellent review of these conceptsr 

The difference between wilting point and f i e ld 
capacity is the "available water" of the soilo Values of 
available water have generally been evaluated for irrigation 
purposes, and the draft Code of Practice for Sprinkler 
Irrigation Design (ref . 120) contains suitable data which 
have been collated for use with Australian soils . 

The non-capillary storage between f i e l d capacity 
and saturation is about tiie same magnitude as available water 
storage and is more important in determining the movement of 
infiltrating water through the soil and the abstractions 
from storm rainfall.- Jones ( ref . 115) gives an excellent 
review of the data available for estimating non-capillary 
storage capacities-
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Usually, availalDle water and non-capillary storages 
are expressed in terms of inches of water per foot depth of 
soil . The total amount of water available for use hy plants 
depends also on the root depth of the plant. Most data on 
root depths or "effective root depths" have heen evaluated for 
irrigated crops - see ref . 120 for typical data.. The total 
water available in the root zone, i=e. the product of 
available water and root depth, is usually termed the "root 
constant"« 

Jones (refc 115) reviews publications by Boughton 
(ref . 180 ) , Ozanne et al (réf . 121) , the U . S . D A . Soil Survey 
Manual (refc 122) , Shively and Weaver (ref . 123) . Baver (refo 
12U), Costin et al (réf.. 125) , Meinzer (ref= 126) , Russell 
(ref . 127) , and Donahue (ref . 128) to obtain suitable values 
of the root depths of grasses for use with the Boughton 
catchment modelo 

Penman (ref-. 129) introduced the idea of variable 
root constant over a catchment area to allow for differences 
between grasses^ trees, and riparian vegetation in a study of 
the water balance of the Stour catchment area in England^ 
Kohler (ref . 130) describes water balance models used in the 
UoSoAo which incorporate different storage capacities for 
different parts of the catchmento The multi-capacity model 
of the U . S . Weather Bureau is probably the most well-lmôwn of 
these. 

It should be noted that root constants used in water 
balance models are usually evaluated by " f i tt ing " calculated 
runoff to observed runoff and not be actual measurements of 
root depths and soil moisture storage capacities on a catchment« 

Pilgrim (refc 131) reviews analogue and digital models 
of groundwater movement and gives a bibliography of 35 
references to published work. Most studies have been related • 
to development of aquifers for productive use rather than as a 
component of the hydrologie cycle. 

Toth (refs . 132. I 3 3 ) describes 3 types of flow 
system - local, intermediates and regional - that may occur in 
a small basin and gives a theoretical basis for analysis of 
groundwater movement in small catchments. Hornberger et al 
(ref . 1^1) describe a model for study of water movement in a 
composite soil moisture - groundwater système Knisei (ref . 
I3I1) analysed baseflow data from 6l drainage basins representing 
9 geological formations in the southern-central U.S.Ac- to 
evaluate the relative groundwater storage capacities of the 
different geological formationsc Van Voast and Novitski ( re f , 
11^0) give a detailed description of the subsurface water 
regime in the 665 sg. mile catchment of the Yellow Medicine 
River in Minnesota and how surface flow and water q^uality is 
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r e l a t e d to groimdwater movemento Other s t u d i e s of the i n f l u e n c e 

of geology on groundwater storage and streamflow have h e e n made 

b y Cross (réf . , 1 3 5 ) , P a r v o l d e n ( r e f . I 3 6 ) , He ly and Olmsted 

( r e f , 1 3 7 ) , and Schne ider (,refs, 138^ 139). 

Base f low between storms can be s u s t a i n e d in a number 

of w a y s ; b y d e p l e t i o n of groundwater s t o r a g e , b y d r a i n a g e of 

s o i l moisture from the u n s a t u r a t e d z o n e , and b y d e p l e t i o n of 

d e t e n t i o n storage in stream c h a n n e l s , l akes , e t c . During storms , 

when r i v e r l e v e l s are highr water may f low from the r i v e r into 

b a n k s t o r a g e . Brater (ref". 1 ^ 2 ) suggested that a g u i c k stream 

r i s e could cause water to f low back into an aq.uifer c r e a t i n g a 

n e g a t i v e groundwater f l o w . Work by Todd ( r e f , 1 ^ 3 R o r a b a u g h 

( re fo and Cooper and Rorabaugh ( r e f : 1i+5) confirmed 

Brater-s s u g g e s t i o n and showed that cons iderable time may be 

r e q u i r e d f o r the r e s u l t i n g bank storage to d r a i n . Kunkle 

(refc- 1 ^ 6 ) and Meyboom ( r e f . ^ h l ) show that a large p a r t of 

b a s e f l o w may be s u p p l i e d b y bank storage , 

The most comprehensive review of b a s e f l o w ^ i t s 

a n a l y s i s , and r e l a t i o n s to geology and groundwater storage has 

b e e n made b y H a l l ( ref= 1 ^ 8 ) who g i v e s a b i b l i o g r a p h y of 111 

r e f e r e n c e s i n c l u d i n g several pr ior reviews and annotated 

b i b l i o g r a p h i e s . 

The problems of s a l t i n g f o l l o w i n g c l e a r i n g , w h i c h has 

b e e n d e s c r i b e d in the chapter on " E f f e c t s of C l e a r i n g " , occur 

when shal low s a l i n e groundwaters come close enough to the 

surface in v a l l e y s and at the f o o t of s lopes for e v a p o r a t i o n 

of water and accumulation of s a l t to take placée The areas of 

accumulated s a l t s u s t a i n a h i g h loss of product ive c a p a c i t y and 

valuer In these c a s e s , the movement of s o i l moisture and 

groundwater become items of major economic s i g n i f i c a n c e in the 

hydrolog ie cycle on the catchmento 

D r a i n a g e i s the most d i r e c t i n f l u e n c e of human a c t i v i t y 

on groundwater and s o i l moisture s t o r a g e . By removing water 

from the s o i l storage., the c a p a c i t y for absorbing r a i n f a l l from 

storms i s i n c r e a s e d and. where the dra ined s o i l h a s an 

opportunity to d r y , the rate of i n f i l t r a t i o n of water i n t o the 

s o i l can be increasedr 

By lowering the groundwater l e v e l , dra inage can reduce 

the amount of é v a p o t r a n s p i r a t i o n l o s s of water.. S a l i n e ground-

w a t e r s produce most trouble when s a l t accumulates as water 

evaporatesr. One of the p r i n c i p l e uses of d r a i n a g e in A u s t r a l i a 

i s in lowering of s a l i n e water t a b l e s in i r r i g a t i o n areas where 

overwatering has r e s u l t e d in h i ^ water l e v e l s r i s i n g c lose 

enough to the surface to produce s a l t i n g problems ( r e f . 11|9)o 
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8 . 7 EVAPOTRANSPIRATION 

8^7.1 Introduction 

There has been considerable study of the e^vapotransplration 
process and it is impossible to review here a l l literature 
relevant to the évapotranspiration rate of different crops in 
different climatic conditions. Some general background is given 
to provide a basis for discussion of the effects of change in 
land use on the évapotranspiration component of the water 
balance and, where possible, reviews of past studies are cited 
without revising or quoting all of the reviewed m.aterial. 
Reviews by Veihmeyer (ref . 150) and Mcllroy (refSo 169? 170) 
give a broad coverage of the subject and bibliographies of 158 
and 63 referenceso 

There are broad aspects of évapotranspiration 
relevant to the study of how change in land use influences the 
water balance^ These are:-

( i ) the rate of potential évapotranspiration at a 
"point" or over a small area a lysimeterc 

( i i ) the rate of actual évapotranspiration loss at 
a point, and its relationship to the potential 
rate . 

( i i i ) the variation in point rates over a natural 
catchment area, 

( iv ) variations due to type of cover and land 
man agement. 

These aspects are considered in detail in the following 
sections o 

8 . 7 . 2 Potential Evapotranspiration 

The concept of "potential évapotranspiration" was 
introduced by Thornthwaite ( r e f S o 151? 152)« It is the 
hypothetical rate of water loss from a large homogeneous area 
of continuous green crop^ under the given meteorological 
conditions, when there is no resistance to water supply at the 
evaporating surface. It was originally supposed to be 
independent of the nature of the crop and the s o i l , but 
evidence to the contrary now exists (Mather, ref . 153)0 

A brief review is made here of the different methods 
used for estimating or measuring potential évapotranspiration 
rate, and then the effects of different vegetated surfaces is 
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discussed . For clarity^ the nethods are grouped into 3 

categories : 

( a ) empirical correlations with, climatic data 

(ID) water iDalance or inflow-outflow methods 

( c ) vapour-flow and energy balance methods, 

( a ) Empirical Correlations : 

There have heen many methods developed to correlate 
potential évapotranspiration rate with climatic variables 
such as temperature, pan evaporation, daylight hours , and 
cloud coverc The most commonly used methods have used either 
temperature data . e . g . Thornthwaite (refo 1 5 2 ) ; Blaney and 
Griddle ( r e f . and Lowry and Johnson ( r e f . 1 5 5 ) ; or pan 

evaporation eog. Penman ( r e f . 1 5 6 ) ; and Hargreaves (refo 1 5 7 ) ° 
Linacre (refs~ 158 , 159) gives a good review of these methods» 

The reason f o r the many methods using temperature 
data is imdoubtedly due to the abundance of temperature records , 
both in length of record and widespread coverage of recording 
stations^ Pan evaporation records are rare by comparison^ and 
most are of short duration; but the close relat ionship between 
potential évapotranspiration and evaporation from a f ree water 
surface makes this form of correlation both easy and a t t r a c t i v e . 
However, the correlations are dangerous to extrapolate , 
part icular ly where the surroundings are such as to make the pan 
more or less of an oasis than the catchment i t is meant to 
represent. 

An improvement on the pan is the potential evaporimeter 
or p.Co meter (see refSc 153> 165)= This consists of a sunken 
tank of soil containing vegetation typ ical of the surface under 
study, and surrounded by a guard-ring area of the same type 
and treatment. Freguent measured i r r i g a t i o n s , plus regular 
collection and measurement of percolate from the base of the 
soil column, permit the p^e« meter 's evaporation to be approxi-
mated very simply by input minus output. 

Understanding of the physical processes of evaporation 
and évapotranspiration has progressed a great deal in recent 
yearsr Methods of estimating these components using vapour 
flow and energy balance techniques (discussed later ) offer more 
acci3racy and r e l i a b i l i t y than the empirical correlations o 
Howeverj ava i labi l i ty of data and ease of calculation w i l l s t i l l 
be reasons for use of empirical methods for some time to come^ 
I t may be noted that almost a l l current mathematical catchment 
models use such methods for computation of the évapotranspiration 
loss . 
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("b) Water Balance: 

Water "balance methods of estimating évapotranspiration 

calculate the difference iDetween input of precipitat ion and 

output of runoff ; drainage ; and any change in storage. 

Et = precip itat ion - runoff - underground drainage 

- change in storage 

The method may "be applied to whole catchments or to 
small measuring volumes such as a lysimeter or pan evaporimeter, 
There are several variants of the ha sic method, e . g . under-
ground drainage may "be small enough to he ignored, or the 
period of study can "be chosen such that change of storage 
within the system is negl igible 

Lysimeters. particularly weighing lysimeters^ have the 
advantages of acci:iracy and relat ive ease of measuring all 
components of the eq_uation, A survey of lysimeter s and a 
hihliography on their construction and performance was prepared 
in I9I4.O hy Kohnke^ Dreihelhis-, and Davidson ( r e f . I 6 0 ) . This 
extensive review covers 250 years up to 1939 and includes a 
hihliography of Li.89 reports and papers- Another study "by 
Harrold and Drei"bel"bis (ref_ I 6 I ) reviews more recent studies 
up to 1955 and cites an additional 1314 references^ A symposium 
on lysimeters was held hy I ^ A . S . E . in 1959 (refc l62)o 

Lysimeters have been operating in Austral ia for 
several years (see Mcllroy and Angus, réf., I 6 3 ) with continuous 
recording "balances accurate to 0.^001 inch of water (Mcllroy and 
Sumner, refo Slatyer and Mcllroy (réf.. I 6 5 ) discuss the 
pr inciples "behind lysimetry and the performance of d i f ferent 
types of instruments. 

Inflow-outflow measurements of the water "balance of 
whole catchment areas , for estimation of évapotranspiration 
losses,, have been studied mainly in relat ion to i rr igat ion 
water requirements. Papers by Blaney and others (ref^ 15U-) 
and by Loeltz and McDonald ( r e f . 166) i l lustrate the method. 

( c ) Vapour Flow - Energy Balance Methods: 

Over a century ago, John Dal ton ( r e f . 16?) laid the 
foundation for vapour flow methods of estimating evaporation 
in h i s bulk aerodynamic equation: 

E = a(b + u ) (e^ - e^ ) 

where E = rate of evaporation 

a and b are empirical constants 



220. 

u = wind speed 

e^ - e^ = vapour pressure difference "between the 

surface and the bulk air 

It is almost inipcssiDle to measure e directly; so 
in practice this approach can only "be applied to saturated or 
very wet surfaces; for which e^ can "be taken as the saturated 
vapour pressure at surface temperature_ provided of course 
that the latter can itself he measured sufficiently accurately3 
So far the only major application has "been to lake evaporation; 
for which the method is now esta"blished (Webh ^ re f . 198 ) . The 
recent advent of infra-red thermometers suitable for f ie ld use 
may lead to its application to land surfaces 

Direct measurement of water vapour flux has now heen 
developed from a proposal hy Swinbank (ref . 168) ; using hot 
wire anemometers with f ine wet and dry hulb thermometers (see 
review by Mcllroy; ref s,-. ^69, 170) . The measurement of air-
flow and vapour concentration which fluctuate rapidly, and 
their m.ultiplication and integration over a period of time to 
obtain evaporation loss; recuire both minute rapid-response 
sensing elenents and intricaoe electronic apparatus. Semi-
automatic equipment cf this kind (the Evapotron) has been 
developed and checked successfully against energy balance 
over pasture at Edithvale (Dyer, ref 171) . A recent portable 
transistorised version has also perfom.ed well (Dyer and 
Maher, ref , 172 ) . 

The basic energy balance equation used for estimating 
evaporation and évapotranspiration is : 

R = H + IE + G 

where R = net radiative flux received by the surface 

G = heat flux into the ground 

H = sensible heat flux into the air 

LE = latent heat flux into the air 

Using the Bo"wen ratio H/LEj the ratio of sensible to 
latent heat fluxes into the air- the eq.uation can be arranged 
for estimating evaporation or évapotranspiration as follows: 

T - _ R - G  
- 1' -f B 

where B is the Bcwen ratio-. 
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Mcllroy (réf. I70) descriloes the determination of the 
main energy balance formulae and also lists applications which 
have been made of the method to both free water and vegetated 
STor faces. 

Combinations of the vapour flow and energy balance 
approaches have been made in 3 alternative procedures; 
independently by Penman (ref,. I56) and Ferguson (ref, 173)? and 
as a refinement of these methods by Mcllroy (refo 1?^). Penman 
and Ferguson were concerned most with free water evaporation 
while Mcllroy^s equation was directed to crop évapotranspiration. 
This latter method has been tested against the Aspendale 
lysimeters (Mcllroy and Angus, ref. 175) and against those at 
Tempe and Davis in the U^SoA. (Pruitt and Lourence, ref. 176). 

8.7o3 Actual Evapotranspiration 
As moisture in the soil is reduced below field 

capacity, water available to growing plants is restricted and 
the actual rate of évapotranspiration loss can fall below the 
potential rate. If the évapotranspiration rate is measured 
by vapour flow instruments instead of estimated^ then no 
trouble is encountered... It will be the actual rate recorded 
whatever the restriction on water supply. However,- when 
potential rate is estimated using the relationships with 
climatic variables,, then it is also necessary to estimate the 
ratio of actual to potential évapotranspiration rate as soil 
moisture is depleted. 

Until 1962. there was considerable controversy about 
this relationshipo The most well-known proposals were those of 
Veihmeyer and Hendrickson (ref. 177) who maintained that 
transpiration continued at the potential rate at all soil 
moisture levels from field capacity to the wilting point, and 
Thornthwaite and Mather (ref, 178) on the other hand, who 
proposed that transpiration decreased in a linear manner between 
potential rate at field capacity and zero at the wilting point. 

It was shown by the work of Denmead and Shaw (refc 
179) that the ratio of actual to potential transpiration rate 
is not a single value depending only on the soil moisture level, 
but depends also on the prevailing potential rate-, Their work 
has shown that transpiration can continue at the potential 
rate while the soil moisture is reduced almost to wilting 
point if the prevailing potential transpiration rate is low^ 
When the prevailing rate is high; the actual transpiration rate 
is reduced below potential rate when the soil moisture level 
is only a small amount less than field capacity-
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The exper iments o f Denmead and Shaw were on c o m 
grown i n c o n t a i n e r s with, the s o i l s u r f a ce sea led to p reven t 
l o s s o f moist-are hy evaporat ion-. However, the same p a t t e r n of 
l o s s c ou l d be expected to app ly t o o the r v e g e t a t i o n types.-
Boughton ( re f c 180) used a s i m p l i f i e d v e r s i o n of t he r e l a t i o n -
sh i p i n a catchment model f o r s i m u l a t i n g the water ba l ance of 
whole catchments and o b t a i n e d s a t i s f a c t o r y resu l t s- The 
same r e l a t i o n s h i p has been adopted by Chapman (refc. U) i n the 
catchment model b e i n g developed by D i v i s i o n of Land Reserach . 
CSIRO. 

Catchment E v a p o t r a n s p i r a t i o n Loss 

The p rev i ous s e c t i o n s have d e a l t w i t h t h e r a t e o f 
é v a p o t r a n s p i r a t i o n from a p o i n t o r ; more r e a l i s t i c a l l y , from a 
sma l l area such as a l y s ime t e r where c o n d i t i o n s are r e l a t i v e l y 
u n i f o r m . I t i s obv ious t h a t on a very l a r ge catchment such 
as the Murray-Bar l i ng catchment the r a t e of é v a p o t r a n s p i r a t i o n 
can vary c on s i d e r a b l y - one l o c a t i o n can be s u f f e r i n g extreme 
drough t wh i l e ano ther p a r t o f the catchment i s snow covered-

Even on catchments as smal l as a few ac res , v a r i a t i o n s 
i n s lope and aspect can cause l a r ge d i f f e r e n c e s i n the r a t e of 
é v a p o t r a n s p i r a t i o n ; and where sha l l ow groimdwaters a re present-
v a r i a t i o n o f on ly a few f e e t i n the dep th t o t he water t a b l e 
can produce s u b s t a n t i a l changes i n the o p p o r t u n i t y f o r su r f ace 
e v a p o r a t i o n or water use by p l a n t s o 

V a r i a t i o n s i n s lope and aspect cause b i g d i f f e r e n c e s 
i n the amount of r a d i a n t energy r e c e i v e d and t h i s can cause 
b i g d i f f e r e n c e s i n the é v a p o t r a n s p i r a t i o n ra te^ The v a r i a t i o n 
was de sc r i b ed by Jacobs ( r e f c 182); by Jackson ( r e f I 8 3 ) , and 
by Doug lass ( r e f . 186) . The most thorough a n a l y s i s has been 
made by Lee ( re f- 18U) who rev iews e a r l i e r work^ p r ov i de s a 
c ompu t a t i o n a l b a s i s f o r c a l c u l a t i n g i ncoming energy j and g i ves 
a b i b l i o g r a p h y of 11? r e l e v a n t r e p o r t s . 

The i n f l u e n c e of s lope and aspec t on wa te r use by 
p l a n t s i s i l l u s t r a t e d by c l e a r i n g and t h i n n i n g exper iments 
which reco rd the i n c rease i n water y i e l d when ca tchment cover 
i s conver ted f rom t r e e s to g r a s s . H i b be r t ( re f c I 8 5 ) shoAi s 
t h a t the v a r i a t i o n i n water y i e l d , f o l l o w i n g t h i r u i i ng i s 
s t r o n g l y i n f l u e n c e d by the aspect of the catchment as w e l l as 
by the amount of c l e a r i n g . 

Undu l a t i o n s i n the ground su r f ace and aerodynamic 
r o u ^ n e s s o f the su r f ace can a f f e c t the w indspeed above i t . as 
w e l l as the degree of t u r b u l e n t m ix ing f o r a g iven windspeed., 
The complex i n t e r a c t i n g e f f e c t s o f these f a c t o r s , t o ge t he r 
w i t h the e f f e c t s of s lope and aspect ment ioned above^ can be 
accounted f o r i n t heo ry u s i n g the extended comb ina t i on method 



223. 

for the calculation of évapotranspiration loss (see Mcllroy. 
refo 170)0 However, the method involves use of different 
constants and parameters for different surfaces such as forest 
and grass, and at the present timej there is inadeguate 
information of the numerical values of these items for making 
reliable estimates of the relative water use of different 
surfaces 

In addition, seepage of soil moisture and groundwater 
to the ground surface in drainage lines and at the foot of 
slopes can keep moisture available to vegetation in these areas 
while soil moisture in higher ground has "been depletedo This 
can result in évapotranspiration loss continuing in some parts 
of a catchment long after the higher areas have dried out. 

The two reasons given above can cause considerable 
variation in th.e rate of évapotranspiration over a catchment 
area. As yet:v.c catchment model has incorporated any provision 
for this variation but slope and aspect are being allowed for 
in the model now being developed by C . S . I . R . O o ^ s Division of 
Land Research for analysis of data from catchments in the 
Australian representative basins programme (see Chapman, re f , 

8o 7c 5 Type of Vegetation and Manap:ement 

Changes in the type of vegetation on a catchment and 
management activities such as thinning of a forest can cause 
variations in the évapotranspiration loss. The causes for 
which there is some evidence of effect on évapotranspiration 
are of 2 major types: 

(a) differences related to availability of water 

(b) differences related to availability of energyo 

(a) Available Water: 

The major hydrologie difference between trees and 
grass is the difference in soil depth from which the roots are 
able to extract moisture. Grasses are shallow rooting having 
an effective root depth; for purposes of water balance 
calculations, of about 1 to 3 feet . Trees, on the other hand, 
are relatively deep rooting with an effective root depth, 
depending on soil type^ from a few feet to over 30 feet . 

Where climatic conditions are such that évapotranspira-
tion exceeds rainfall during the summer months, the soil 
profile is dried out over the root zone of the vegetation cover^ 
This creates a moisture deficit which must be replenished in 
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the f o l l o w i n g w i n t e r when r a i n f a l l aga in e x c e e d s the 
é v a p o t r a n s p i r a t i o n r a t e . T r e e s , which have an o p p o r t u n i t y to 
e x t r a c t more water than g r a s s f rom a deeper r o o t zone; can 
c r e a t e a g r e a t e r m o i s t a r e d e f i c i e n c y dur ing the summer and 
c o n s e q u e n t l y produce a g r e a t e r a b s t r a c t i o n from r a i n f a l l in 
the e a r l y winter.-, 

The r e s u l t i s t h a t , in a w i n t e r wet-summer dry 
c l i m a t e , t h e r e i s l e s s u t i l i z a t i o n of water hy g r a s s than hy 
t r e e s "because of the reduced o p p o r t u n i t y f o r w a t e r use 3 and 
t h e r e i s more s u r f a c e r u n o f f or groundwater r e c h a r g e under 
g r a s s than under t r e e s - Many of the e x p e r i m e n t a l r e s u l t s 
r e p o r t e d in the c h a p t e r " E f f e c t s of C l e a r i n g " i l l u s t r a t e t h i s 
d i f f e r e n c e . 

V e g e t a t i o n d e n s i t y can a l s o a f f e c t é v a p o t r a n s p i r a t i o n 
l o s s o p a r t i c u l a r l y from f o r e s t stands. . Douglass ( r e f o 186) 
g i v e s a comparison of s o i l moist-ure d i s t r i h u t i o n heneath th inned 
and unthinned s t a n d s of loblolly p i n e , and r e v i e w s s t u d i e s of 
t h i n n i n g hy Bay and B o e l t e r ( r e f . 1 8 ? ) : Bethlahmy ( r e f . 1 8 8 ) , 
D e l l a - B i a n c a and D i l s ( r e f . 1 8 9 ) , Douglass ( r e f . I 9 0 ) , 
McClurkin ( r e f . I 9 1 ) , Moyle and Zahner ( r e f . 1 9 2 ) , T a r r a n t ( r e f . 
1 9 3 ) , Zahner ( r e f 194)? and Zahner and Whitmore ( r e f . 195)^ 

R e s u l t s from t h e s e s t u d i e s show a c l e a r tendency f o r 
a r e d u c t i o n in e i r a p o t r a n s p i r a t i o n l o s s r e l a t e d to a r e d u c t i o n 
in s t a n d d e n s i t y . The r e p o r t s on i n c r e a s e s in s t reamf low 
f o l l o w i n g thinningc which are r e v i e w e d in the c h a p t e r on " E f f e c t s 
of C l e a r i n g " , support t h i s e v i d e n c e . 

However, i t must "be emphasised t h a t t h e r e i s l i t t l e 
d i r e c t ev idence in t h e s e s t u d i e s of how much a r e a of sur rounding 
ground can he u t i l i s e d hy a t r e e i n e x t r a c t i n g mois ture f o r 
t r a n s p i r a t i o n o I t appears t h a t t h e r e could he a c r i t i c a l 
d e n s i t y f o r any s p e c i e s of g iven age^ s o i l , etc-,, ahove which no 
i n c r e a s e in é v a p o t r a n s p i r a t i o n l o s s would he e x p e c t e d hut helow 
which the u t i l i z a t i o n of s o i l mois ture would he r e d u c e d . There 
i s l i t t l e ev idence of what v e g e t a t i o n d e n s i t i e s , p a r t i c u l a r l y 
of t r e e s , are r e q u i r e d f o r maximum u t i l i z a t i o n Df s o i l moisturec 

(h) A v a i l a b l e E n e r g y : 

D i f f e r e n t v e g e t a t i o n t y p e s can produce changes i n the 
energy a v a i l a b l e f o r é v a p o t r a n s p i r a t i o n in two ways - hy 
d i f f e r e n c e s in r e f l e c t i o n of incoming energy,, and hy d i f f e r e n c e s 
in the amount of a d v e c t i v e energy i n t e r c e p t e d , such as between 
g r a s s and t r e e s , 

Baumgartner ( r e f , I96) g i v e s annual v a l u e s f o r the 
a b s o r p t i o n c o e f f i c i e n t of shortwave r a d i a t i o n , i n d i c a t i n g 
d i f f e r e n c e s in the amounts of e n e r g y absorbed between f o r e s t , 
c u l t i v a t e d l a n d , g r a s s l a n d ^ and b a r e s o i l , and he a l s o g i v e s 
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differences in the amounts of total energy available for 
vaporization, expressed as mm of water evaporated. 

Cover A"bsorption Net 
Type Coefficient Radiation 

Forest Oc89 "1000 mm 
Cultivated Land 0.80 900" mm 
arassland On77 750 mm 
Bare soil Oe65 595 mm 

Penman (ref- 197) draws attention to the fact that 
most energy balance relationships for evaluating évapotranspiration 
loss were derived over grass or equivalent short crop, and there 
is no basis for a theoretical calculation for forests "because 
of lack of suitable datao He suggests expected differences 
between grass and trees would be due to smaller reflection of 
incoming radiation by trees^ and greater aerodynamic roughness 
of the trees. 

There is little evidence to suggest any differences 
in the energy balance between different species of trees, in 
particular, between hardwoods and conifers. Douglass (refc 
186) reviews a number of studies between forests of different 
types, and concludes that "variations in rooting depth seem to 
cause the only significant difference in seasonal évapotrans-
piration from pine and hardwood stands." 

8o 8 Summ.ary of Effects on Components of the Hydrolop;ical Cycle 
The components of the hydrological cycle are often 

described in different ways, depending on the interests of the 
person concernedc While there is no widely accepted set of 
components, the descriptions generally follow similar lines and 
it is possible to delineate a number of parts of the cycle 
which migtit be affected by change in land use. For the purpose 
of this project the following have been adopted for study 

interception capacity 
soil moisture storage 

- infiltration 
depression and detention storages 
évapotranspiration. 

Each of these components has been considered from twp 
points of view I-

a) how does chaage in land use affect the component? 
b) how does change in the component affect water 

yield or flood flows? 
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Results of the study are summarised in the following 
sections.-

( i ) Interception: 

Two sulDstantial reviews of availalDle data on measured 
interception capacities have "been made in recent years^ one in 
the U.SoA. and the other in Australia^ Both show similar results 
ioOo that the values of interception capacity, measured "by a 
number of different methods, are very low and in the order of 
0 .05 inches depth of water; and. second, that there are no 
systematic differences in interception capacity among trees, 
shruhs. and grass. 

There is a little evidence to show that evaporation 
of intercepted water proceeds at a slightly higher rate than 
transpiration of water from dry leaves under similar conditions^ 
The source of the additional energy req.uired for the higher 
evaporation rate is "believed to come from a cooling of the air ; 
as evidenced hy the temperatures of wetted leaves falling helow 
those of dry transpiring leaves-. It is not clear if this effect 
would extend over a large catchmento 

There have "been many studies of interception and 
many measurements of interception capacities. The terminology 
is complex involving a profusion of terms and concepts; however, 
there is no systematic evidence to suggest that different plant 
covers are much different in their interception capacities . 
Also, the only possible effect on runoff would appear to result 
from'the slightly higher rate of evaporation from intercepted 
water than that which occurs from transpiring leaves under the 
same conditions-.. Even where freq.uent light showers separated 
"by drying weather occurs, it seems doubtful that interception 
capacity is a major factor influencing either total water yield 
or flood flows from a catchment. 

In alpine areas, there is a tendency for more snow 
to be collected in small clearings than under trees. This 
seems to be due to a redistribution of total snowfall rather 
than any actual increase over a large area; however,- there may 
be opportunity to influence snow management if numerous small 
clearings were used to promote deep snowfall over these areas 
in place of a uniform fall over the whole catchmento Where 
moist fogs and fine mists occur frequently, trees collect more 
dew than grassed areas and may cause an actual increase in 
total precipitation-

(ii) soil Moisture Storap:e: 

One of the largest reservoirs of water in a catchment 
is the soil moisture- and the portion of this that lies in the 
root zone of the plant cover is of paramount importance.. 
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Bare soil will lose only a small amount of soil 
moist-upe by evaporation iDefore the rate of loss reduces to an 
insignificant amount, whereas plants are able to util ize soil 
moisture over the root zone and produce total losses up to 
ahout ten inches depth of water when climatic conditions permit. 
The soil moisture deficiencies created hy plant transpiration 
are most important in determining antecedent moisture conditions 
which affect initial loss, infiltration rates, total abstraction 
from storm rainfall , and, as a result, hoth water yield and 
flood flows from a catchment... 

The most obvious result tliat has been obtained from 
catchment experiments which involve change in land use is the 
increase in water yield or in groundwater recharge which occurs 
when trees on a catchment are replaced by grass. It seems 
clear that the difference is primarily attributable to the 
difference in root depths of the two types of plant cover^ and 
the difference in the total moisture deficiency that can be 
produced. Where the climate is such as will allow sufficient 
drying between storms,^ trees can extract a greater total amount 
of soil water than grass^ because of the greater root deptho 
The lesser soil moisture deficiency under grass results in less 
demand for replenishment from following storms and more surface 
runoff or groundwater recharge. 

Many of the observations of differences in infiltration 
rates and in flood peaks between tree covered and grass covered 
catchments can be accounted for in terms of the difference in 
antecedent moisture conditions which result from the different 
moisture deficiencies produced by trees and grass. 

( i i i ) Infiltration: 

The profile of water infiltrating into a soil mass 
consists of a saturated zone in the surface layers of soil and 
an unsaturated zone between this and the wetting front. It i s 
clear that entry of water through the surface of the ground is 
rarely the controlling influence on infiltration« The 
unsaturated zone below the saturated surface region is the factor 
controlling infiltration after the high initial rate is passedo 

Cultivation and other practices which affect the 
surface have little influence on the body of the soil which 
controls the long-term infiltration rate. The major factor 
which affects this part of the infiltration pattern is ante-
cedent moisture the higher the initial soil moisture, the 
lower is the infiltration rate in the unsaturated zone. 
Thereforep the major types of land use which affect infiltration 
appear to be practices such as fallow which reduce évapotrans-
piration loss and keep soil moisture at high levels; and 
differences in total water use, such as between trees and grass, 
which result in different soil moisture deficiencies at the 
end of a dry period. 



228, 

Some studies on loare soil suggest that surface 
sealing due to raindrop impact may be of importance in controlling 
infiltration, by reducing the rate of entry of water into the 
soil. It is emphasised that when the surface is bare of 
vegetation,- there is no transpiration loss of water from the 
soil, and antecedent moisture levels will generally be higher 
than those in a soil covered by trees or grass, with subsequent 
lower rates of infiltration and less abstraction from following 
storms-- The dominant role of antecedent moisture complicates 
the results of studies on surface sealing and similar factors,, 
but little attention has been paid to this in the studies which 
have been made. 

Modern infiltration theory provides a basis for 
understanding the process of infiltration into a soil column^ 
The use of computers has enabled the development of methods for 
handling infiltration into layered soils of different properties, 
and for simulating the complex patterns of wetting and drying 
which occur in natural rainfallsc However, no studies to date 
have approached the complexities of a natural catchment where 
there is continuous variation in surface slope^. soil depths 
soil properties, évapotranspiration lossc drainage opportunityn 
and even the rainfall input » 

Infiltration is usually considered in three separate 
ways - as infiltration into a soil column based on modern 
theory; as infiltration curves derived from infiltrómeter 
experiments; and as loss rates on whole catchments derived from 
rainfall and runoff records^ There are substantial and 
significant differences between the results of infiltrómeter 
experiments and loss rates from whole catchments. The 
application of irafiltration theory to the behaviour of whole 
catchments has not yet progressed to the point of explaining 
the difference or providing a basis for evaluating the effects 
of change in land usee 

At the present time, it appears that two further 
developments will be needed before the effects of land use on 
infiltration on a whole catchment can be reliably assessed. 
The first development will be to al.low for the effects of 
different plant types on antecedent soil moisture conditions, 
according to the different patterns of moisture extraction for 
transpiration use ,. The second will be to allow for the 
considerable variation which occurs over a catchment in such 
factors as the properties of the soil mass, rainfall 5 surface 
topography^ évapotranspiration demand, and drainage opportunityr 

(iv) Depression and Detention Storages 

The major difficulties in the study of depression 
and detention storages is the lack of any definition as to what 
constitutes the storages, and the lack of any systematic method 
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of measurement of either of them- On the small scale, some 
attempts have heen made to measure "random roughaess" of the 
ground surface^ and to assess the increase in depression 
storage created hy cultivationr On the large scale, a few 
particular examples have heen studied, e.g- the effects of 
drainage of natural depressions on flood flows. However., no 
systematic study of these components of the hydrological 
cycle have "been made. 

G-enerally, it seems that depression storage does 
not have a major effect on the water yield of a catchment, 
contrary to what might he expected. Catchment studies of 
the hydrological effects of soil conservation programmes show 
that contour hanks and terraces have no systematic effect on 
water yield, whereas practices such as fallow or reforestation 
that influence évapotranspiration loss have evident and 
consistent effects on yieldo On small catchments in low run-
off areas, a substantial amount of depression storage such 
as in farm dams must influence the water yield: hut extensive 
investigations in hoth the U.S.A. and the U.S.S.Ro have failed 
to show any significant effects on the yield of large 
catchments o 

Many studies have shown that transmission loss in 
stream channels can result in substantial abstractions from 
streamflow. On small catchments, this is prohahly a 
significant factor affecting the water yield. However^ on 
large catchments, the accretion to groimdwater from this 
loss can reappear as hase flow further downstream in some 
circumstances. The size of catchment is important in 
determining whether such factors are important or not. 

Detention storages are most important in medium to 
large catchmentso Flood detention dams are commonly used in 
the Small Watershed Program of the U.S. Soil Conservation 
Service to mitigate flood damages immediately downstream of 
the structures. On large catchments, detention effects of 
storage in the river channel are important in determining 
the hydrograph shape and flood peakso Improving the channel 
efficiency hy clearing and straightening can reduce flood 
peaks in the treated section^ although the treatment may 
simultaneously result in increased flood peaks immediately 
downstream of the sectionr. 

There is sufficient knowledge of hydraulics 
available to determine the effects of detention storage on 
flood peaks on large catchments^ using well-established 
routing techniques. There is not enough knowledge available 
to predict with accuracy the effect of depression storage on 
the water yield of small catchments:. 
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(v) Evapotranspirati on 

There is a good deal of information availa"ble 
concerning the rate of évapotranspiration from a grassed 
surface when the soil moisture levels are high and water is 
freely available to the plant so Information comes from 
theoretical studies of the energy available for evaporating 
water, from input-output studies of the water "balance of 
catchments, from lysimeter studies^ and from a number of 
empirical correlations with meteorological parametersc 
However ; there is much less information available concerning 
the évapotranspiration from a tree-covered area, and no data 
at present on which to base calculations of the likely 
difference in water use between trees and grass. 

There are further complications on large 
heterogeneous areas such as natural catchmentso Variations 
in slope and aspect can result in substantial differences in 
the incoming energy and produce different rates of 
évapotranspiration. Further to this, natural climatic 
patterns can produce repeated periods when soil moisture is 
depleted and is no longer freely available for use by plants 
at potential évapotranspiration rateo This reduction of 
the actual rate of water use below potential rate is very 
important in the water balance of catchments in regions where 
average annual evaporation is greater than two-thirds of 
average annual precipitationo 

Because the root depth of grass is generally less 
than the root depth of tree ŝ  there is less total moisture 
available to the grass, and actual évapotranspiration rate 
of grass is reduced to less than potential rate much sooner 
than occurs with a tree-covered area^ The difference can 
cause significant differences in the water balances of grass-
covered and tree-covered catchment so 

Two points have become clear in this review of 
inform.ation on évapotranspiration» First; the theoretical 
basis for calculating water loss from a variety of surfaces, 
when water is freely available, is in advance of the 
available data^ There is a need for extension of field 
measurements to forested areas ; including mixed communities 
of natural forest.̂  in order to provide a basis for comparing 
different land uses such as grassed areas and forests,> 

Second, there is a need for more study of the 
reduction in actual évapotranspiration rate below potential 
rate as soil moisture levels fall below field capacity. 
There are differences in the opportunity for water use 
caused by difference in root depths of plants; and there may 
be other contributing factors such as the ability of some 
plants to conserve water when the supply is limited by 
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closing their stomatao Some limited experimental results are 
available "but, generally, the allowances made for these 
effects in current catchment water balance studies are still 
largely speculative^ 
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CHAPTER 9 

MATHEMATICAL MODELS FOR EVALUATING-
EFFECTS OF CHANGE IN LAND USE 

9.1 INTRODUCTION 

Linsley (refo 1) has presented an excellent review 
paper whicli traces developments in rainf all-runoff analysis 
over a period of 300 years, from the first measurements 
which showed that rainfall was sufficient to account for the 
volume of streamflow, to modern techniques of simulating the 
water balances of catchments in hourly time intervals, 

Linsley draws attention to the change from simple 
empirical relationships between rainfall and runoff to the 
period of modern hydrology which hegan in the 1930^s with 
the work of Horton and Sherman» To quote from Linsleys 

"Horton's paper on ^The Role of Infiltration in the 
Hydrologie Cycle^ and Sherman^s paper 'Streamflow 
from Rainfall "by the Unit-G-raph Method* represent 
together a milestone in hydrology. On the "basis 
of these two important papers, hydrologists "began 
to think in terms of a two-phase process. The 
problem cf calculating the volume of runoff from 
rainfall was separated from the problem of 
defining the time distribution of the runoff at 
the gauging station. This separation of the two 
processes made it possible to look at the total 
system in a logical way and terminated the need 
for empirical relationships between rainfall and 
flood peak with drainage area being the primary 
parameter e" 

This separation is still relevant in analysis today« 
The problem of making an accurate assessment of the water 
balance to determine the amount of runoff which occurs, 
either as surface flow^ interflow, or groundwater flow, is 
most commonly considered as a separate problem to the effects 
of detention storage and travel time that determine the 
outflow hydrograph shape from the pattern of excess rainfall« 
Developments in the two aspects are considered in the 
following sections. 

Mathematical models of water quality most commonly 
require a runoff simulation model to determine flow as the 
basis for determining movement of pollutantso Water quality 
models are reviewed in the section following the runoff and 
groimdwater models, 
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9o2 MODEI^ OF WATER YIELD 

Linsley (ref. 1) has traced developments in estimat-
ing rnnoff from the paper on infiltration by Horton (ref. 2) 
in 1931, to the preparation of the computer simulation models 
at Stanford. 

Following Horton*s paper, a great deal of research 
and field measurement of infiltration was undertaken. One 
approach was the direct measurement of infiltration rates from 
infiltrómeter experiments on small plots; another was to 
analyse rainfall and runoff data from flood-producing storms 
to calculate an average rate of infiltration during each 
storm. Results were found to vary widely and there were 
significant differences between results from the two methods o 

The practical application that showed up the 
inadequacies of the infiltration approach was flood 
forecasting. This work is a prime example of the two phase 
nature of the runoff processes - first determining the amount 
of losses from storm rainfall, and then translating the 
pattern of excess rainfall into an outflow hydrograph which 
defines the peak flow rate o Hydrologists of the U.Se Weather 
Bureau found the unit hydrograph concept was an adequate 
technique for determining the hydrograph sh^e on areas of 
1000 square miles or less. However, the infiltration approach 
proved to be quite unsuited to forecasting tlie amount of 
runoffc 

Antecedent moisture conditions were found to be one 
of the major factors determining the amount of runoff from a 
storm and led to the development of "antecedent precipitation 
indices" (AoP.I.) (see ref. l|)o This factor, combined with 
total storm rainfall^ storm duration in hours, and a week-of-
the-year parameter, in a graphical multiple regression 
relationship, provided the first reliable basis for operational 
flood forecasting. 

In its simplest form; the AePoI. model has a single 
store to represent the moisture holding capacity of a 
catchment. The moisture in store is depleted on a daily 
basis by multiplying with a constant (value usually about 
0.85 to Or98)p then adding the daily rainfall for the day 
consideredo When the daily rainfall is sufficient to exceed 
the current moisture deficiency, runoff is assumed to occur, 
either as a direct amount of excess or as determined by the 
multiple regression method. Table I illustrates a sample 
calculation using a catchment storage capacity of inches, 
and a value of Oo9 for the multiplying factor o 
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TABLE I 

Antecedent precipitation index model 
Capacity = 1+cOO inches; coefficient = 0.9; 

starting from saturation, i.e« S = U.OO 

Day 
Rainfall 
(inches) 

Soil Moisture 
Level 
(inches) 

Runoff 
( iiiches) 

1 3 c 6 0 -

2 - 3.2k -

3 - 2 o 9 2 -

h 0 . 0 5 2o63 -

5 - 20I4-I -

6 0.50 2 . 6 7 -

7 2 „ 0 0 i4-o00 o . u o 

8 1 oOO U . o o O060 
9 O0IO 3o70 -

1 0 - 3o33 -

11 — 3o00 -

With hand calculations prior to the advent of 
electronic computers, long term water "balance calculations on 
a daily "basis were possible hut only with simple storage 
structures and very few calculations for each day^ Digital 
computers were introduced into hydrology during the 1950*s 
and "by I 9 6 O , the speeds of the largest computers were already 
faster than manual or electro-mechanical calculating speeds 
"by four to five orders of magnitude. This introduced not 
only faster ways of performing older methods of analysis hut 
also completely new methods of attacks 

The most significant new method was the digital 
simulation of the hydrological cycle hy Crawford and Linsley 
(refs. ^y means of the Stanford Watershed Model, This 
model is a moisture accounting procedure, using hourly 
rainfall and daily évapotranspirations as input, and computing 
hourly streamflows as output. When a catchment receives snow, 
the model contains a subroutine which! keeps an account of 
snow on the ground and calculates the rate of melt (Anderson 
and Crawford, ref. 10). The water melted from the snow is 
fed into the model and treated as precipitation^ 

All water entering the catchment is accounted for 
until it evaporates, infiltrates to groundwater or enters a 
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channel as rimoff. The computer programme routes the runoff 
from where it enters tributary channels to the outlet for 
which the hydrograph is being determined. 

In its initial form, the model reciuired very complex 
information describing the characteristics of the catchment in 
order to operate. Numerical values were needed for 32 constants 
and three arrays, these being 28 constants describing physical 
characteristics of the catchment, four constants to specify 
initial moisture conditions, and arrays to describe infiltration 
characteristics, interflow characteristics, and channel routings 
Reports by Anderson and Crawford (ref. 10) and James (refs. 
12, 13) have tabulated values for specific catchments, but 
trial-and-error adjustment to fit observed runoff is still 
necessary. 

In later versions of the model, the operational 
data were simplified but the model is still complex and 
difficult to use. The writer knows of three independent 
attempts to use the Stanford model in Australia which finally 
lapsed because of this operational difficulty. It would be 
fair to report that the Stanford model has been used very 
little away from its point of development, even though it has 
been the inspiration for much other work. The operational 
difficulty probably accounts a great deal for this 

Following the Stanford watershed model, there have 
been a number of other models developed in the UoSoAo The 
best-developed and most-reported of these is that by the U.S. 
G-eological Survey (see refs» 1i|-17). The model is impressive 
for its application to flood frequency studies in contrast to 
the applications to yield estimate of most other models; 
however, the most impressive aspect is the study of parameter 
sensitivity (see refs« 15? 16)« 

An important innovation has been incorporated into 
a model by Huggins and Monke (refs. 18-20) at Pupdue 
University. They sub-divide a catchment into a number of 
small elements by a square grid network. The maximum number 
of elements is apparently unlimited, but each element must be 
small enough to represent a single component with uniform 
slope, aspect, vegetation, etc. Six processes are simulated 
for each element - interception, infiltration, interflow, 
depression storage, surface detention, and surface runoff. 
To date the model has been tested on two small (two acre) 
areas with reasonable successo 

In Australia, a comprehensive review of methods 
available for estimating catchment yield was made by Ayers 
(ref. 21) in 1962, A more recent review of methods suitable 
for small rural catchments was made in I968 by Laurenson and 
Jones (ref. 22) and this includes a review of runoff process 
models .•, 
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Two models developed in A u s t r a l i a have proved t o iDe 

f a i r l y s u c c e s s f u l . The Commonwealth Bureau of Meteorology 
deve loped an i n i t i a l l o s s - l o s s ra te - unitgraph model f o r 
f l o o d f o r e c a s t i n g ^ An antecedent p r e c i p i t a t i o n index i s 
c a l c u l a t e d d a i l y and t h i s has heen r e l a t e d t o i n i t i a l l o s s 
(see r e f . 2 3 ) . When the i n i t i a l l o s s i s s a t i s f i e d ^ r u n o f f i s 
assunBd t o b e g i n . A s i n g l e value of l o s s r a t e i s subtrac ted 
from f o l l o w i n g r a i n f a l l in s ix -hour time p e r i o d s and the 
r a i n f a l l e x c e s s i s then t r a n s l a t e d into f l o o d peaks and r i v e r 
h e i g h t s at downstream l o c a t i o n s c 

The other model, which was designed t o simulate 
catchment water balance to est imate d a i l y volumes of sur face 
r u n o f f , i s that by Boughton ( r e f s . 2 5 - 2 7 ) . This model was the 
f i r s t d e t a i l e d s imulat ion of the water ba lance of catchments 
to be made on a d i g i t a l computer in Austra l ia» B a s i c a l l y , the 
model i s composed o f a number of moisture s t o r e s with opera t ing 
r u l e s to govern the movement of water i n t o , out o f , and between 
the s t o r e s . Dai ly r a i n f a l l s and monthly evaporat ion data are 
used to est imate d a i l y volumes o f r u n o f f -

Since development, Boughton^s model has been t e s t e d 
under a wide v a r i e t y o f c o n d i t i o n s . I t was amended to inc lude 
a groundwater f l o w component and used to generate a s y n t h e t i c 
f l ow r e c o r d on the Darwin River f o r design of a dam to 
supplement the Darwin water supply ( r e f r 2 8 ) . I t has been 
adopted by the Hunter Va l l ey Research Foundation f o r study o f 
the water r e s o u r c e s in the Kingdom Ponds - Dartbrook catchments 
of the Upper Hunter V a l l e y ( r e f . 2 9 ) . At the present t ime, 
the Aust ra l ian Water Resources Counci l i s t e s t i n g the model on 
a large number of Austra l ian catchments as p a r t of a r e s e a r c h 
p r o j e c t on both y i e l d and f l o o d f l o w es t imat ion on small rura l 
catchments. The model developed f o r the Counci l f o r ana lys i s 
of data from the Aust ra l ian r e p r e s e n t a t i v e b a s i n network ( see 
Chapman, r e f . 30) has the same b a s i c s t ruc ture as the Boughton 
model with the operat ing r u l e s developed to use time p e r i o d s 
l e s s than one day during storm p e r i o d s . 

Jones ( r e f . 3 0 î -̂S made a d e t a i l e d examination of how 
the va lues o f parameters in the Boughton model might be 
determined from f i e l d measurementsc He s i m p l i f i e d the model 
structure^, der ived i n t e r r e l a t i o n s h i p s between some of the 
v a r i a b l e s , and t e s t e d h i s c o n c l u s i o n s on f o u r catchmentso 

In New Zealand, the model has been s u c c e s s f u l l y 
app l i ed to f i v e small catchments ( r e f . 2? ) and i s now be ing 
developed f u r t h e r at the Un ivers i ty o f Otago f o r study of the 
Upper T a i e r i catchment (Hutchinson, persc comm. I 9 6 9 ) . In 
the United Kingdom^ Murray ( r e f . 3 2 ) has used the model in a 
study of the Brenig catchment, and the Devon R iver Author i ty 
has used the model to provide in format ion on runo f f f o r a 
S e l e c t Parliamentary Committee (Herbert , p e r s . comm. 1968)0 
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Two other models.; one deve loped in A u s t r a l i a and the 
other t e s t e d here , should he mentioned. B e l l ( r e f o 33) 
deve loped a runo f f model and t e s t e d i t with data from a 6 0 -
acre catchment in the Lidsdale State F o r e s t . To d a t e , the 
model has no t heen a p p l i e d to any other catchmento 

An American procedure which has "been more w i d e l y 
t e s t e d in A u s t r a l i a (hut with l e s s s u c c e s s ) i s the r u n o f f 
curves method developed hy the U.S, S o i l Conservat ion S e r v i c e 
( r e f o 3 5 ) , The a p p l i c a t i o n of th i s method f o r es t imat ing 
r u n o f f from ungauged catchments in A u s t r a l i a has heen d i s c u s s e d 
a great deal in the l i t e r a t u r e , but the one major t e s t which 
has "been made gave d i sappo int ing r e s u l t s . 

This t e s t was c a r r i e d out hy the Snowy Mountains 
H y d r o - E l e c t r i c Author i ty which analysed 18 s t a t i o n years of 
r u n o f f data from s i x farm dams and one r e s e a r c h catchment in 
Queensland ( r e f . 3h)o I t was fornid that the method 
c o n s i s t e n t l y underestimated the occurrence of r u n o f f , c o r r e c t l y 
p r e d i c t i n g only 57 o c c a s i o n s out of 179, and in es t imat ing 
runo f f magnitude, the e r ro r in n e a r l y h a l f of the der ived 
r u n o f f s was ahout 80% or g rea ter » This method i s c u r r e n t l y 
he ing t e s t e d on a wider range of catchments as par t of the 
A u s t r a l i a n Water Resources Counci l r e s e a r c h p r o j e c t on y i e l d 
and f l o o d f l o w s from small rura l catchments. 

9o3 MODELS OF THE RUNOFF HYDROGRAPH 

Many developments in hydrograph ana lys i s arose from 
the un i t hydrograph concept introduced hy Sherman ( r e f , 3 ) . 
The uni t hydrograph concept has heen the sub je c t of many 
papers - too many to l i s t in d e t a i l here - hut some of the 
major steps in development can he c i t e d . 

Snyder ( r e f . 3 6 ) was the f i r s t t o r e l a t e parameters 
of the u n i t hydrograph to p h y s i c a l c h a r a c t e r i s t i c s of the 
catchmento G-ray (refSo 37? 38) a l so developed r e l a t i o n s h i p s 
of this type . Others have expressed the unit hydrograph shape 
in terms of catchment shape and s l o p e s , e .go Clark ( r e f « 3 9 ) 
proposed the concept of the uni t hydrograph as a routed time -
area diagram of the catchment. 

In 1958, Nash ( r e f , î O) presented h i s c oncept of the 
un i t hydrograph as the end product of a s e r i e s of s u c c e s s i v e 
l inear s t o r a g e s in the catchments His work was f o l l o w e d hy 
Dooge ( r e f , ) in 1959? who used l i n e a r s t o rages i n t e r s p e r s e d 
wi th time d e l a y s . Laurenson ( r e f . U2) rev iews these models in 
a study o f r u n o f f r out ing methods o f hydrograph synthes i so 

The un i t hydrograph concept i s hased on a premise of 
a l i n e a r input -output r e l a t i o n . This ha s i s has heen the 
s u b j e c t t o a c o n s i d e r a b l e amount of t h e o r e t i c a l a n a l y s i s . The 
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paper "by Amorocho (ref . U,3) is typical of the attempts to 
introduce non-linear methods into the analysis of hydrologic 
systemso 

The hasic flow equations of continuity and 
momentum provide a "basis for exact analysis of the flow in^ 
channels, and recent work such as that described hy Machmeier 
and Larson (refo kU) has been directed towards use of these 
equations for routing unsteady flow through the channels 
network of a catchment. The model developed hy these authors 
can "be used to examine the effects of slope, roughness, and 
cross-section of the channel on hydrograph shape. However^ 
studies of the effects of change in land use on hydrograph 
shape are very few., 

Linsley (ref . 1) makes the point that, if the water 
balance part of a catchment model is effective and produces 
an accurate time distribution of runoff increments^ then a 
relatively simple storage routing procedure is sufficient to 
reproduce the hydrograph with considerable accuracy. On the 
other hand, if the storage and retention on the surface and 
the infiltration losses are not correctly modelled, then it 
is impossible to reproduce the hydrograph. Linsley says: 

" I t is probable that the nonlinearity indicated by 
many analyses of stream hydrographs is as much a 
result of incorrect assessment of the runoff 
increments and improper treatment of the division 
between surface runoff and interflow as any other 
possible causes . " 

The International Hydrology Symposium held September 
6-8, 1967 at the Colorado State University, Port Collins^ 
includes many reports of hydrograph models in the 82 papers 
presented. Proceedings of the symposium have been published 
by the university. The diversity of current approaches to 
hydrograph synthesis is well illustrated in these papers. 
The current approaches are not reviewed in detail here as 
progress in this f i e l d has not developed to the stage where 
the effects of changes in depression' and detention storages 
caused by changes in land use can be realistically modelled 
with any accuracy. The reader is referred to the proceedings 
of this symposium for an up-to-date coverage of hydrograph 
models. 

GROUKDWATER MODELS 

Because of the complex boundary conditions which 
generally occur in nature, analytical solutions to the 
behaviour of groundwater systems are rarely feasible . Prior 
to 1950, analogues were frequently used to model groundwater 
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systems and these are st i l l common today, Tîie I . A. S .H . 
symposium on Use of Analogue and Digital Computers in 
Hydrology (ref . k- )̂ in I968 descri"bes a numlDer of analogue 
models. Detailed reviews of analogue methods aad models 
have he en made hy Karplus (ref , k ^ ) , Bouwer (ref , U7) and 
Lawson and Turner (ref . 5 0 » 

With the advent of digital computers, it became 
possible to use digital simulation models with numerical 
methods of analysis instead of analogues. Pilgrim ( r e f , i+8) 
has reviewed the use of digital models for regional ground-
water studies, as distinct from the hydraulics of single 
hores or wells5 and his paper includes a bibliography of 35 
reports. Pilgrim reports that digital models can simulate 
complex f ield situations with good accuracy, even though 
models of regional groundwater have undergone only a few years 
of serious development. Digital models already appear to have 
some advantages over electric analogues and the advantages 
seem certain to increase in the future, 

Geiger and Hitchon (refo k9) have given a detailed 
review of the requirements of a groundwater study in a 
research catchnent, and their paper includes a bibliography 
of 66 relevant reports. Toth (ref . 50) has made a detailed 
theoretical analysis of groundwater flow problems in small 
basins » 

9 . 5 MODELS OF WATER QUALITY 

Concurrent with developments in mathematical models 
of streamflow, there has been considerable development in 
recent years in the modelling of water quality in rivers and 
estuaries o Models vary according to the different types of 
pollution being analysed^ e^gc Raid et al (ref,. 5 3 ) 
developed models for four classes of pollution, characterised 
as s 

i , biodegradable (organic oxygen demanding 
substances); 

i i . nutritional (plant nutrients, particularly 
nitrogen and phosphDPOus); 

i i i . persistent chemicals (salts , pesticides) ; 

iVp thermal. 

Their models were used to estimate treatments and 
dilution requirements for pollution loads in 22 river basins 
in the U . S . A . for the years I98O, 2000 and 2020. 
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Thomaim, O'Connor and DiToro (ref. 55) have reviewed 
the state of the art of constructing mathematical models of 
water q.uality. Thomann (ref. 56) originally investigated the 
problem in the Delaware Estuary in the U.S.A. and developed a 
general mathematical approach to the problem of describing time 
and space variations of dissolved oxygen in a river. Using 
this model, Thomann and Marks (ref. 57) formulated a linear 
programming model to determine what combinations of waste 
treatments should be made to secure the required water q^uality 
standards at minimum overall cost. Graves, Hatfield, and 
V/hinston (ref. 58) extended this model of the Estuary to 
include by-pass piping of water. A number of other papers 
have described the modelling of this project (see refs. 67-73)* 

Models of dispersion in natural streams are concerned 
with determining how concentrations of a waste change with 
distance downstream from the source. Models of the 
longitudinal dispersion process date from the work of Taylor 
(ref6 61) and Aris (ref. 62), but the dispersion coefficients 
found in natural streams are much larger than predicted by 
their analyses. Fischer (refs. 63, Gh) has shown that some 
of the variation in the dispersion can be explained by the 
effect of transverse velocity gradients. 

Schnelle, Thackston, and Krenkel (ref. 65) describe 
an improved model of dispersion in turbulent streams from 
work by Hays (ref. 66) which divides the stream into a main 
zone and a stagnant or dead zone. Thackston and Krenkel 
(ref. 59) have reviewed available information and methods for 
evaluating longitudinal mixing coefficients. These authors, 
together with Hays (ref. 60) have proposed a least squares 
procedure for estimating the coefficients= 

O'Connor (ref. 7U) has presented a comprehensive 
discussion of the factors that influence the dissolved oxygen 
of streams. Loucks and Lynn (ref. 75) have developed 
mathematical models for predicting the probability 
distributions of minimum dissolved oxygen downstream from a 
waste source, based on assumptions of streamflow and waste 
concentration and magnitude. Thayer and Krutchkoff (ref. 76) 
have developed a stochastic model that produces a probability 
distribution for both BOD and DO at points downstream from a 
waste source. 

Some of the largest models have been developed for 
the problem of managing salt in whole river valleys where 
irrigation development has created major concentrations of 
saline waste water. A review of the principles and problems 
of salt balance in river systems is given by Pillsbury and 
Blaney (ref. 78). Orlob and Woods (ref, 80) describe a very 
detailed model for the Sacramento River in California which 
was based on an earlier study for the Lost River (ref. 79)o 
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The Sacramento river system is comprised of 21 

separate irrigation units. Modelling included water storage 
in surface streams, soil moisture, and groundwaterc Orlob 
and Woods list the important requirements of a water quality 
model asî 

i. compatahility with a dynamic hydrologie model 
of the same system; 

ii. facility for accommodating time-dependent decay 
functions; 

iiio facility for time-delay of quality constituents 
"brought about by interaction with the physical 
media through which the constituent must pass. 

It was envisaged that their model will ultimately 
possess the capability for describing the fate of both 
conservative and non-conservative pollutants, particularly 
pesticide residues, within complex hydrologie environmentso 

Giglio et al (réf. 5U) give a qualitative 
description of the use of systems analysis for regional 
planning of waste management. Loucks (refo 77) also discusses 
the advantages and limitations of a systems approach for 
planning rational water pollution control policies« The main 
objective of a systems approach is usually to minimise 
overall cost. The two main types of economic models which 
have been applied to water quality systems are dynamic 
programming and linear programming^, 

Shih and De Pilippi (ref, 81) have formulated a 
dynamic programming model to minimise the total costs tc 
water users and waste producers in a river system« The model 
handles both conservative wastes, which are not chan.ged 
appreciably in a river except by dilution, and non-conservative 
wastes which are degradable biologically. Liebman and Lynn 
(refc 82) have developed a dynamic programming model for 
minimising the cost of providing waste treatment to me e t 
specified dissolved oxygen standards in a stream. They apply 
the model to a simple example based on data from the 
Willamette River in Oregono 

Revelle, Loucks and Lynn (refo84) prepared a linear 
programming model for the same Willamette River example, and 
compared the results with the dynamic programming solution. 
The two techniques yielded essentially the same result. 

The linear programming model of the Delaware 
Estuary has been previously mentioned (refs. 68-71)« An 
alternative approach was tried by Dornhelm and Woolhiser 
(ref. 73) who dei^eloped partial differential equations tc 
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d e s c r i b e the unsteady, one-dimensional mixing process in an 
i d e a l i s e d , homogeneous, l inear ly -expanding estuary . An 
attempt was made to v e r i f y the r e s u l t s using data from the 
Delaware estuary hut the r e s u l t s obtained were poor» 

G-enerally, as much i f not more success has heen 
a t ta ined in the development o f water q u a l i t y models compared 
with r u n o f f models. In A u s t r a l i a , not much use has been 
made of water q u a l i t y models u n t i l very r e c e n t l y . Currently 
0 9 6 9 ) J the Local Govemmant Department of Queensland i s 
i n v e s t i g a t i n g the use of mathematical models f o r analys ing 
data from water q u a l i t y surveys which are "being made in some 
50 r i v e r s extending from the southern "border to north of 
Cairns ( r e f . 83)-^ In South A u s t r a l i a , modell ing of s a l t 
movement in the lower Murray River i s "being undertaken. Use 
and a p p l i c a t i o n of water q u a l i t y s imulation models i s s t i l l 
much l e s s than o f r u n o f f models. 
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CHAPTER 10 

CATCHMENT MANAGEMENT LEGISLATION 

10 .̂1 INTRODUCTION 

Control over a water supply p r i o r to i t s distr i "bution 
f o r use may "be exerc i sed in 3 ways - c ontro l over tlie use of 
land in the catchment provid ing the supply; f o reshores 
p r o t e c t i o n or contro l over the land immediately adjacent to 
the r i v e r bank or edge of stored water; and cont ro l over 
access to and use (usual ly r e c r e a t i o n a l use) of the s tored 
water in damsc 

The contro l over land use in catchments f o r 
p r o t e c t i o n of a water supply i s the aspect most re levant to 
this p r o j e c t . The cont ro l may "be exerc i sed f o r a number of 
reasonsc The p r i n c i p a l o b j e c t i v e i s usual ly to c ont ro l water 
q.uality and prevent po l lu t i onc The second purpose is most 
commonly to mitigate s o i l eros ion and sediment production^ 
Problems of stormwater drainage can "be d i f f i c u l t in 
su"bur"ban areas and there i s a good deal of l e g i s l a t i o n r e l a t e d 
to th i s aspecte Very l i t t l e administrative concern i s given 
to aspects of land use which may a f f e c t the quantity of water 
y i e l d o f a catchmento 

The catchments in which land use i s of most 
s i g n i f i c a n c e and concern are those providing town and c i t y 
water supplieso Many a c t i v i t i e s which would pass unnoticed 
in the catchment of a dam providing i r r i g a t i o n suppl ies or 
water f o r power generation are s t r i c t l y excluded from 
catchments used f o r metropol itan water suppl ies , Generally 
the p r i n c i p a l concern in catchments f o r i r r i g a t i o n or power 
generation i s that of eros ion c o n t r o l . In catchments f o r 
town and c i t y water suppl ies , p o l l u t i o n c o n t r o l i s paramounto 

Rural land use involves many a c t i v i t i e s which 
a f f e c t the qual i ty of runof f water to a s i g n i f i c a n t degreeo 
Pig farming i s regarded as a high r i s k a c t i v i t y in water 
supply catchments because of the daager of p a r a s i t i c 
i n f e c t i o n s . Dairying and poul try farming are a lso troublesome 
because of the high concentrat ions of animal wastesc 

In recent years , leaching of nutr ients from 
a g r i c u l t u r a l lands has become a problem of p r a c t i c a l 
importancec F e r t i l i z e r s washed from farms in the Brisbane 
River catchment have caused p r o l i f i c growths of the diatom 
Synedra at the pumping s i t e f o r Br isbane 's water supply. 
These organisms produce an unpleasant taste in the water and 
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also rapidly Llock the water filterso In Western Australia, 
serious algal and sponge growth in the main conduits from 
Mundaring weir to the goldfields have been attributed in part 
to the use of fertilizers on farming properties abutting the 
v̂ ratercourse above the weir. Algal blooms have also caused 
problems in the Millbrook Reservoir on the Torrens River 
near Adelaide and also in storages in Victoria and in 
New South Wales. 

Many water supply authorities have been given 
statutory control over the farming activities which may be 
carried out in the catchments with which they are concerned. 
However, mining leases have on occasion been granted in water 
supply catchments against the wishes of the supply authority. 
In Western Australia, there are bauxite mining leases in the 
catchments providing water supply to Perth. In addition to 
any deleterious effect these may have on the water quality, 
some leases have encompassed experimental catchments previously 
established for research purposes. 

The Tomago sand beds which provide part of 
Newcastle's water supply contain rutile to the value of some 
tens of millions of dollars, and a number of mining leases 
have been granted over fringe areas of the water supply areas. 
In the catchment of the Warragamba reservoir providing water 
to Sydney, open cut limestone quarrying has recently been 
permitted at Colong. There are coal mines on the foreshores 
of this storage and silver mining at Yerranderie- Grant 
(ref. 26) describes some of the provisions of the N.S.W. 
Mining Act, I906, under which these activities are carried 
out. 

In the time available for this project, it has not 
been possible to trace and review all legislation relevant to 
the effects of rural land use on water supplies. The 
situation varies from state to state and often there is over-
lapping legislation, particularly in connection with 
pollution of water_ However, the information which became 
available dioring the project has been set out in the following 
sections of this chapter on a state-by-state basis, to 
illustrate the types of legislation relevant to catchment 
management and the variety of controls which exist. A short 
review of legislation in the U.S.A. and in New Zealand is 
also provided to give some perspective to the Australian 
information. Horsfall (ref. 32) gives a description of the 
city water supply practices in I3 British and European 
cities with details of the administration of the reservoirs 
and the catchments. 

Two other studies should he noted. During I969, 
a Select Senate Committee of the Federal Parliament was 
conducting hearings relevant to water pollution in Australia. 
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A prime concern of the Committee was the esisting legislation 
relevant to pollution control. The Committee is expected to 
present its report to the Senate during 1970 and this will "be 
a comprehensive and authoritative statement of the problems 
and existing legislation thro-aghout Australia. In addition, 
a review of water law in Australia is "being prepared for the 
Australian Water Resources Council, hy Mr. Clark, Senior 
Lecturer in the Law School of Melbourne University. 

10.2 QUEENSLAND 
Water supplies for Brisbane are drawn from the 

Brisbane River at the Mt. Crosby weir, about 18 miles by road 
from the city. The catchment area at this point is about 
iijOOO square miles. Two upstream storages help regulate the 
flow to the pumping storage. Somerset Dam; located about 80 
miles from Brisbane; is.:built across the Stanley River I4. 
miles above the confluence of the Stanley and Brisbane rivers. 
The catchment above this dam is 515 square mileso Lake 
Manchester Dam is located on Cabbage Tree Creek about 12 
miles above the Mt. Crosby pumping station and this has a 
catchment of 28.5 square mileso 

The water supply is administered by the Brisbane 
City Council which has only small control over land use in the 
UOOO square miles of catchment. The small catchment above 
Lake Manchester Dam is half owned by the Council and half is 
State forest. Access to this area is restricted. The Council 
also owns the catchment of the Brisbane River immediately 
adjacent to the pumping pond of the Mt. Crosby weir extending 
for 6 miles along either bank of the river. This area is 
leased for farming but farm operations are controlled; e^go 
pig farming is not permitted. 

The remainder of the Brisbane River catchment is 
either State forest or used for agriculture and grazingo 
Dairying is carried out along the river flats and fruit and 
vegetable crops are grown. There are several towns in the 
catchment and these contain a few butter factories and one 
abattoirc The Council has estimated that the cost of 
acquiring the catchment as a water supply reserve would 
exceed $200 millions. The total capital investment in the 
water supply works is in the order of $30 millionso 
Consequently; little control is exercised over land use in 
the catchment and the water supply is fully treated before 
distribution. 

Under the provisions of Section 120 of "The 
Metropolitan Water Supply and Sewerage Acts, 1909 to I962", 
the Council has power to take action against the pollution 
of the Brisbane River and its tributaries above Mt- Crosby 
weir. In practice- the powers are punitive rather than 
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p r e v e n t a t i v e . With an a l m o s t c o m p l e t e l y o c c u p i e d catchment<. 
i t i s poss i lDle t o p r e v e n t o n l y g r o s s p o l l u t i o n e n t e r i n g the 
r i v e r from r e a d i l y d e t e c t a b l e s o u r c e s such a s the e f f l u e n t 
f rom a f a c t o r y , b u t i t i s i m p o s s i b l e to p r e v e n t p o l l u t i o n f rom 
the whole c a t c h m e n t - Farming p r a c t i c e s which i n c r e a s e t h e 
t u r b i d i t y of the w a t e r , and l e a c h e d n u t r i e n t s f r o m 
a g r i c u l t u r a l l a n d s w h i c h c a u s e ^blooms'' o f organisms i n the 
Mt.. Crosby pumping pond, have been i d e n t i f i e d as ma^or s o u r c e s 
of p o l l u t i o n . 

The G o - o r d i n a t o r G e n e r a l of P u b l i c Works i s 
r e s p o n s i b l e f o r c o - o r d i n a t i o n of a l l w a t e r p o l l u t i o n c o n t r o l 
a c t i v i t i e s i n Q u e e n s l a n d . T e c h n i c a l a s p e c t s of p o l l u t i o n 
c o n t r o l a r e d e l e g a t e d to the Department of L o c a l Government 
which i s c a r r y i n g out c a t c h m e n t s u r v e y s i n some 50 r i v e r s to 
i d e n t i f y r u r a l s o u p c e s of p o l l u t i o n as w e l l a s t h o s e from 
f a c t o r i e s , sewerage t r e a t m e n t works^ and urban a r e a s . In 
1969, one w a t e r s u p p l y catchment had been p a r t l y s u r v e y e d , 
s u r v e y s of two more were b e i n g planaed^ and i n v e s t i g a t i o n s had 
been made i n f o u r o t h e r s - L o c a l government a u t h o r i t i e s i n 
Queensland have power to c o n t r o l w a t e r p o l l u t i o n under the 
H e a l t h A c t s , t h e C a n a l s A c t , and the Sewerage^ Water Supply 
and G a s f i t t i n g A c t s . 

The S o i l C o n s e r v a t i o n A c t of 1951 i n c l u d e s 
p r o v i s i o n f o r the d e c l a r a t i o n o f a r e a s of e r o s i o n h a z a r d i n 
c a s e s where t h r e e - f i f t h s o r more of the o c c u p i e r s of l a n d 
w i t h i n an a r e a p e t i t i o n f o r t h i s a c t i o n , or where the 
M i n i s t e r i s o f the o p i n i o n t h a t t h i s a c t i o n i s n e c e s s a r y f o r 
the m i t i g a t i o n of e r o s i o n . The R i v e r Improvement T r u s t A c t 
d e a l s w i t h works which a r e implemented f o r t h e p u r p o s e o f 
m i t i g a t i o n of damage t o s t r e a m s by f l o o d i n g and e r o s i o n , . 
When a T r u s t i s p r o c l a i m e d f o r a s t r e a m i t assumes c o n t r o l 
of c o n s t r u c t i o n a c t i v i t i e s r e l a t i n g to the stream;, and a l s o 
h a s powers f o r the r e g u l a t i o n of u n d e s i r a b l e p r a c t i c e s on t h e 
c a t c h m e n t a r e a . 

1 0 . 3 NEW SOUTH WALES 

The a u t h o r i t i e s p r i n c i p a l l y c o n c e r n e d w i t h c a t c h -
ments p r o v i d i n g town and c i t y w a t e r s u p p l i e s i n New South 
Wales are t h e M e t r o p o l i t a n W a t e r , Sewerage and D r a i n a g e 
Board i n Sydney , the Hunter D i s t r i c t Water Board c o n c e r n e d 
w i t h N e w c a s t l e ' s w a t e r s u p p l y , and the Department o f P u b l i c 
Works > 

The M e t r o p o l i t a n W a t e r , Sewerage and D r a i n a g e 
Board owns v e r y l i t t l e of the catchment a r e a s p r o v i d i n g 
S y d n e y ' s w a t e r s u p p l y a l t h o u g h i t h a s some c o n t r o l o v e r l a n d 
u s e i n the a r e a s . The major catchment i s the a r e a of 3,.^80 
s q u a r e m i l e s s u p p l y i n g Warragamba Dam. T h i s c o n s i s t s of 
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large areas of forests and agricaltural holdings with 
concentrations of population at scattered points, including 
the inland cities of G-oulhurn and Katoomha, 

Most of the catchments of the Cataract5 Cordeaux, 
Avon, Nepean, Woronora, and Bargo reservoirs are Grown 
lands; the Board owns some lands, and the remainder are 
alienated. The smaller catchments of Fountaindale Creek. 
Jerrara Creek, and Hyam's Creek consist mainly of farming 
lands -

The Board administers its catchments, other than 
the minor schemes and the much larger Warragamha catchment, 
as single purpose water supply areas® Activities which could 
cause contamination, soil erosion, or disturbance of plant 
cover are strictly controlled "by the Board under its 
statutory powers 

The Metropolitan Water, Sewerage,, and Drainage Act 
No. 50; I92U-I963, provides for the proclamation of any land 
as a catchment area. Under Section 55 of this Act. sale of 
crown land within a catchment, other than within a city, 
town or village, is not permitted. The sale of crown land 
within a village; etc. is only permissible with approval of 
the Metropolitan Water, Sewerage and Drainage Board. 

The Act provides that if a Public Authority proposes 
to grant a licence under the Forestry Act, a lease or licence 
under the Mining Act, permission or franchise under the Local 
Government Act., a licence under the Public Health Act. Dairy 
Supervision Act. Cattle Slaughtering and Diseased Animals 
and Meat Act, or Noxious Trades Act, a licence under the Water 
Act or to construct a railway under the Government Railways 
Act affecting any land within a catchment area; notice is to 
be given to the Board and any dispute may be referred to the 
Minister for settlement^ 

By-law 13 - Catchment Areas — of the Act 
provides for:-

Prevention of pollution generallyo 

Notification of certain diseases and control of 
burials. 

Control of pigsties, cowyards, etc. 

Control of trade wastes, pit and mine waters and 
refuse c 

Control of - destruction of pests 
disposal of dead animals 
slaughtering of beasts 

Control of construction of private dams 
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Control of timber cutting 

Control of straying stock 

Prevention of "bush, fires 

Control of removal of soil , rock, etc. 

Control of picnicing, camping,- disposal of 
nightsoil , etc. 

Control of sev/age treatment works^, septic tanks, 
etc. 

Tiie Cataract, Cordeaux, Avon, Nepean^ Woronora, and 
Picton catchment areas are proclaimed under Section 55 of this 
Act. Other catchments controlled "by the Board are proclaimed 
under the Country Towns Water and Sewerage Act. and under the 
Local Government Act. 

The Local Government Act of New South Wales (1919) 
provides that The Governor may, on the recommendation of the 
Minister for Public Works^ proclaim catchment districts and 
ordinances may be made applicable to the districts . These 
are generally aimed at the prevention of pollution by 
prohibition of bathing, noxious trades, burial of diseased or 
dead animals,, nightsoil or garbage. The relevant local 
government authority controlling the storage is responsible 
for policing the ordinances. The Department of Public Works 
is responsible for the catchment of the Pish River Dam.. 

The Soil Conservation Act, 1938-52.- authorised the 
constitution of the Soil Conservation Service of New South 
Wales and created the Catchment Areas Protection Board. Some 
four years earlier , an ad hoc committee of departmental 
officers knovkTL as the 'Erosion Committee' had been constituted 
to make a general survey of the extent of erosion in the State, 
A Catchment Areas Board also had been constituted under an 
amendment to the Crown Lands Act in 1935 to deal with 
applications related to the settlement of crown lands and to 
impose any necessary conditions for the mitigation or 
prevention of erosion. 

The Catchment Areas Protection Board constituted by 
the 1938 Act is authorised to determine whether Crown Lands 
in catchment areas shail De dealt with under any form of 
lease or licence and^ if so, the conditions to be appliedc 
The Board can also made recommendations to the Government for 
regulation of land use on other than Crown Lands, e.ga on the 
recommendation of the Board, the N .S .W . Government prohibited 
grazing and f iring on the country above U;. 500 feet in the 
high catchment areas of the Snowy, Murray, and Murrumbidgee 
Rivers. 
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The Soil Conservation Act of I938 constit-ated the 
catchment area of the Snowy River and its tributaries as an 
area of erosion hazard, and provision was made in the Act for 
other areas to he notified as sucho The catchment areas of 
Burrinjuck and Wyangala Dams and the N.S .W. portion of the 
catchment area of the Hume Dam were constituted under the Act 
and ahout 20 others have since "been notified. 

This Act provides a number of provisions which gives 
the Soil Conservation Service power to reciuire landholders in 
notified catchment areas or areas of erosion hazard to under-
take soil conservation work. For the most part, these 
provisions have not "been enforced, mainly "because the staff of 
the Service is fully occupied in meeting voluntary requests for 
assistance c 

The Hunter Valley Conservation Trust Act of 1950 
gives the Trust control over land use which might cause serious 
erosion in the Valley; and the Trust is empowered to compel 
landholders to undertake soil conservation works, to limit 
grazing and cultivation; to preserve timber, to destroy 
rabbits, etCc , where serious erosion threatens^ River 
improvement works in the Valley are authorised under the Hunter 
Valley Flood Mitigation Act of 1956 which gives responsibility 
for works above tidal influence to the Water Conservation and 
Irrigation Commission and works in the tidal zone to the 
Public Works Department-. 

The Water Act of I912 as amended^ which is 
administered by the Water Conservation and Irrigation 
Commission of New South Wales, is exercised mainly to regulate 
the utilization of water in rural areas. However^ the powers 
of the Act also encompass pollution of water from agricultural, 
mining, and other sources-. Section 21 .A of the Act makes it 
an offence to discharge wastes from animal yards^ cess pits, 
etCc , or to leave dead animal carcasses in the bed or waters 
of a river, lake. etc. The powers are generally exercised when 
a complaint is received by the Commission, and no general 
preventive control is exercisedo 

There are about 10 Government departments or 
instrumentalities in New South Wales exercising some authority 
related to water pollution. At the time of writing ( I 9 6 9 ) , 
there is a Bill before the New South Wales Parliament to 
provide for the control of water pollution and to establish a 
Water Pollution Advisory Committee. 

IQ.U AUSTRALIAN CAPITAL TERRITORY 

When the site of the National Capital was selected, 
the boundaries of the Territory were designed to include water 
supply catchments J notably the Cotter River catchment and the 
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Naas-G-udgenby catchments, and the Commonwealth also reg^ryecj 
prior rights over the Molongolo-Queanheyan River system which 
rises and flows for its main part in New South Wales before 
entering the Australian Capital Territory. To date only the 
Cotter River catchment has been developed for water supply 
purposes and it is also the only catchment reserved solely for 
the purpose of producing water (although som.e 10% of the area 
is under pine forest) . The other catchments are used . 
mainly for sheep farming and grazing with small populations of 
about 500 persons each. 

Control of the catchments is vested in the^Minister 
of the Interior and various ordinances related to soil 
conservation, fire control, etc. are administered by the 
Department of the Interior. An inter-departmental committee^ 
The Cotter Catchment Committee, is set up to co-ordinate 
policy on controlling the catchment and its development, but 
it has no executive power other than to advise the Minister, 
It was on the recommendation of this Committee that pine 
planting in the catchment ceased in 1961. 

10o5 VICTORIA 

Water supplies for the city of Melbourne are drawn 
from uninhabited, single-purpose catchments which are vested 
in the Melbourne and Metropolitan Board of Works. When the 
Board was constituted in 1891, existing reserves for water 
supply were vested in it and, in the years following when 
additional catchments were required,, the G-overnment gave 
similar control over the new areas to the Boards A policy of 
strict exclusion of all habitation and utilization from the 
catchments has been pursued» 

Pressure to utilize the valuable timber resources 
on the catchments resulted in an enquiry by the State 
Development Committee in 1959~^960. The f inal report of this 
Committee on 'The Utilization of Timber Resources in the 
Watersheds of the State' recommended that controlled logging 
on the catchments be permitted but the Government made no 
change to the past policy of single-purpose utilization. 

Need for additional catchment areas arose soon after 
this enquiry and a report on 'The Melbourne Metropolitan 
Future Water Supply^ was made by the Parliamentary Public 
Works Committee in 196?« Additional catchment areas were again 
given tc the Melbourne and Metropolitan Board of Works, but 
in this instance, the areas have been vested for a limited 
period cf ten years. Current research work by the Board and 
the Land Utilization Committee of Victoria will be influential 
in the Government's action at the end of the ten year period. 
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Generally, water in streams in Victoria is Grown 
property and its control for all purposes including town water 
supplies is under the administration of the State Rivers and 
Water Supply Commissione The Commission exercises its authority 
either directly hy itself supplying water to towns such as those 
in the Morning ton Peninsula and in the Castlemaine-Bendigo 
area, or through the agency of local Waterworks Trusts or 
Water Authorities constituted under the Water Act "by the 
Governor in Councilc In the Gee long district and the Latrohe 
Valley ; separate authorities , v i z , the Gee long Waterworks and 
Sewerage Trust and the Latrobe Valley Water and Sewerage 
Board respectively, have been constituted hy acts of 
Parliament; and are responsible for the usage of water resources 
in those areas with co-ordination and development "being under 
the general control of the State Rivers and Water Supply 
Commission. By I96O, I6k Waterworks Trusts and local 
governing bodies had been constituted in the State^ 

Water supply catchment areas for the coimtry towns 
are usually not under the complete control of the water 
atithority involvedc A few examples of the major towns will 
illustrate~ Ballarat is supplied with water from a total 
catchment area of 2^^200 acres, of which 6.:850 acres (28%) 
is vested in the Ballarat Water Commissioners. The Colac 
Waterworks Trust draws water from the Olangolah and West 
Gellibrand Rivers which have adjacent catchments of 255OO 
ana 3.,500 acres respectively. The Olangolah catchment is 
Crown land under the control of a Committee of Management 
comprising representatives of the Lands Department, Colac 
Waterworks Trust, and the State Rivers and Water Supply 
Commission. Some 2 ; 750 acres of the West Gellibrand 
catchment is owned by the Trust and the remaining area of 
750 acres, which was formerly alienated and cleared, has 
now reverted to the Crown and been declared a water supply 
reserve• 

The Latrobe Valley Water and Sewerage Board owns 
a buffer strip one-half mile in width around its Moondarra 
reservoir on the Tyers River . The remainder of the 105 
square miles of catchment area supplying the Latrobe Valley 
is State forest under the control of the Forests Commission, 
The town of Erica with a population of 3OO is within the 
catchment - The Pinal Report of the State Development 
Committee on the ut i l i zat ion of timber resources in the 
watersheds of the State gives a description of 25 catchments 
and the water supply authority concerned with each, 

The major control of rural land use in water supply 
catchments in Victoria is exercised by the Soil Conservation 
Authority. The soil Conservation and Land Uti l ization Act 
passed in 1950 established the Authority and also provided 
for the establishment of the Land Uti l i zat ion Advisory Council . 
The Council was given the function of advising the Minister 
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concerning the proclamation of water supply catchments in 
V i c t o r i a : The Authority , in consultation with the Council , 
determines:-

(a ) the m.ost suitable use in the public interest 

of a l l lands in catchment areas ; 

(b ) which of such lands should he permanently used 

for forest purposes and which may, without 

deterioration of or detrimental effect to water 

supply, he used for pasture, agriculture or 

any other purpose; 

(c ) the conditions under which various forms of 

land use may he permitted. 

The Chairman of the Soil Conservation Authority i s 
Chairman of the Land Ut i l i zat ion Advisory Council and other 
members are the heads of Government departments responsible 
for agriculture , forestry , lands , water supply, mines, and 
f i sher ies and w i l d l i f e . Since 1950 , thirty-four water supply 
catchments have been proclaimed and land-use determinations 
made concerning allowable use of land in part or all of 
eighteen catchments 

Victorian legislation concerned with pesticides 
and stream pollution by pesticide residues is reviewed in the 
'Report of the Committee of Enquiry appointed by the Honourable 
the Premier of V ictor ia to Enquire into the Ef fects of 
P e s t i c i d e s ' . Provisions of the Health Act and Poisons Act, 
administered by the Department of Health , concern the use of 
pesticides and agricultural poisons and the pollution of 
water supplies by residues . The recommendations of the 
Committee included the following : 

'The Fisheries Act and Stream Pollution Regulations 
under the Health Act should be extended to prevent . . . . 
any pesticides from entering a stream, except in 
approved circumstances and conditions '» 

1 0 . 6 SOUTH AUSTRALIA 

Adelaide is supplied with water from a number of 
reservoirs as well as by pumping from the River Murray. The 
reservoirs are located on the South Para River with a catch-
ment area of 88 square miles , on the Torrens River with a 
catchment area of 13^ square miles, the Onkaparinga River 
with a catchment of 172 square miles, and the Myponga River 
with a catchment of U8 square miles . All of these catchments 
are inhabited and used agriculturally for apple and pear 
production, sheep and cattle grazing , da irying , market 
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gardening, as well as pig and poultry raising c PulDlic roads 
traverse the catchment areas and small townships are located 
within them. There are reserves around each reservoir from 
which the public is excluded. 

The Engineering and Water Supply Department of 
South Australia administers the water supply undertaking. A 
permanent committee called 'The Advisory Committee on Water 
Supply Examinations' is charged with the responsibility to 
examine and make recommendations concerning measures to 
prevent pollution of the catchments. This committee is 
comprised of departmental heads in the fields of water 
conservation, bacteriology, geology, forestry, and engineeringo 
All the catchment areas are regularly policed by an Inspector 
of Watersheds under the direct control of the Chief Chemist at 
the Bolivar laboratories. His duties are to detect and 
prevent pollution of the catchments and to ensure that any 
wastes discharging into streams are to prescribed standards. 

10 .7 WESTERN AUSTRALIA 

The Metropolitan Water Supply, Sewerage and Drainage 
Board of Western Australia has approximately 1000 square miles 
of catchment area vested in it by the State Parliament for 
water supply purposes- Alienated lands within the area have 
been purchased as funds became available and owners were 
willing to sell,- and there is little alienated land on the 
catchment now in use = 

The Department of Public Works of Western Australia 
controls 2 major reservoirs which supply water to inland 
areas Mundaring Weir with a catchment of 5^9 square miles 
supplies water to the inland mining towns of Kalgoorliec. 
Boulder, etc. and to the agricultural towns and farmlands east 
of Perth. Wellington Dam with a catchment area of 1^115 square 
miles supplies water to the southern districts around Collie , 

Control of the catchment areas of these reservoirs 
is exercised through the Country Areas Water Supply Act= This 
Act provides control over land development, road construction, 
and agricultural and horticultural activities . The Department 
also pursues a policy of buying up alienated lands in the 
catchments when opportunity permitSc 

10c8 UNITED STATES LEGISLATION 

Statutory controls over water supply catchments in 
Australia vary from the complete control such as that exercised 
over the areas providing water for Melbourne, to the almost 
complete lack of control over the areas providing Brisbane 's 
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water supplyc Overseas practice tends more to the Brisbane 
example with water supplies drawn from alienated lands and 
full treatment given to the water "before use« 

Water lav/ in the U.S.A. is complex and it is 
difficult to make any reasonable summary of the catchment 
management legislation which is exercised. There are many more 
water authorities in the U.S.A, than in the same area of land 
in Australia-. A major study currently "being made of the 
integrated water supply and demand situation in the whole 
Northeastern UoSo, authorised hy Public Law 89-298 of the 
Congress, illustrates the position^ 

The area concerned includes all New England states, 
all of New Jersey, Delaware, the District of Columbia, and 
parts of New York, Virginia, and West "Virginiac In this area 
of 200,000 square miles with a population of 50 millions^ 
there are 368O water utilities including 50 water systems 
serving populations of 50,000 or more in the New York 
metropolitan area alon^ (see Kennedy, ref. l)o Caulfield 
(ref. 2) has estimated that some 1|0,000 town and city 
governments and possibly as many as 5000 private companies 
provide water supply and sewerage undertakings in the U.S.A. 

Another feature of the U.S.Ao is the multiplicity 
of laws, both State and Federal, related to watero An 
excellent outline of these laws is given by Trelease (ref. 
7). The Legislative Reference Section of the UoSo Congress 
made a study of how water resources were involved in work 
of the 89th Congress, in session from Jan, 19^5 to Oct. 1966® 
It was found that 1289 legislative measures, more than 5% of 
the total number of bills and resolutions introduced;, were 
w-ater relatedo The results are described by Schad (ref . 3, 
29) and by Krausz and Meyer (refc U)^ 

In general, most town and city water supplies are 
drawn from alienated lands which are used for timber 
production, agriculture, and recreational usOo Pollution 
problems appear to be of most concern in the statutory control 
over use of the catchments. Hamilton and Nierop (ref. 8) 
repor t: 

'In most states, the Departments of Health have statutory 
powers to control and supervise the production and 
distribution of water for domestic purposes. Under this 
authority, many community water supplies are covered by 
specific rules and regulations concerning the sanitation 
of surface waters and watershed lands from which such 
supplies are drawn.. In general, the regulations prohibit 
any activities conducive to impairment of water quality 
and prescribe methods to be employed for removal or 
correction of pollution sources'.-
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The only direct control of catchment lands "by water 
authorities appears to "be where the lands are owned "by the 
authority concerned. Even then, puhlic pressure and government 
direction have resulted; in general, in multi-purpose use of 
the lands, with recreational use rather than agricultural use 
heing of principal concern= Examples of the permitted use of 
catchment areas and the controls applied are given in a number 
of symposia in the U.S. literature (see refSo 11 j 12, 13^ 

Multi-purpose use of catchment lands is so well 
established that the principal controversy currently concerning 
recreation is whether recreational use of the reservoirs 
themselves should he permitted - a concept not much accepted 
yet in Australia. Wurtz, Dolcan and Bridges (refo 5) and 
Baumann ̂ refs. 30) report the results of nation-wide mail 
questionnaire surveys of the recreational use of reservoirs in 
the ,UoS,A. 

This aspect of catchment management legislation 
overlaps the general field of pollution control legislation, 
and the scope of this field is too wide to review here. The 
work hy Gindler (ref. 9) is a hasic text on Federal and 
State laws and regulations. The hihliography hy Jacohstein 
and Mersky (ref. 10) is also an excellent source of 
inform at ion -

The second major aspect of catchment management 
legislation in the UoSo is related to flood control, and is 
mainly Federal legislation related to funding and participation 
of Federal agencies.. The Flood Control Act of 1936 originally 
divided Federal participation "between the Army Corps of 
Engineers, who were responsi"ble for major dams on the main 
streams of river "basinŝ ^ and the Soil Conservation Service of 
the Department of Agriculture, who were responsible for land 
treatment and catchment management measures designed to 
mitigate floods and sediment productiono 

One feature of this Act was that the initiative for 
catchment protection works rested with the Federal authoritieso 
This changed in 195^ with the passing of Pu"blic Law 566^ 
otherwise known as The Watershed Protection and Flood 
Prevention. Acte. This Act deals with catchments not exceeding 
250^000 acres (approx-. 1+00 square miles) and provides for 
Federal funding of works,^ hut requires local initiative in 
sponsoring projects... The Act is described by Steele and 
Sandals (réf.. 16) and in reference 17-

This Act has resulted in a large amount of consequent 
State legislation to enable local authorities to sponsor 
projects<^ Otte (ref. 18) gives a review of the 3tate district 
laws and statutes which have been enacted for this purpose^ 
and Heath (réf.- I9) presents a model enabling Act which sets 
out details of proposed regulations for controlling watershed 
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lands among other items. Amendments to and developments of 
Pu"blic Law 566 since its enactment are described by Lowry 
(refo 20) and the relation of court-established laws to the 
Act are reviewed by E l l i s (refo 2 1 ) . 

1 0 c 9 H E W Z E A L A M ) 

New Zealand is of special interest to Australia by 
reason of the close proximity of the two countries and the 
common heritage which is shared= However, climatic and 
topographic differences have produced l ittle similarity in the 
hydrological problems of catchment management. The relevant 
New Zealand legislation is of interest for the contrast it 
provides to Australia rather than as a similar example. 

I n i t i a l l y , New Zealand has no division into states 
and the complexities of Federal-State relationships are 
avoided. Secondly, the high mountains and high rainfall have 
made flooding, soil erosion and drainage the principal 
problems of legislative concernc More recently, pollution is 
becoming an increasing problem^ 

McG-ill (refo 22) l ists the statutes which deal with 
water in New Zealand, and Collins (refo 23) traces the 
development of statute law related to catchment management 
from the middle of the last century to the present. The 
Public Works Act of I876 , the Rivers Board Act of I881j-, and 
the Land Drainage Act of 1893 were important in establishing 
statutory control and public authorities to deal with river 
control and land drainage problems. But the present situation 
results from three Acts - The Soil Conservation and Rivers 
Control Act of 19U1, The Waters Pollution Act of 1953, and 
The Water and Soil Conservation Act of 196?» 

The Soil Conservation and Rivers Control Act 
established a central authority, the Soil Conservation and 
Rivers Control Council and local authorities^ the Catchment 
Boards. It made provision for dealing with soil erosion, and 
brought soil conservation and river control work together in 
the new authoritiesc G-enerally, each catchment board is 
staffed with soil conservators who deal with works for 
mitigatirig erosion in the upper parts of catchments, and 
engineers who deal with river control works in the lower reaches 
of the main rivers to mitigate flood damages. The division 
has similarities to the Department of Agriculture — Corps of 
Engineers division of flood control responsibility in the 
U.S.Ao The establishment of these catchment boards was well 
in front of U.St- progress in the introduction of local 
authority in planning and undertaking catchment management 
works o 
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The Waters Pollution Act of 1 9 5 3 established the 

Pollution Advisory Council whose function it is to promote the 
prevention or reduction of pollution of water hy researchi> 
education, the formulation of codes and model by-laws about 
the treatment of trade wastes, and "by determination of 
standards of quality for the water in any stream. The Council 
has eleven members who are representatives of local and central 
government and industry : 

The Water and Soil Conservation Act of set up 
the National Water Authority and a Water Allocation Councils 
These, together with the Soil Conservation and Rivers Control 
Council and the Pollution Advisory Council form the present 
National Water Organization. The catchment boards have been 
constituted as Regional Water Boards under the new Act. 
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CHAPTER 11 

ECONOMIC EVALUATION OF CATCHMENT MANAGEMENT PROJECTS 

11 1 INTRODUCTION 

As late as 1955, there were relatively few pulDlicat-
ions related to the economic evaluation, specifically 
henefit-cost evaluation, of water resources projects. In the 
last 15 years there has heen a profusion of reports,, papers o 
text hooks, and other material presented^ and there is 
considerable current interest and activity in the economic 
aspects of water resources. Most of the interest and 
published material are concerned with the evaluation of 
developmental projects, e.go the construction of dams, 
development of irrigation areas, and similar workso It would 
"be fair to state that catchment management aspects are 
considered least of all and have received least attention of 
any part of water resources evaluation^ 

Two activities have heen responsible for most of 
the little published information available on evaluation of 
catchment management projects. In the U.S .Ao, economic 
evaluation has been required for works in the Small Watershed 
Program of the Soil Conservation Service in order to attract 
Federal fundso and this has resulted in a good deal of 
information related particularly to flood mitigation worksa 
The general f ield of soil conservation has also been studied 
for many years and there are a number of publications 
related to the economic evaluation of soil conservation 
works and practiceso Relatively few publications are 
available on other aspects of catchment managementc 

Economic evaluation studies are important in this 
review even though there is very little published information 
in Australia^- Economic studies usually show those effects 
and results of catchment management which can be numerically 
assessed, and often serve to clarify fact from fiction^ For 
example, the evaluation studies of the U .S . Small Watershed 
Program show that flood detention dams and channel improvements 
are the works which justify Federal funds for flood mitigation 
in the UaSrAcy not the cultivation^ conservation or land 
treatment measures which are often emotionally promulgated 
as having an effect on reducing flood peaksc In addition;, 
the economic factor often serves to indicate the relatiye 
social importance of different works, and this can be of use 
in assessing research priorities where knowledge is inadequate. 
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There i s l i t t l e opportunity in t h i s p r o j e c t f o r a 
d e t a i l e d reviev\r of economic eva luat ion procedures r e l a t e d to 
water resources in genera l . However,, there i s merit in 
drawing a t t e n t i o n to the sparse information which i s 
p a r t i c u l a r l y r e l a t e d to catchment management. The o b j e c t i v e 
of th i s p r o j e c t i s to draw a t t en t i on to the gaps in current 
knowledge concerning catchment management^ and Uiat re l evant 
economic eva luat ion knowledge lags n o t i c e a b l y "behind the 
s t a t e - o f - t h e - a r t of eva luat ion of v/ater resources development 
p r o j e c t s » 

In the f o l l o w i n g s e c t i o n s , a h r i e f general "background 
o f h e n e f i t - c o s t eva luat ion in the U.S.A. i s g iven , and then 
the information a v a i l a b l e concerned with f l o o d c o n t r o l , water 
y i e l d , and water q u a l i t y aspects of catchment management is 
reviewed« The l a t e r s e c t i o n s conta in d e s c r i p t i o n s of s tud ies 
deal ing s p e c i f i c a l l y with s o i l c onservat ion and f o r e s t r y 
aspe c t s • 

11.2 BACKaROUKD 

The technique of "benefit - c o s t analys is had i t s 
"beginnings in the United States in the water resources 
programme of the Army Corps of Engineers . Hammond ( r e f . 5) 
has reviewed i t s h i s t o r y and i d e n t i f i e d 1902 as the year 
when the procedure was introduced f o r guidance in c o s t 
sharing "between l o c a l and Federal i n t e r e s t s . The procedures 
used were simple and r e s t r i c t e d to d i r e c t and tangi"ble c o s t s 
and b e n e f i t s . 

The Flood Control Act of 1936 gave an impetus to 
development of economic evaluat ion methods when the Congress 
d i r e c t e d that b e n e f i t s o f p r o j e c t s " to whomsoever they may 
accrue" sha l l be inc luded , and th is opened up new concepts 
in the secondary, i n d i r e c t and intang ib le categories«, The 
Act a l so s tar ted the Department of Agr i cu l ture on i n v e s t i g a t i o n s 
into the use of land treatment measures and upper catchment 
works f o r f l o o d c o n t r o l , and works of improvement in 11 c a t c h -
ment areas were authorised in 1 9 ^ « When Public Law 566, the 
Watershed Pro te c t i on and Flood Prevention A c t , was passed in 
19511, the Department was authorised to i n i t i a t e some 60 
watershed p r o j e c t s . 

Throughout the per i od I936 to 1956, the main 
emphasis of catchment management works was on f l o o d c o n t r o l . 
An important amendment. Public Law 1018 which was passed in 
1 9 5 6 , and another amendment in 1958 authorised a wider range 
of purposes f o r these p r o j e c t s . Multi -purpose p r o j e c t s 
in corpora t ing water f o r i r r i g a t i o n , drainage, municipal and 
i n d u s t r i a l purposes , r e c r e a t i o n and other uses then became 
p o s s i b l e . 
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In 1961, Pordj Greenshields, Riggs and Tolley {ret. 
10) prepared a summary of the "benefits whicli had loean included 
in 160 projects up to May 1 , 1958, and reported that these 
were in the following order of importance in the projects: 

I0 Flood prevention 

2a Drainage 

3 . Irrigation 

U® Recreation and wildlife 

5o Municipal and industrial water. 

The Federal Inter-Agency River Basin Committee 
appointed a Suh-committee on Benefits and Costs in 1946 to 
formulate principles and procedures for determining benefits 
and costs for water projects and the recommendations of this 
Su"b-commit tee were reported in what has become known as the 
"Green Book" ( ref . 3 ) , The Bureau of the Budget set out 
directions rather than recommendations for evaluation of 
benefits and costs in its Circular A-l|7 ( ref , 12) as described 
by Musgrave (refc 11) who traces developments in appraisal 
procedures up to the issue of Senate Document 97 (ref» 

In Australia, benefit-cost evaluation of water 
resources projects is relatively new and to date very l ittle 
attention has been given to catchment management aspects» 
There is l ittle Australian literature which can be reviewed 
apart from some qualitative essays on forestry protection of 
water supply catchments ( e .g , refso 88, 89)» The overseas 
literature is far more extensive and more useful as a guide 
to the information currently available. 

Three symposia have been held dealing with aspects 
of this subjecto A symposium on Economics of Watershed 
Planning was held at Knoxville, Tennessee in 1959 (refo 2) 
and this included 20 papers which deal with many aspects of 
the small watershed programme of the UeS, Soil Conservation 
ServiceQ A seminar on Project Evaluation in Agriculture and 
Related Fields was held in New Zealand in November, I967 
(refo 6) and 15 papers were presented. A symposium on the 
management of municipal water supply catchments was held 
at the University of Massachusetts in November, I965 (ref^ 
16) and included several papers dealing with economic 
evaluation of catchment management programmes« 

Any review of economic evaluation procedures is of 
necessity complicated by the fact that the procedures used 
and the conclusions reached in the papers and books included 
in the review w i l l depend to a large extent on the objectives 
of the firm, organisation, state or national government 
setting the evaluation objectives. In addition, economic 
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e f f i c i e n c y is not n e c e s s a r i l y the only e v a l u a t i o n c r i t e r i o n 

that may he ^jsed. For instance the U n i t e d S t a t e s Water 

E e s o u r c e s C o u n c i l has p u b l i s h e d a report of a s p e c i a l task 

f o r c e set up oy i t e n t i t l e d "Procedures f o r E v a l u a t i o n of 

Water and R e l a t e d LsJid Resource P r o j e c t s " ( r e f . 1 0 9 ) , v/hich 

l i s t s the f o l l o w i n g c a t e g o r i e s of n a t i o n a l o b j e c t i v e s as a 

h a s i s for d e v e l o p i n g appropriate e v a l u a t i o n p r o c e d u r e s : 

1 . N a t i o n a l income o b j e c t i v e 

2 . R e g i o n a l development o b j e c t i v e s 

3 . Environmental o b j e c t i v e s 

'%¥ell-being " o b j e c t i v e s . 

The n a t i o n a l income o b j e c t i v e is the economic 

e f f i c i e n c y o b j e c t i v e e The increase in n a t i o n a l income 

a t t r i b u t a b l e to a p r o j e c t or p lan is the measure o f i t s 

c o n t r i b u t i o n to th is object ivec The r e g i o n a l development 

o b j e c t i v e s embrace s e v e r a l r e l a t e d components such as i n c r e a s e d 

r e g i o n a l income, i n c r e a s e d r e g i o n a l em.plcyment, im-proved 

r e g i o n a l economic b a s e , improved income d i s t r i b u t i o n v ;ithin 

the r e g i o n , and improved q u a l i t y of serv ices ^v?iithin the 

r e g i o n . The environmental o b j e c t i v e s inc lude the c o n s e r v a t i o n , 

^-reservation, c r e a t i o n , or r e s t o r a t i o n of n a t u r a l , s c e n i c , and 

c u l t u r a l resources in order to enhance or mainta in the q u a l i t y 

of the environment . The " w e l l - b e i n g " o b j e c t i v e s i n c l u d e such 

o b j e c t i v e s as s e c u r i t y of l i f e and h e a l t h , n a t i o n a l d e f e n c e , 

p e r s o n a l income d i s t r i b u t i o n , and i n t e r - r e g i o n a l employment 

£nd p o p u l a t i o n d i s t r i b u t i o n . 

However , there i s another body of o p i n i o n which 

cons iders that tlie economic e f f i c i e n c y c r i t e r i o n alone should 

be u s e d in p r o j e c t e v a l u a t i o n ^^len c o n s i d e r i n g n a t i o n a l 

investment and that the other o b j e c t i v e s should be d e a l t with 

b y p o l i t i c a l and a d m i n i s t r a t i v e p r o c e s s e s - see for example 

E c k s t e i n ( ref^ 1 i O ) , The A u s t r a l i a n T r e a s u r y ' s " I nvestment 

A n a l y s i s " ( r e f . 7 ) , has b e e n w r i t t e n from this p o i n t of view^ 

For f u r t h e r d i s c u s s i o n on r e f e r e n c e 109 from d i f f e r e n t p o i n t s 

of vie-w, see r e f e r e n c e s 111 and 1 1 2 . 

11^3 FLOOD MITIG-i^TION AM) DRAINAG-E 

I n the f i e l d of economic e v a l u a t i o n of e f f e c t s of 

land u s e , there is more in formation a v a i l a b l e r e l a t e d to 

f l o o d c o n t r o l than any other aspect . The reasons are twofold» 

F i r s t , the Flood Control Act of 1936 and the W a t e r s h e d 

P r o t e c t i o n and F l o o d P r e v e n t i o n Act of 195U in the U . S . A ^ 

emphasised f l o o d control as a primary o b j e c t i v e in a t t r a c t i n g 

F e d e r a l funds to p r o j e c t s . Second, r e d u c t i o n in f l o o d damages 

i s r e l a t i v e l y easy to d e l i n e a t e and evaluate compared w i t h 

other b e n e f i t s of watershed programmes. 
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Smith ( réf . 1?) descrllDes the three components of a 
typical scheme in the U.So Small Watershed Programme as (a) 
land treatment, (h) gully stabilizing structures, and ( c ) 
flood retarding dams a It is clear from this paper and that 
hy Buie (refo 18) that the primary reduction in flood damages 
is effected hy the floodwater retarding dams, or improved 
stream channels to reduce overhank flow^ or a combination of 
"botho The land treatment measures have greatest effect in 
reducing erosion and sediment damageso 

The floodwater retarding structures'are usually 
earth dams which are larger than the farm dam which is common 
in Australia . Francis (refo 19) gives a description, based 
on averages of 2500 dams in small watershed projects which 
illustrates the type of structure involved. Earth f i l l 
averages 80 ,000 cubic yards with costs ( in I963) averaging 
$50 , 000 ; flood pool capacities average 900 acre feeto 

It is pertinent to draw attention to the flood control 
controversy which occurred in the United States in the 19^0 * s 
and early 1950^s. The Flood Control Act of 1936 divided 
responsibility for flood control between the Department of 
Agriculture and the Army Corps of Engineers^ Initially^ the 
Department of Agriculture works were land treatment measures 
with relatively few proposals for the construction of flood 
detention dams-. The Corps of Engineers was concerned with 
major downstream dams^ 

For a decade following the passing of the legislation, 
there was l ittle conflict between the authorities. Shortly 
after World War I I , policy of the Department of Agriculture 
changed and proposals for flood-detention dams of medium size 
appeared in their reports^ These proposals virere for dans in 
the order of 50 feet high covering 200 acres or so at spillway 
level and designed to control flooding in the tributary 
streams of the river basinse 

The Corps of Engineers became highly critical of 
these structures and this was the basis of the "flood control 
controversy",. In turn5 conservationists put forward much 
criticism of the large Army dams (eog<= see Big Dam Foolishness, 
refc. 20 ; and ref , 107)-.̂  The controversy is reviewed in 
admirable detail by Leopold and Haddocks (refo 21)^ These 
latter authors made a study of the reduction in flooding which 
could be expected from a number of medium sized dams on 
tributaries versus one large dam on the main stream of a river 
channels 

Studies by Zingg (refs . 22-214-) show that land 
treatment measures and small headwater dams can reduce peaks 
of small floods in small catchment areas but the effect on 
floods is reduced as the amount of storm runoff is increased® 
Zingg evaluated the costs and flood control benefits of farm 
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ponds averaging 2^3 acre feet capacity and concluded that 
ponds; kept empty as flood retarding structures could recover 
only i\.0% of their cost in saving flood damages while poiids 
allowed to f i l l for other reasons would save only 8%. 

Buie (refc 18) describes the U . S . Soil Conservation 
Service method of evaluating a watershed projects An 
historical flood series, usually about 20 years duration, is 
selected as the basis for evaluation (or alternatively, 
analysis of the frequency distribution of floods may be made). 
Current damageable values within the flood plain are 
determined. The selected storm series is flood routed through 
the watershed and flood damages under the present conditions 
are determined by damage schedules taken from farmers in the 
damage area. The reduction in runoff resulting from the 
application of land treatment measures for land protection is 
f i rst calculated. The storm series is again flood routed using 
the reduced runoff f igures . The resulting damage reduction is 
credited to the land treatment measures, and the remaining 
dam.ages become the base for evaluating the flood prevention 
works. The effect of the proposed system of structures is 
determined by an additional flood routing. 

Cohee (refo 25) gives an example of evaluating 
benefits and costs from three types of works - contouring, 
terracing and flood retarding structures. The f i r s t two of 
these increase land productivity. The latter reduces flood 
damages to crops and pastures, fences, roads and bridges 
(both public and on-farm.), damage to urban properties, and 
from deposition of infertile sediments and bank erosion. 

Cormack and Timmons (ref . 26) give an example of 
evaluating the increased productivity and reduced erosion and 
floodwater damages on the acre Hound Dog Creek catchment 
in Iowa. Pavelis and Timmons ( re f . 2?) describe benefits aad 
costs of land treatment in the Nepper Watershed in Iowa, and 
Tolley (ref . 28) illustrates the evaluation of both structural 
and land treatment works in the Mud Creek Watershed in North 
Carolina. 

James (refsc 13-15) used the Stanford Watershed Model 
to evaluate changes in flood peaks due to urban development. 
By varying constants describing the physical conditions of a 
catchment, the effects of urban development and channel 
improvements were estimated^ The results were used in an 
economic evaluation to find the minimum cost combination of 
structural and non-structural measures for flood control in a 
I].3 = 8 square mile catchment in California . 

By contrast with the relative abundance of benefit-
cost examples of flood mitigation projects, there are very few 
examples dealing with drainage workso The only information 
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r e a d i l y availa"ble was r e l a t e d to increased land p r o d u c t i v i t y 
as a r e s u l t of su"bsurface drainage, rather than any catdiment 
"benefits- or f l o o d mit igat ion "benefits» The example by Menz 
( r e f c 29) i l l u s t r a t e s the b e n e f i t s from increased crop 
product ion due to farm drainage. Some data on the c o s t s o f 
dredging and maintaining open channels are given by Roehl 
I r e f o 30)0 

l U k WATER YIELD 

A few studies have been d i re c t ed towards economic 
evaluat ion of land treatment measures vi^hich a f f e c t water 
y i e l d . In I963, H i l l ( r e f . 3 2 ) analysed the cos ts and b e n e f i t s 
o f obta in ing a d d i t i o n a l water by converting deep roo ted brush 
cover on a catchment to grass . He descr ibes the work and 
c o s t s involved in removing brush from a canyon bottom by 
l ogg ing , chemical treatment of stumps, and a e r i a l sprayings 
The cos t o f the add i t i ona l water y i e l d which was expected by 
th is method was higher than the c o s t of water from other 
sources o 

Tabler ( r e f o 33) analysed the economics of inducing 
snow accumulation by snow fences in a lp ine areas . Using 
p r e v i o u s l y e s tab l i shed data on the extra amounts of snow 
accumulation that could be expected from the f e n c e s , and assumed 
c o s t s per mile of fence c Tabler shows that a r e la t i onsh ip can 
be e s tab l i shed giving the optimum amount of f enc ing to be 
constructed f o r any g iven value per acre f o o t o f v\ratero 

Roberts and Wennergren ( re fo 3I ) made an economic 
evaluat ion o f the b e n e f i t s obtained from stockwater developments 
The b e n e f i t s l i s t e d in t h i s study included increases in 
carry ing capacity^ increases in s t o c k va lue , and reduct ions in 
farm management costso They are examples of the b e n e f i t s 
which can form part of catchment management p r o j e c t s r e l a t e d 
to water y i e l d . 

11,5 WATER QUALITY MANAGEMEIW 

Very few of the economic sti jdies of water q u a l i t y 
management which have been made are r e l a t e d to p o l l u t i o n 
from rural land useo However, th is seems of l i t t l e importanceo 
The b a s i c p r i n c i p l e s of economic evaluat ion of p o l l u t i o n 
management can be appl ied to the in f luence of rura l land use 
on water q u a l i t y using exac t ly the same methods current ly 
used f o r managing urban and i n d u s t r i a l p o l l u t i o n problems. The 
f o l l o w i n g review of s tudies and methods i l l u s t r a t e s the current 
s tate o f the a r t . 
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A t r e a t i s e on the economics of reg iona l water 
qual i ty management with p a r t i c u l a r emphasis on the Ruhr 
Val ley in Europe has "been prepared hy Knee se ( r e f , 34) Q In 
the U.S .A . , a major study of the economics of v/ater q u a l i t y 
management in the Delaware Estuary, the Delaware Estuary 
Comprehensive Study of the U.S, Publ ic Health Serv ice , has 
been reported in a number of papers. 

This l a t t e r study involves many waste d i s chargers , 
t i d a l in f luences in the estuary, and other c omplex i t i e s . The 
b a s i c phys i ca l model of the behaviour of the po l lu tants in 
the r i v e r and estuary system v;as prepared by Thomann (see r e f » 
37 ) . Sobel ( r e f . 36) descr ibes the evaluat ion of c o s t s 
assoc ia ted with a l t e rnat ive quality g o a l s , and Johnson ( r e f . 
38) desc r ibes a study of e f f l u e n t charges f o r a l l o c a t i n g 
c o s t s . The b e n e f i t - c o s t c r i t e r i o n used in the study was 
optimised using a l inear programming model as descr ibed by 
Sobel ( r e f . 35 ) . An extension o f the o r i g i n a l study was made 
by Graves, Hat f ie ld and Whins ton ( r e f . 39) to introduce b y -
pass p ip ing as an add i t i ona l f a c t o r i n t o the analys is» 

Liebman and Lynn ( r e f . L\.3) used dynamic programming 
to minimise the cost of providing waste treatment to meet 
s p e c i f i e d d i s so lved oxygen concentrat ions in the Willamette 
River in Oregon. R e v e l l e , Loucks and Lynn ( r e f . iiO) used 
l inear programming as an a l ternat ive method of analys is f o r 
the same problem. Results from the two methods v/ere 
s u b s t a n t i a l l y the same. 

Bramhall and Mi l l s ( r e f . i-tl̂ .) have made an economic 
comparison of the c o s t s of achieving given stream q u a l i t i e s by 
various combinations of low f low augmentation by dams and 
waste treatment. These authors d iscuss three a l t e r n a t i v e ways 
f o r the regulat ion by governments of the amounts of wastes 
enter ing streams - by regulat ion and enforcement; by payments 
such as tax concess ions ; and by charges or f ees on processes 
or enterpr i ses that generate large amounts of p o l l u t i o n . 

Recreat ional b e n e f i t s in water resource management 
are now of considerable concern in the U.S,A. Stevens ( re f s^ 
il5-U7) g ives a good review of the evaluation of r e c r e a t i o n a l 
b e n e f i t s which can be obtained from p o l l u t i o n c o n t r o l , 
Parker and Grutch f i e ld ( r e f , I4.8) report on the long-term s o c i a l 
c o s t s resu l t ing from p o l l u t i o n of v/ater resources , and conclude 
that these are subs tant ia l l y important^ contrary to the lack 
of importance that long-term b e n e f i t s usual ly contr ibute to 
the t o t a l present worth of p r o j e c t s . 

The management of sa l t is of p a r t i c u l a r concern to 
Austral ia but there is l i t t l e published information on the 
economic evaluat ion of th i s aspect of catchment managemento 
In the U.S .A. , Pinock ( r e f . 5I ) has developed an economic 
model f o r assessing the impact of dec l in ing water qua l i ty on 
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the a g r i c u l t u r a l product ion of i r r i g a t e d areas a The major 
review of s a l t in the River Murray, cur rent ly ( I969 ) "being 
prepared f o r the River Murray Commission, inc ludes an 
eva luat ion of "benef its and c o s t s of a l t e r n a t i v e p r o p o s a l s f o r 
managing s a l t in the r i v e r system. 

11 .6 SOIL CONSERVATION 

The p r i n c i p a l economic b e n e f i t obtained from s o i l 
conservat ion works and p r a c t i c e s i s from increased product ion 
of the landa Standard t e x t s such as those hy Bunce ( r e f , 
53) and Held and Clawson ( r e f . g ive a good coverage o f 
o b j e c t i v e s and the methods of eva luat ion used. These "benef i ts 
usua l ly occur in any catchment management programme which 
incorporates s o i l conservat ion works, and there i s no c l e a r 
separat ion "between the hydro log ie "benef its obtained and the 
normal b e n e f i t s from increased produc t i on . 

S o i l conservat ion works c o n s i s t of s t r u c t u r a l w œ k s , 
such as dams, contour banks and the l i k e , and n o n - s t r u c t u r a l 
measures such as improved agronomic and c u l t i v a t i o n p r a c t i c e s , 
c o n t r o l of graz ing , e t c . The e f f e c t s of f l o o d retard ing dams 
in reducing f l o o d damages are wel l documented, and there are 
many examples of evaluat ing f l o o d mi t i ga t i on b e n e f i t s and 
c o s t s in the U.S, l i t e r a t i o r e . These have already been reviewed 
in Sec t i on 2o2 and are not repeated here . The p r i n c i p a l 
b e n e f i t s obtained from the n o n - s t r u c t u r a l works are from 
reduct ions in e r o s i o n damages at the s i t e o f the wa?ks, and 
reduct ion o f damages from d e p o s i t i o n of sediments f u r t h e r 
downstream« 

Knutson ( r e f . 57) has s e t out the rule s -o f - thumb 
used by the U.Sc S o i l Conservation Serv ice f o r guick eva luat ion 
o f whether a catchment scheme is worthy of d e t a i l e d study a 
These c r i t e r i a , which f o l l o w , c l e a r l y i l l u s t r a t e the types of 
schemes involved in t h e i r catchment management work and the 
major f a c t o r s of the economic eva luat i on . 

Water Control P r o j e c t s : 

1. 3% or more of the watershed in a f l o o d p l a i n 
at l e a s t 800 f e e t wide.. 

2o Presence of a f l o o d p l a i n with f requent 
damaging f l o o d s . 

3o No ser i ous s o i l l i m i t a t i o n s that would prevent 
f l o o d p l a i n development i f f l o o d hazard was 
remove dc 

Gully Control P r o j e c t s : 

1. Product ive cropland destroyed or deprec ia ted 
by g u l l y e r o s i o n at a rate of U-% to 6% of 
+ a Rn - ^ ¡ r ^ Q - p -np-r» -i nH ÎQ -nf̂ r̂» or» ̂  
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2. More than one " s i z e a b l e " s t r u c t u r e per i000 
ac res needed to c o n t r o l the prohlem. 

The p r e v e n t i o n o f vo id ing or d e p r e c i a t i n g o f 
ahout one acre of c rop land per y e a r w i l l j u s t i f y 
a " s i z e a b l e " s t r u c t u r e . 

ii. The extent and s e v e r i t y of g u l l y e r o s i o n 
prohlems are r e l a t e d to the s o i l a s s o c i a t i o n 
area in \tnich they o c c u r . 

Drainage P r o j e c t s : 

1. I f a drainage prohlem e x i s t s and the s i z e and 
complexity of the prohlem warrants group a c t i o n , 
a p r o j e c t i s almost c e r t a i n to "be f e a s i b l e . 

The s t a r t i n g po in t f o r eva luat i on o f works which 
reduce sediment produc t i on i s g e n e r a l l y the "Universal S o i l 
Loss Eq.uation" dev ised oy Wischmeier and o thers ( r e f s . 62, 
6 3 ) in the Nat ional R'onoff and S o i l Loss Data Laboratory o f 
the U.S.D.A. at Purdue, or s i m i l a r equat ions f o r p r e d i c t i n g 
s o i l l o s s (e^ga see r e f s . Gk, 65, 6 6 ) . I t may be noted t h a t 
these equat ions and methods r e f e r on ly to sheet e r o s i o n and 
do not inc lude g u l l y e r o s i o n as a source of sediment . A 
current p r o j e c t at the Univers i ty of Queensland, f i n a n c e d by 
the Water Research Foundation of A u s t r a l i a , has the o b j e c t i v e 
o f der iv ing seasonal e r o s i o n i n d i c e s from r a i n f a l l data u s i n g 
the r a i n f a l l index of Wischmeier ' s s o i l l o s s e q u a t i o n . 

The next stage i s the r e l a t i o r i s h i p between amount 
o f s o i l l o s s end r e d u c t i o n in crop y i e l d . Swanson and 
Harshbarger ( r e f . 6 7 ) i l l u s t r a t e a current approach to t h i s 
r e l a t i o n s h i p . Maccallum o f the N.S.W. Department of 
A g r i c u l t u r e has a l s o e s t a b l i s h e d a s i m i l a r r e l a t i o n s h i p ( r e f . 
68) f o r a s i t u a t i o n in the UvS.A. 

The s o i l l o s s equat ion and crop y i e l d r e l a t i o n s h i p 
p r o v i d e a b a s i s f o r economic e v a l u a t i o n o f s o i l c o n s e r v a t i o n 
programmes. A colloq.uii;ni :n S o i l Conservat ion h e l d at the 
U n i v e r s i t y of New England on 23-28 May, ^^67 inc luded s e v e r a l 
papers vihich d e a l t vv-ith the s u b j e c t (refs® 7O-7Í1). Other 
papers c i t e d in the r e f e r e n c e s ( r e f s . 77-86) dea l w i t h the 
economics o f s o i l conserAration in A u s t r a l i a . 

The Task Committee f o r Preparat ion o f a Manual on 
Sedimentat ion, o f the American S o c i e t y of C i v i l Engineers , 
has r e p o r t e d ( r e f , 7 5 ) on the economic aspec ts of sediment 
i n c l u d i n g damages from e r o s i o n o f the land and damages from 
deTDOsition of sediment. The r e p o r t c i t e s an est imate in 191i8 
by~Brov/n ( r e f . 7 6 ) that the t o t a l annual damage f rom sediment 
d e p o s i t i o n in the U.S A. was approximately $174 ,000 ,000 
compared wi th t o t a l annual f l o o d damages of $100,657,000« The 
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estimate was made up as follows: 

1» Damage to agricultural land resources from overwash 
of infertile material, impairment of natural drain-
age, swamping due to channel aggradation, associated 
flood plain scour, and "bank erosion - $50 ,000 ,000 . 

2, Damage from sedimentation in storage reservoirs 
used for power, water supply, irrigation, flood 
control, navigation, recreation and multiple use -
$50,000,000. 

3. Cost of maintenance or progressive impairment of 
th.e capital value of drainage v\rorks - $17,000,000,y 

Up Cost of maintenance of irrigation enterprises -
$10,000,000. 

5. Cost of maintenance of harlDOurs and navigalDle 
channels as a result of sedimentation caused hy 
erosion on the catchment and stream "banks "but 
excluding sedimentation caused "by tidal currents 
in harbours - $12,000,000. 

6» Cost of water purification as a result of excess 
turhidity - $5,000,000^ 

7a Sedimentation damages wholly or partly included 
in flood damage estimates including crop losses 
due to deposits of sedinent on plants, costs of 
cleaning sediments from streets, etc . , increased 
flood heights due to channel aggradation - $20 ,000 ,000 . 

8. Other damages not yet evaluated separately including 
the increased maintenance costs of highways, 
railways, oil and gas pipe lines, communication 
lines, damage to power turbines, damage to the fish 
and oyster industry, damage to wildlife, damage to 
recreation and impairment of pu"blic health -
$11,000,000. 

11,7 FORESTS 

Most economic studies of forest management in 
Australia have "been related to the evaluation of timber 
production and only little attention has been given to the 
economics of catchment management. Leslie (ref. 8 7 ) gives a 
general description of the benefit-cost evaluation procedures 
used in plantation development programmes, and in another 
paper (ref. 88) gives an example of evaluation which includes 
values of benefits for watershed and recreation purposes. 
McG-rath (ref. 89) also gives data for catchment benefits in 
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another example, GatenlDy ( r e f » discusses catchment 
management aspects of f o r e s t s in New South Wales and b r i e f l y 
mentions h e n e f i t - c o s t evaluation» He c i t e s an F.A.O. report 
"by Francois ( r e f » 92 ) . 

Black ( r e f . 95) has made an economic analysis o f 
the r e l a t i o n "between timber and water production on the 
Prazer River catchment which provides water f o r Denver, 
Colorado. Flora ( r e f . 97) discusses the economic impact of 
diverting f o r e s t land to publ ic pijrposes that do not include 
timber production. Zivnuska ( r e f . 9U) discusses the b e n e f i t s 
and costs of c on t ro l l ed burning in catchment areas as an 
a l ternat ive to the l ess frequent but more damaging w i l d f i r e s . 
This paper deals e s s e n t i a l l y with the chaparral covered 
catchments of C a l i f o r n i a . 

A symposium dealing with the managing of f o r e s t e d 
municipal water supply catchments v/as held at the University 
of Massachusetts in Noveiiiier, 1965 (see r e f . 16)^ Three 
papers dealing with the economic evaluation of the catchments 
are included in the proceedings. Another symposium held in 
March, I966 at the Oregon State University on the p r a c t i c a l 
aspects of watershed maaagement ( r e f . 96) includes several 
papers on the economic aspects of multiple-use management. 
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CHAPTER 12 
¿.U1#IARY AND KËCQ̂ «̂ 3̂ATIQNS 

The previous cnapters and parts of this report have drawn together 
tne availaüle infoririation on tne vaido-os aspects of catchment management. 
The annota-ued bibliography should be of value to those seeking a ready source 
of iirfomiation on Lne s'übject, and there is little need to summarise this 
iiaterial beyond tne end-of-chapter suamiaries already given. 

Tnere is an additional objective of the project beyond this, and 
tiiat is to identify tne significant gaps in current knoviledge and to propose 
s-uitable approacnes for maidàig good i:nese gaps. In order to make such 
proposals, it is necessary to consider tne gaps in current knowledge in con-
junction with current research activities and work in progress. In the 
following sections, consideration nas been given to current activities, and 
wnere appropi'iate, some pî oposals have been made for better utilization of 
existing data ratner tnaii initiation of new studies. 
12.1 WATH:R YIELD 

12.1.1 Summary of Effects 
Qie of the major cnanges that has occurred in Australia in 

tne period of European settlement is that large areas of native 
Dusn nave been cleared for conversion to pasture or crop. Several 
cnanges appear to have resulted. Where deep rooting trees have 
been replaced oy snallov; rooting grasses, an increase in the 
total amount of runoff fromi tne catcninent usually results. In 
areas of Western Australia, South Australia, and Victoria, the 
change from trees to grass nas resulted in the raising of saline 
groundwaters at the foot of slopes and in the bottoms of valleys 
witn ŝ üDsequent salting of large areas of ground as water evaporates 
and tne salt is accumulated on tne s'urface. Raising of ground-
water levels witnout any problems of salting has been recorded 
in the Callide Valley of Queensland. 

Changes in runoff and/or groundwater recharge appear to be 
mainly due to effects on the évapotranspiration loss of the 
vegetation on tne catchment. Prom the evidence available, three 
najor influences on runoff and groundwater recharge seem to be 
significant: 

(i) differences in incoming energy due to variations 
in slope and aspect over a catchment or between 
catciiments. 

(ii) differences in the rooting depths of vegetation 
which create different moisture deficiencies 
as the catchment dries out. 
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(ill) cultivation and cropping practices such as fallow 
which greatly reduce évapotranspiration loss for 
significant amounts of the year. 

(iv) cnanges in land use which affect interception 
capacity, infiltration, or surface depression 
stora^, do not show any consistent effect on 
water yield. 

There is considerable evidence to show that conversion 
from trees to grass has resulted in increased surface runoff or 
groundwater recharge in a wide range of locations throughout 
the world. Prom the information available, it is possible to 
conclude that the cause is primarily the different rooting depths 
of the two forms of cover. Ihe deeper rooting trees are able 
to extract more moisture from the soil than grass when climatic 
conditions permit, and so abstract more rain from following storms 
for soil moisture replenishment. 

Because the effect is dependant upon climatic pattern, 
the amount of the increase in runoff or groundwater recharge 
due to clearing is not the same in all cases, but annual 
differences of 3 to ^ inches could be ahout the order of magnitude 
No general prediction models have been developed for simulating 
the differences in water balance between trees and grass, but 
there seems no reason why current mathematical catchment models 
could not be used for this purpose. 

In Australia, the difference in water yield between 
trees and grass as catchirent covers, is most evident and of 
most concern as a difference in groundwater recharge rather 
than a difference in surface runoff. 'While the change from 
trees to grass can be treated as a single hydrological problem 
without separation into gr'oundwater and runoff aspects, it is 
tne influences on groundwater that have been of most practical 
concern, and this extends to the problem of salinity associated 
with clearing. 

There are three reasons for this. First, increases 
in groundwater recharge accumulate and even small changes 
snow up over a period of time. Second, changes in available 
water are small and changes in groundwater recharge have 
raised shallow saline groundwaters and have caused obvious and 
serious salting problems wnich are much more significant than 
the changes in recharge which produced them. 

Ihere is no evidence that soil conservation works 
and practices on a large scale are likely to reduce runoff to 
a significant extent. Farm dams have an obvious effect in 
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abstracting runoff for use, but terraces and contour banks do not appear 
to reduce water yield in anj- systematic way. Some practices which 
affect évapotranspiration loss imv affect water yield. The grassing 
or afforestation of bare areas seem likely to produce the most reduction 
in yield. Practices such as fallov/ which reduce évapotranspiration loss 
are likely to increase water yield. 

Analysis of the differences in yield due to changes in land use 
are more complicated on large catcteients than on small areas due to 
variation in hydrological behaviour over the catchment, to interflow and 
transmission losses, and to greater complexiT;y in the groundwater 
patterns. Most researcn results are from experiments on small areas. It 
would be rasn to extrapolate sucn data directly to large areas. 

In a wide area extending from Western Australia to Victoria, 
the increased recharge of groundwater following clearing has resulted in 
raising of shallow saline gL'oimdwaters to the surface of the ground at 
the foot of slopes and in the bottoms of valleys. The sa.lt, w ĥich 

accumulates at the surface as the water evaporates, has resulted in the 
gross deterioration of laî ge areas of land, amounting to about 400,000 
acres in Western Aiistralia, 30,030 acres in South A^ustralia, and over 
10,000 acres in Victoria. This problem, is dealt with in section 5 
"Salinity" of this part of "Che report. 

Since the .Australian Forestry Council agreed to an accelerated 
programme of plantiTxg exotic pine species to make Australia self-
sufficient in softwoods, some attention has been given to the hydrologie 
effects of replacing native eucal:\T3t forest with radiata pine. An ex-
periment has been in progress at Lidsdale in New South Wales since 1963a 
and early results show no substantial difference in water yield from 
catchments covered mth eucal:y'pt and pinus radiata. Overseas studies in 
the U.S.A. and South Africa support the conclusion that there is no 
significant difference in yield between hardwood and softwood species 
other than can be attributed to differences in root depth. 

Argument has been raised concerning the ivfelboume water supply 
catchments that replacement of mature forest with yourig growing trees will 
decrease water yield. However, this proposition has no support whatsoever 
from the evidence available from overseas studies. 

12.1.2 Work in Progress 

There is a considerable amount of experimental work in progress 
related to the effects on water yield of soil conservation vrorks, 
forestry practices, and differences ii-. catchjnent cover. 

Soil conservation studies have been made on different areas 
ranging in size from fractional-acre plots to catchments up to about 
200 acres. In brief, the experiments which have been or are being undertaken 
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Queensland: The Department of Primary Industry operates 
three experinBntal catchments, 30-40 acres 
in size at the Brigalow Research Station 
at Theodore. 

New South 
Wales : 

The Soil Conservation Service has an ex-
perinBntal catchment at the Wagga Research 
Station and l/30th acre plots at Wellington 
Research Station. Yield data is also avail-
able from a flood study by the Department of 
Conservation at Pokolbin. CSIRD's Division 
of Plant Industry has established four 20-
acre experimental catchments in the Shoalhaven 
catchment area. 

Victoria: The Soil Conservation Authority has a ̂ X)up 
of seven catchments at Parwan. 

South Tne Department of Agriculture has established 
Australia: paired catchments at Moculto. 
Western The Department of Agriculture has established 
Australia: a 60-acre catchment at Moora, and two x 48-

acre catchments at Corrigin. 
Northern The Northern Territory Administration has 
Territory: established the Walsh Creek project to 

study the effects of soil conservation works 
in a semi-arid environment. 

The influence of fallow in controlling soil moisture depletion is 
already recognised, and studies have been undertaken in several states; in 
Queensland by the Department of Primary Industry on the Darling Downs; in 
Victoria by the Agricultural Engineering Department of the Iliiversity of 
ivfelboume at the Mt» Derriraut Field Station; and in South Australia by the 
Department of Agriculture and by CSIRÛ Division of Soils. 

There are forestry studies in progress in Queensland, New South 
Wales, Victoria, and the Australian Capital Territory. 

In Queensland, the Department of Forestry has established two 
small experimental catchments, 50 and 80 acres, at Atherton to study the 
hydrologie effects of conversion from tropical rainforest to tropical 
pastures. Another conparative study of the water use of Hoop Pine 
plantation, rainforest, and pasture on the Atherton tableland is being eŝ ' 
blished. 
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In New South Wales, the ibrestry Conmission and the Ihiversity of 
New South Wales are cooperating in a stu^ of the coirparative water yields 
of eucalypt and pinus radiata forests at the Lidsdale State Forest near 
Lithgow. Eleven catchnents ranging in size fron 10 to 240 acres have been 
instrmnented since I963. 

In Victoria, the Soil Conservation Authority on behalf of the Land 
Utilization Advisory Council has established five experimental catchments, 
10 to 65 acres, in State Forest near Daylesford for general study, and two 
catchments, 250 and 360 acres, near %rtleford to study the effect of 
conversion from eucalypt to Pinus speciies. The lyfelboume and 
Ivfetropolitan Board of Works has collected data on water yields from three 
forested catchnents at Coranderric since 1956 to determine the effects of 
forest cover and forest management practices on yield, and is currently 
establishing another large groî  of experimental catchments. 

In the A.C.T., a group of forested ê ^̂ erimental catchments is 
operated by the Watershed T'fenagpment Section of the Forestry and Umber 
Bureau in the Cotter River catchment near Canberra. 
12.1.3 Recommendations 

Two points can be made about the current experimental catchment 
work. First, there is very little interchange of data or analysis of 
data away from the point of collection. While a few instances may be 
cited of data being made available for university research, the general 
pattern is one of isolated experimentation, predominantly by Government 
departnents, with little use of the data being made other than by the 
officers iniiBdiately concerned with the experiments. 

The second point is that, to date, much more attention has been 
given to data collection than to data analysis. Little use has been made 
of advanced nethods of analysis for analysis of the data already available. 
It seems necessary, for any progress in developing methods for routine 
assessnent of the effects of land use on water yield, that conputer 
simulation of catchnent water balances, usually teiroed "mathematical 
catchnent models", should be used for analysis of the data from experiiiental 
catchments. 

However, the Government departments which are carrying out the 
experimental catchnent work are still far from orientated towards these 
nBthods of analysis. The prospects of the methods of analysis being 
ijiproved within the data collecting authorities is not gpod, and when this 
is coirbined with the very limited circulation of data away from the point 
of collection, there seem to be poor prospects for any rapid production of 
useable results from this field of research. 
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At the present time, the Snowy I'fountains Authority is col )a' ing 
existing data from small catchments less than ten square m]es in area, 
as part of the Australian Water Resources Coixncil's resear^'h project 
68/1 - Hydrology of Small Rural Catchments, In addirionj data from ^he 
system of representative basins, which range from 10 to ICjC' square ird les 
in area, will be analysed by the mathematical catchjnent model now being 
developed by the Land Research Division of C.S.I.R.O-, Ünere is no ?uch 
attention being given specifically to the catchjnents on which land use 
experiments are being ijndertaken, or to the experimental techniques being 
used. 

One method of fostering the interchange of data and narrowing the 
gap between data collection and analysis, would be to arrange for period-
ical meetings between representatives of the agencies which are operating 
experimental catclments and the analysis in Universities, C.S.I .R.O. , and 
other agencies which are most concerned with the use of mathematical 
catchment models. The meetings conoid be arranged as seminars wi^h 
attendance limi.ted to those directly involved, or as an ad-ho^ sub-commit tee 
of the A.W,R,C. Water Research and Education Steering Committee- Another 
method would be to sponsor a research project similar no 58/1 - Kydro'ogy of 
Small Rural Catchments - to collate and analyse the data already available 
from land-use experiments. Ihis assumes the willingniess of the data-
collecting authorities to cooperate, a matter to be first clarified 

In general, it is recomanended that -

"Consideration be given to methods of iiipro\.dng the utilization c.f data 
from experiments which have already been established on cat̂ ĥmentg, in 
Australia for the purpose of evaluating the hydrclogic effects of land use 
and land management." 

One inportant aspect of this field of research is how +"0 ex-
trapolate the results from smiall experimental catchments to large areas-
This is a fundamental part of the utilization of any results which may be 
obtained; yet there is virtually no research effort being applied to ^he 
problem in Australia and very little in overseas countries. The problem 
and current knowledge have been reviewed in Chapter 3 of Part Tnis 
topic warrants particular attention to stim.ulate research and to make 
authorities aware of the problem. 

It is therefore recommended that -

"Consideration be given to the need to stimulate research into the problems 
of extrapolating results from small'ex^rimeñHT~ciíñAments tn large areas. " 

No attempt has been made in this project to survey the 
instrumentation of experiuBntal catchments or assess the quality of data 
available. However, one point is clear-most experiments collec^ only 
rainfall, runoff, evaporation and some other meteorológica" data Tn-'̂ re is 
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a strong trend zo the collection of soil moisture data, and in one case 
ground water levels are regularly monitored. Generally, the data collected 
do not go beyond rainfall, runoff and some meteorological infoimation. 

Hie type of data tiiat is available strongly influences the type 
of analysis wliich can be made. For exanple, developments to date in 
mathematical catcliment models have been limited by the date available, i.e. 
rainfall input and runoff and evaporation output. Models tend to be 
"black-box" mechanisiris which gi\̂ . good relationships between input and 
output, but which bear little relationsnip to the actual physical processes 
occurring on a catchiT̂ nL. Ihis is clearly e\âdent by the failures which have 
been experienced in efforts to relate model parameters to catchment 
charaCGeristics. 

If new methods of analysis are "Do be fostered, then new types 
of data must be collected, but it is difficult to specif̂ ^ what additional 
information should be collected. Indeed, the arbitrary decision in advance 
to collect specific data then restricts future analyses to use of those 
data. There is a need for a few catchments to be established throu^out 
Australia on which a wide ran^ of da^a is collected at a very hi^ standard 
of measui'eiTKn-c, and tne data widely circulated to encourage new methods of 
analysis. Tliis \\iould provide opportunities for a wide range of new 
developments to be formulated and tested. 

I suggest that one such "centre-of excellence" in each state would 
be an appropriate initial objective; that water quality data should be 
collected in addition to data for water yield and floods; and that utmost 
inportance be attached 1:0 regular processing and publishing of data. 

The need to advance in methods of hydrologie analysis has been 
recently eiiphasised by the strong interest in the Conference on Water 
Research held in'Canberra in January, 1970. The need for a few centres where 
very hign quality data are collected and made freely available for analysis 
seems to be as strong as the need for better utilization of data from 
existing catciiment experiments. 

It is therefore recommended that -
"Consideration be given to the need for collecting some very higji quality 
hydrologie data at a few select locations throughout Australia to provide 
opportunities for development of new methods of analysis." 

Where runoff or groundimter recharge has been increased by 
conversion of a catchment cover from trees to grass, the critical drou^t 
periods that occurred in the streamflow record prior to clearing may no 
longer be representative of the future flow pattern. Wnere the statistical 
characteristics of a streamflow record are used to generate synthetic 
flow sequences, the changes produced by clearing could significantly 
influence the lovj flow sequences which are all iiiportant in reservoir 
design. 
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In the Callide Valley in Queensland, a critical drought period 

in the streamflow record occurred early this century before the valley 
was substantially cleared of trees. This critical period is the present 
basis for restricting further irrigation development in the valley. 
However, there may be additional surface runoff and groundwater recharge 
resulting from the conversion of plant cover from trees to grass which 
would permit additional development if properly assessed. 

Studies in South Australia have already shown that differences 
in water use between trees and grass substantially alter the amount of 
groundwater recharge and the amount of groundwater available for 
development. In the area studied, there is virtually no surface runoff 
and the groundwater is the principal water resource, Ihere have been no 
studies made of how the changes in surface flow or groundwater recharge 
produced by change in land use can affect reservoir design or estimates 
of the reliable yield of a catchment or aquifer. 

This is a problem of wide ramifications« Land use changes such 
as clearing have most effect on low flows, and these flows are most 
significant in determining the amount of development which can be sustained 
by the available water. Almost all methods of analysis of streamflow 
records depend on assunptions of homogeneity of the data. There is a need 
to know how much effect is introduced by a change in the low flow pattern 
such as would occur from the effects of clearing» 

There is scope here for some order-of-magnitude estimates to be 
made of how inportant is change in the homogeneity of streamflow records 
resulting from change in land use. Current knowledge, as outlined in 
Parts I and II of this report could be used to give order-of-magnitude 
estimates of the results of changes, such as the clearing of trees from 
a catchment, and these estimates can serve to estimate the likely economic 
consequences of a change. 

It is therefore recommended that -
"Consideration be given to the need for a research project to study the 
order-of-magnitude of economic effects resulting from change in a 
catchment plant cover from trees to grass in a few select locations^ such 
as the Callide Valley in Queensland, the Gambier Plain in South Australia, 
and the South-West coastal strip of Western Australia." 

12.2 FLOODS 
12.2.1 Sunmiary of Effects 

Overseas results show that land treatment measures have little 
potential for significantly reducing floods on large catchments. 
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In the small v/atershed progra'ariB of the U.S. Soil Conservation 
Service5 flood detention dams, viith a storage capacity eq̂ oivalent to ahout 

inches of runoff the catcinrent area controlled, are "used as the 
priiiiary flood niitigatir̂  measure. Tne reductions in flood peaks are great-
est jjiriiediately dovvTistream of the detention dams, and the effect diminishes 
with distance domstream. A nunber of studies have shovvn that dains on 
tributaries iTiitigate flooding in those tributaries but have little 
influence on floods in the min river channel. Tne next most inportant 
flood mitigation meas-ore in U.S. programmes is cnannel irprovement to reduce 
overbank flow. 

Land "Creabiient neaŝ ures, particularly conto'or bai'Ms arid terraces, 
c.aia reduce zhe peaks of small floods on small catchments. However, there 
is insufficient information available to generalize results or produce a 
^neral prediction model. Generally", the reductions seem to be significant 
only \':ner-e the flood results from short duration high-intensity rain with 
runoff volurrBS of 2 inches or less. For a storm runoff of 2 inches, reduct-
ions in flood peaks due to land treatnent wo"uld be in the order of to 
15P. In Australia, most floods (e\'en on small to mediam catcnments) are 
the result of cyclonic storms wnAcn produce large amcrunts of runoff, of 
the order of 5 10 inches. Land treatirent measures may have a small 
effect on flood peaks from small catchments 'uiider these conditions, but 
virtually' no influence on flood peaks in large catchmients. 

3ushfir-es can have a significant effect in increasing in runoff 
voluires, flood flows, and sediment yields. American data suggest that 
flood peaks may be doubled duririg the first year after a sever-e b'urn and 
that a period of 7 to 8 years is probably req'uired to restore pre-b"um 
conditions. The majority of results available for study are from 
California which has a bushfire problem similar to that in Australia. 

Tiere is opporturJ.ty for land management to influence the effects 
of bushfires by periodic control b̂ oiTiing to prevent fuel acĉ jr;:ulation and 
so reduce the severity of Vvald fires. Because the intensity of a control 
bum is very much less than that of a wild fire, the effect on plant cover 
is small, and any influences on runoff should take a much shorter tin^ to 
disappear. 

12.2.2 V/ork in Progress 
An experiment to deteimine the effects of soil conservation 

works on flood pealvs was established by the Department of Conservation 
of Ifew South Wales at Pokolbin in the Hunter Valley several years ago. 
Rr-om the little e\d.dence which is available, it appears that thiis is 
probably the best instr'umented and maintained experir^nt of its t̂y-pe in 
Australia but very little has been published about the experiment and no 
res-ults have been made public. It seems that the experimient has not shown 
an.;̂^ significant effect of soil conservation works on flood peaks to date 
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but this comment should not be taken as conclusive. To the best of the 
writer's knowledge, this experiment is still continuing. 

In Victoria, the Soil Conservation Authority has established 
Linpet level recorders at a number of locations throughout Victoria to 
determine possible variations in peak flow from catchments under 
agricultural production. The experiments conducted at Parwan by the 
Soil Conservation Authority, nentioned in the previous section on water 
yield, have also been used to study the effects of land management on 
rates of runoff. 

In Western Australia, the Soil Conservation Service of the 
Department of Agriculture is studying the effect of soil conservation 
earthworks on the runoff hydrograph at the Berkshire Valley experimental 
catchment, Moora. 

The effect of bushfires on runoff flood flows and sediment yield 
is being studied in the Snowy Mountains area, in Queensland, and in 
Victoria. Following a severe bushfire in the Upper Tumut Valley in I/Iarch 
1965, a Study of its effect on sedinent yields, catchment runoff and 
floods was coraoiienced by the Snowy Mountains Hydro-Electric Authority. 
The Queensland Department of Forestry and the Forests Commission of 
Victoria are both using small plots (about 60-75 square feet) to study 
the effects of control burning practices, but these are more related to 
sediment and water yield than to floods. 

The effect of drainage works on flood flows has been studied 
at the University of Queensland, Department of Civil Engineering. An 
hydraulic model of the stormwater drainage of reclaimed coastal swanps 
was used to detenrmne the increase in flood levels in an adjoining 
river due to the removal of the flood storage capacity of reclaimed 
areas in the Kawana Island land development, 

12.2.3 Recommendations 
Much of the problem of determining the influence of land use 

on floods lies in the lack of knowledge about the build-up of the flood 
hydrograph across the land surface and in the channel system of a 
catchment. Most models of the flood hydrograph, e.g. unit hydrographs 
or runoff routing models, are based on rather arbitrary relationships 
between rainfall and runoff. There is little basis for relating change 
in land use to change in unit hydrograph or other model parameters. 

On larger catchments, storage effects in the main river 
channel tend to dominate, and it is possible to evaluate the effects of 
clearing, straightening, etc. of the river channel by standard methods 
of hydraulic analysis. The influence of flood detention dams can also 
be evaluated by standard routing techniques. 
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On smaller catchments, the Rational ivfethod is more commonly used 
to estimate flood flows, using either a coefficient of runoff or a loss 
rate. The recommended coefficients and loss rates contained in 
"Australian Rainfall and Runoff" do not seem to be realistic; in particular, 
the effects of forests and other vegetation on flood peaks seems 
exag^rated for the conditions in Australia where cyclonic storms are most 
prevalent. 

In view of the wide use which is made of "Australian Rainfall 
and Runoff for estimating flood flows, there is a need for the best 
available information to be used in the recommended procedures. There is 
considerable Information now available in the published results of exper-
in^nts which miglit be of use, if evaluated in detail, in inproving the 
current recomimendations. 

It is therefore recommended that -
"Attention be given to the available information on effects of land 
management on flood flows in any examination of possible revision 
of "Australian Rainfall and Ranoff". 

There is considerable concern among water supply authorities about 
the effects of bushfires on catchment areas. Some authorities have 
knowledge of and experience with control burning, but there is an obvious 
need for a wider dissemination of knowledge to many of the authorities. 
Ihe Water Resources Council or the University of New South Wales could 
assist by arranging for a ŝ /iiposium on the control of fire on water supply 
catchments, possibly in conjunction with a Rural Fires Conference of the 
Forestry and Timber Bureau, or with a biennial n^eting of the water supply 
and sewerage authorities. 

It is recommended that -
"Consideration be given to sponsoring a symposium on the control of fire 
on water supply catchments." 

12.3 WATER QUALITY 
12.3.1 Summary of Effects 

Rural land use affects the quality of available water in 
Australia by increasing the level of turbidity and sediment, by bact-
eriological contamination from animal wastes, and by the leaching of 
pesticide residues. The effects of land use on salinity in water is 
described in a separate section. 
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Turbidity in water supplies can be substantially increased by 
clearing of land in the catchment, by construction activities on or near 
water-courses J by forestry operations such as logging, and by cultivation. 
The problem is more widespread in catchments pro\ddlng town, and city water 
supplies than is generally realized. The exanple of Canberra's water 
supply is probably the best documented; however, many other similar cases 
have occurred. 

Bacteriological contamination from animal wastes has not produced 
widespread problems in Australia but this is undoubtedly because of the 
many controls which exist in public health and catchment management 
legislation. Pig faming is given particular attention in most regulations 
governing use of catchment lands, and the disposal of carcasses of dead 
animals is also controllede In the U.S,A,, problems are occurring because 
of high concentrations of animals on small areas in large-scale "factory 
farming". In cool climates where much runoff occurs from saturated 
ground each winter, animal wastes are not absorbed into the soil and tend 
to contaminate surface water supplies. Neither of these two problems 
is widespread in Australia. 

The use of artificial fertilizers on agricultural lands is in-
creasing rapidly and, because applications are never even or exact, the 
leaching of nutrients, particularly nitrate and phosphate, into water 
supplies is increasing. Infants and young animals are poisoned by 
excessive amounts of nitrate, but this does not appear to have happened in 
Australia, Ihe more practical problem occurs where the nutrients accelerate 
the growth of algae and water v/eeds. Blooms of algae can deplete the 
oxygen in water and die, leaving ar unpleasant taste and discoloration in 
the water. Clogging of filters, purrps and pipelines can occur. Problems 
with algal blooms have already occurred in most states, 

12.3.2 Work in Progress 
Particular mention must be made of the Senate Committee on Water 

Pollution which collected evidence throughout Australia during I969 and 
which is expected to report to the Federal Parliament in 1970. Although 
the activities of this Committee do not fall within the general field of 
research, the collection of evidence will constitute the most comprehensive 
review ever conpiled of problems and current activities related to water 
pollution in this country, Ihe effects of rural land use on water quality 
are included in addition to the effects of urban and industrial areas. 

Most water supply authorities and public health authorities are 
active in both routine monitoring of water quality and some investigations 
of causes and control of pollution- Hov/ever, problems of water quality 
resulting from rural land use are closely mixed v/ith urban and industrial 
pollution problems. Water pollution is too big a topic for review in this 
projecto 
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One par-icular activity wnich n^rlrs attention is the survey of 

v/ater o/oaliiy in sene 50 rivers in Q^ueensland by the Local Government 

Oepartinent. Sources of pollution, bcin rural and urban, are being identified, 

and data for later anal^-sis are being collected. The Department intends to 

develop iLai:her:iaiical models for analysis aî d prediction of the behaviour of 

pollutants in the river systems. 

A mature forest cover is generally accepted as the best protection 
for a v/ater supply catchjnent, but clearing and cultivation for establishment 
of plantation forests, construction of access roads, and logging activities 
are, by nat^ure, not conducive to iralntaindng high water quality. Forestry 
and land utilization authorities are well av;are of this so'urce of conflict 
in multi-purpose use of catchi-nent lands and several studies are in progress. 
In Queensland, tne Department of Forestr^^ has studied the effects of 
commercial logging in Rr-eshv.-ater Creek basin, west of Cairns. In Victoria, 
the Soil Conservation Authority on oehalf of the Land Utilization Advisory 
Co-ui']cil is initiating collection of water quality data on some experimental 
catcnmients. Ii": New South VJales, the Forestry Commission has proDosed a 
detailed i-^search programme to stud̂ - how management practices affect 
water quality. 

Pesticide residues in agricultural products intended for export 
have already r-eceived attention by the Australian Agricultural Council, which 
nas established a Sub-Committee to study the problem. Ihere would be benefit 
from close cooperation between the Water Resources Council and the 
Agricultural Council concerning pesticide residues in water supplies. 

12,3.3 ?.e c ommen dat 1 ons 

Because the scope of the present project has been very broad, en-
conpassing botn water yield and floods in addition to aspects of water 
quality, there is still scope for more detailed study of individual 
aspects, Fnis applies particularly to v;ater pollution fromi rural land use. 
In general, there is a need for more detailed re\dews of bacteriological 
contamination from animal wastes, of excess nutrients, and of pesticides, 
before any recommendations for f'urther research could be formulated. Two 
detailed recomnendations can be given here, one concerning utilization of 
existing turbidity data and the other related to development of 
mathemiatical models for study of v/ater quality, 

Turcidity is a problem in many vvater supplies in Australia; yet 

relatively little is known about the t̂ v̂ ês of soil or patterns of distur-

bance which are liiost troublesome, or how construction, forestry, or 

other activities can be -undertaken in or near wmercourses with minimum 

effect. Surprisingly, ver̂ v little research is being directed towards 

the problemi. 

Tnere appear to be large amounts of data on turbidity levels 

in streams whicn have been collected by v-jater supply authorities In 
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routine monitoring of their supply. There Is a major opportunity for̂  
research of a substantial practical problem, without Involving expensive 
or lengthy data collection, by collating and analysing the existing 
collections of data. 

Research needs related to turbidity are conplex and involve 
aspects of soil type, climatic patterns of high-intensity rain, 
cultivation and management practices in forestry and agriculture which 
initiate disturbances, and the persistence of turbidity in water down-
stream from a disturbance. Without attenptlng to specify detailed aspects 
or br^ak up the problem in any way, a broad recommendation for more research 
in this field and for better use of existing data can be given. 

It is therefore recommended that -
" Consideration be given to sponsoring research into the causes of 
turbidity in town and city water supplies and methods of control of the 
problem." 

In tne U.S.A. mathematical models of the behaviour of pollutants 
in rivers and estuaries have been developed for both conservative and 
non-conservative pollutants to deal with such problems as salt, nutrients, 
pesticides, bacteriological contamination from animal wastes, and even 
thermal pollution. Tne models are used in conjunction with a hydrologlcal 
model of the water system to predict the movement, dispersion, decay, and 
ultimate disposal of pollutants in the same way that the mathematical 
catchment models deal with the water balance of catchments. 

In Australia, very little use of water quality models have been 
irjade until recent time. In South Australia, there are current studies 
directed towards modelling of salt in the lower Murray River. In 
Queensland, the Department of Local Government has just commenced modell-
ing the benaviour of a single pollutant in a simple river system as a 
step towards development of more realistic models. In Western Australia, 
CSIRO Division of Soils has already studied the movement of salt in 
small catchment systems following change in the hydrologlcal regime re-
sulting from clearing. Each of these studies could be described as 
exploratory. 

Ihere is good reason to stimulate the development of techniques 
in water quality analysis, particularly mathematical models of the 
behaviour of pollutants in rivers and estuaries. Water quality problems are 
Increasing rapidly but, more important, public awareness of pollution is 
Increasing at an even faster rate. The development of analytical 
tecnnlques for understanding the behaviour of pollutants is a fundamental 
need for managing catchments where the land use is likely to produce water 
quality problems. 
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It is therefore reconmended that -

"Consideration be given to stimulating the development and use of methods 
for analysing the behaviour of pollutants in rivers and catchments "in 
Australia." 

12.^ SALINITY 

12,^.1 Introduction 

In Australia, most groundwaters contain significant quantities of 
salts, and in many areas the salinity is very high. Problems occur when the 
activities of man result in raising the watertable close enough to the 
surface of the ground for evaporation to take place. Salt then accumulates 
as the water is lost and salinization of the land results. 

Tnere are two distinct aspects of this problem in Australia, one 
related to large scale irrigation development around the Mjirray River, and the 
other related to upset in the hydrologie cycle following replacement of the 
trees on a catciiment with grass. 
12.4,2 Murray River Irrigation 

Salinity problems in the Murray River have been described in Chapter 
6 of Part I of this report, and in the main they arise as a result of 
overwaterlng in the irrigated areas of the Riverine Plain, Water from the 
upland catchment of the Itoray is of good quality, probably better than 
norroally available for large scale irrigation in overseas countries. 

However, the Riverine Plain is characterised by shallow groundwaters, 
most of which are nighly saline. Natural drainage is poor. Overwaterlng 
and channel seepage losses have raised the watertables producing water-
logging and salinization problems, and Increasing the salt load entering the 
river. When combined with the reduction in flow by the use of water for 
Irrigation, the result is that the quality of the river water is seriously 
degraded. Salinity of Murray waters increases continuously from Hume 
reservoir to the sea. 

A major report on salinity in the river system has been prepared for 
the River Murray Commission by Gutterldge, Hasklns and Davey, consulting 
engineers. The report is lengthy and conprehenslve and covers the physical 
situation of climate, soils and geology in addition to the history of 
developn^nt, institutional arrangements for control of the river, and much 
other relevant material. 

In this present review of catchment management, the problem of 
Murray River salinity is an important item. During the project, it became 
clear from discussions with members of the Advisory Panel on Effects of 
Land Management on Runoff and members of other A.W.R.C, committees, that 
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consideration of the topic was desirable. However, the magnitude of the 
River Murray Commission investigation raised a problem. 

The objectives which were intended for the irrigation aspects of 
this review of catchment management will be substantially met by the report 
to the River Itoray Commission. The major problems will be identified and 
gaps in current knowledge identified. In the limited time available for 
the A.W.R.C. study of catchment management, it was impossible to approach 
the magnitude of the I/iurray River investigation, and there seemed little 
value in atterrpting to duplicate any major part of the work. It is 
understood that the report will contain recommendations for further research 
and investigation to be undertaken, ranging from fundamental studies to the 
need for more data to be collected. 

It is therefore recommended that -
"Consideration be given to the recommendations for research related to 
salinity problems associated with irrigation: development as outlined in 
the consultants' report to the River Murray Commission." 

12.4.3 Salinity Following Clearing 
One of the more evident changes in the hydrologie cycle produced by 

change in land use is the difference in water use between trees and grass. 
The deeper-rooting trees generally are ah le to extract a greater amount 
of soil moisture than the shallower rooting grasses. Where the climate is 
such that évapotranspiration exceeds rainfall for a significant amount of 
the year, the trees can create a greater soil moisture deficiency than the 
grass, and in following storms when the soil moisture is replenished, there 
is more surface runoff or groundwater recharge from grassed areas than from 
areas of trees. 

The increased groundwater recharge which occurs when native forest 
is cleared for agricultural development can result in raised watertables, 
similar to the result of overwatering with irrigation. Where the ground-
water is both shallow and saline, the increased recharge can raise the 
watertable to or close to the surface and the accumulation of salt as water 
evaporates can result in salinization of the land. 

This effect of dry-land salting following clearing is most evident 
in Western Australia where about 400,000 acres of land are affected. The 
problem also occurs in South Australia and Victoria where lesser areas are 
affected. The areas affected are generally in a rainfall of 15" to 
25 inches per annum, and there are substantial areas of such land currently 
being cleared and developed. A description of the problem is given in 
Chapter 2 of Part I of this report. 

Salinity resulting from clearing dates back to the beginning of 
this century but, to the present time, the techniques of analysis have not 
developed much beyond the indentification and description of the preblem. 
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Its cause, and the several variations of confined and unconfined aquifers, 
fine textured and coarse textured soils, etc. In Western Australia, CSIRO 
Division of Soils has instrumented soiœ catchments to monitor both the salt 
and water balances, but the problem appears to warrant an increase in the 
current effort. 

The problem is conplex involving both surface flows and groundwaters, 
and both water and salt movements, and it requires precise measurement 
of the differences in water use b y tne plant cover as trees are replaced 
by grass. An essential feature of any analysis of the problem will be the 
development of techniques for study of the salt balance of a whole catch-
ment under relatively natural or undeveloped conditions. 

To date, developments in the analysis of salt balances of whole catch-
ments have been associated with the salinity problems of large scale 
irrigation, where large amounts of water aiid salt are involved, where the 
useage of water and concentrations of salt are Imown, and where the elements 
of the salt and water balances are relatively easily defined. The problem 
of salinity resulting from clearing requires a more fundamental knowledge 
of the movement of water and salt in natural catchments, and involves more 
exact and intensive data for any analysis. 

Any detailed formulation of research proposals in this field 
would be best undertaken in cooperation with the authorities in Western 
Australia and Victoria who are currently involved in study of the problem. 
For the purposes of this report, attention is drawn to a problem of catch-
ment mangement that already substantially affects both land and water re-
sources and that is likely to increase with future increases in land dev-
elopment . 

It is therefore recommended that -
"Consideration be given to fostering increased study of the salt and water 
balance of catchments in areas where salinization problems develop as a 
result of clearing." 

12.5 LEGISLATION, ECONOMICS AND RELATED ASPECTS 
12,5.1 Introduction 

The social, political and economic aspects of catchment management 
have the widest ramifications of all parts of the subject. Ihe need for 
sound information on which to base policies and assessments is the 
starting point from where the priorities for research into the physical 
aspects of the subject can begin. The problems at this level of the subject 
are usually inpressive in size. 
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The conflicts of interest which can occur between the users of land 
in a catchment and the downstream users of water from the area are not unknown 
in Australia. The conflict between timber interests, wishing to utilise 
timber from IVfelboume's water supply catchnents, and the interests of the 
water consuméis in. IVfelboume has been the subject of more than one enquiry 
at State Government level. Similar conflicts arise in the Newcastle water 
supply catchments and in other parts of Australia. 

Problems of social priority arise in the issue of mining leases which 
encroach on or enconpass water supply catchments. Long standing practices 
of agricultural management in the Snowy Mountains area, involving grazing 
and pasture burning of alpine lands, had to be changed with the construction 
of the $800 million Hydro-Electric Scheme. Demands for recreational use 
of water supply catchments and a staggering rate of increase in public aware-
ness of pollution and quality of the enAáronment, are major problems for 
the immediate future. 

The writer is well aware of the magnitude of the social, political and 
economic issues which are inherent in these problems. It would be easiest 
to ignore them as is most frequently done in assessments and reviews such 
as this project. It seems more responsible to make an effort towards de-
lineation of where research effort might best be directed in this field: as 
well as in the area of the physical sciences, in full knowledge of the 
sensitivities which exist around many of the current problems. 

12.5.2 Legislation 
In Chapter 10 of Part III of this report, a description was given of 

some of the legislation and regulations controlling land use in water supply 
catchments in Australia. Control over use of these areas is usually given 
to the water supply authority or to the state soil conservation authority 
in order to control pollution or erosion respectively. 

The authority to control land use, in this context, is rarely 
singular and frequently there is overlapping legislation. It appears that 
there is far more power to control land use in catchments than is generally 
used, and the exact nature of control exercised in different parts of the 
country cannot be assessed merely by reading the acts and regulations which 
exist. In general, it seems that fairly wide powers have been established 
by legislation, and these are used as little as is necessary to meet 
localised problems. In most cases, the powers exercised are punitive 
(action taken when a conplaint is received) rather than preventative 
(action taken to prevent problems from arising). 

Because of the influence that mining activities can have on water 
quality, the legislation governing issue of mining leases is also relevant. 
In soriB instances in Australia, it seems that mining leases can be issued for 
areas in water supply catchments, even where this is against the wishes of 
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the water supply authority. It has not been possible in the tinB available 
for this project to examine the relative priorities in such cases. 

At the present tiuB, the existing legislative control over land use 
in v/ater supply catchnients is far in front of the technical information 
which is available to guide the control. Ihere is more legislation still 
being enacted to add to that already in existence, e.g. in New South Wales at 
the time of writing, legislation before the State :°arliament includes a Water 
Pollution Bill, and a Land Utilization Bill, both relevant to the management 
of catchments. In Victoria, there is a Land Resources Bill in preparation 
which could substantially change the operation of the Land Utilization 
Advisory Council. 

There are big differences in catchment management legislation among 
the States, and there is a need for a more detailed review than has been 
made in this project. 

It is therefore recomirended that -

"Consideration be given to the need for a detailed review of the legislation 
which deals with the control of land use in water supply catchments in 
Australia." 

12-5-3 Utilization of Catchments 
Present developnents in the utilization of catchments in the south-

east of the continent are sobering- There is a large area of catchment land 
in the Snowy ̂ fountains regions which is now developed for power generation 
^d for irrigation in the Ivjurrumbidgee - Itoray areas. Iirmiediately north 
of tne Snowy Mountain catchments, is the Cotter catchment which provides 
Canberra's water supply and wnich is now fully utilized for this purpose. 

Future increases in supply for Canberra will be taken from the 
Queanbeyan - Molongolo catchments to the east of Canberra, and these abut 
onto the Shoalliaven catchment which is being developed for supplying water 
to Sydney. Tnere is a great arc of catchments immediately north of the 
Shoalhaven, including the Warragairba catchment. Cataract, Cordeaux, Avon, 
and others, which are already fully utilized to provide water to Sydney and 
the Wollongong - Port Kembla region-

Recently, there nas been controversy concerning the catchments to 
provi.de water supply to Î felboume. When the need for additonal areas was 
established in 1962, a proposal to divert water from the Big River in the 
catchment of the Goulbum River was not accepted by the Victorian Parlia-
mentary PuDlic Works Conrnittee because "the water resources of the Big 
River and all other streams entering Eildon Reservoir ar-e conmitted for 
water supply to the Goulbum Irrigation System." With the pending construction 
of Dartmouth reservoir at Mitta Mitta to increase the regulation of flow in 
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the Murray River, almost all water from catchments along the Great Divide 
between IVfelboume and Sydney will be committed for purposes which include 
municipal supply, irrigation development, or power generation. The amounts 
of uncommitted supplies or resources which can be further developed are 
diminishing fast. 

There are other areas where the demands for water have reached the 
same stage of commitment, and where conflict between conpeting demands is 
beginning to emerge. The Moreton Bay region surrounding Brisbane is an 
exanple. Conpeting demands for water among the supply to Brisbane, supplies 
to smaller centres of population, irrigation development and others, have 
recently resulted in proposals for a Moreton Bay authority to plan and 
control future utilization of the available water in the whole area. 

The need for inproved techniques in management of these catchments is 
illustrated by the restrictions now iirposed on the planting of pine trees in 
the Cotter catchnent near Canberra, the restriction on burning and grazing 
in the high mountain catchirents of the Snowy Mountains, the conflict between 
timber interests and the Melbourne and lYfetropolitan Board of Works concerning 
timber harvesting on the Melbourne catchments, and so on. Ihe needs vary 
depending on the use to be made of waters from the catchments - different 
problems of catchment management occur depending on whether the water will 
be used for metropolitan supply, irrigation, or power generation. 

Therefore, as a preliminary to defining the problems of catchment 
management in Australia, there is a need to set out the use to be made of 
the water from the major catchments and the purposes for which the catch-
ments will be managed. Soire effort has already been made in this direction. 
In Victoria, the Parliamentary Public Works Committee has already prepared 
reports on possible utilization of water from catchments of the Ovens, 
Broken, King, and Wannon Rivers, and Seven Creeks, as well as reports on the 
future water supply for IVfelboume. In New South Wales, the Water Conservation 
and Irrigation Commission is preparing detailed reports on the water resources 
of the more than 30 river basins. 

At this point in time, it seems opportune for these efforts to be 
supplemented by similar work in other states and for the commitments and 
demands for available water from major catchments to be collated on a 
national basis. When the Australian Water Resources Council was first est-
ablished in 1962, one of its early achievements was the conpletion of a 
national assessnent of the water resources of Australia which provided a 
basis for the subsequent programme of increased stream gauging activity and 
assessment of underground water resources. The current need is for a 
national assessment of the commitments and demands for available water and 
the acconpanying requirements of catchirent management. 

At the conference on water research, held in Canberra in January 
1970, there were suggestions for surveys to be made of land use throughout 
Australia for the purpose of assessing how change in land use might be 
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affecting water resources. While these suggestions have obvious merit 
for the purpose of national planning, the task could be made much slnpler 
by first defining the areas where demands for water and commitments of the 
available supplies are greatest. 

It is therefore recommended that -

"Consideration be given to preparing a national assessment of the demands 
for water and commitnBnts of the available supplies in the major river ' 
basins of Australia, and the acconpanying requirements of catchment 
management 

12.5.^ Education 

In the U.S.A., watershed management is an established discipline 
at a number of Universities, but the position is much different in 
Australia. Here, there is virtually no established teaching of catchment 
management at the present time» In the School of Civil Engineering at the 
University of New South Wales, where the teaching of hydrology has been 
most developed, catchment management is only a very minor item in the 
teacning of Public Health Engineering both at undergraduate and post-
graduate levels. In the Department of Forestry at the Australian National 
University, there is only a little teaching of hydrology and of the role of 
forests, commensurable with the minor role of protection forests corrpared 
with the production forests in Australia. 

Catchment management is generally practised as an art within the 
government organizations which have some legal control over or responsibil-
ity for catchment areas. The subject is apparently ignored by universities 
except for some isolated pieces of research by interested individuals. 
There is an absence of systematic teaching and of any prograranes of research. 
There are current developments in the teaching of natural resource manage-
n^nt, both at the University of New England and the Australian National 
University, but there is little indication at the present time that catch-
iT̂ nt will be adequately treated. Ihe major difficulty seems to lie in 
the wide scope of the subject and the absence, prior to this report, of 
any substantial review of the problems which exist in this country. 

No attempt was made in this project to review the educational 
aspects in detail, and it is recommended that some further consideration be 
given to this. Considering the inportant ramifications of existing catchment 
management legislation, it is surprising that no attempt has been made in the 
past to foster study of the subject. There would be merit in having a review 
of American courses made with any detailed review of relevant courses in 
Australia, Until such a review is made, there is little purpose in attenpt-
ing to formulate detailed recommendations for further developing the teaching 
of the subject. 
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It is therefore recommended that -
"Consideration be given to the present absence of any systematic teaching 
of catchment management at university level in Australia." 

12.6 SUMVIARY OF RECOMVENDATIONS 
The recommendations which have been made with explanation in̂ the 

previous pages are summarised below. The recommendations are that priority 
of attention should be given to the following :-

(1) To methods of lirprovlng the utilization of data 
from experiments which have already been 
established on catchments in Australia for the 
purpose of evaluating the hydrologie effects of 
land use and land management. 

(2) to the need to stimulate research into the 
problems of extrapolating results from small 
experimental catchments to large areas. 

(3) to the need for collecting some very hi^ quality 
hydrologie data at a few select locations throu^-
out Australia to provide opportunities for 
development of new methods of analysis. 

(4) to the need for a research project to study the 
order-of-magnltude of economic effects resulting 
from change in a catchment plant cover from trees 
to grass in a few select locations, such as the 
Callide Valley in Queensland, the Gambler Plain 
in South Australia, and the South-West coastal 
strip of Western Australia. 

(5) to the available information on effects of land 
management on flood flows in any exainlnatlon of 
possible revision of "Australian Rainfall and 
Runoff". 

(6) to sponsoring a symposium on the control of fire on 
water supply catchments. 

(7) to sponsoring research into the causes of turbidity 
in town and city water supplies and methods of 
control of the problem. 
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(8) to stimlating the development and use of 
methods for analysing the behaviour of 
pollutants in rivers and catchments in 
Australia. 

(9) to the recommendations for research related to 
salinity problems associated with irrigation dev-
elopment as outlined in the consultants' report 
to the River Murray Commission. 

(10) to fostering increased study of the salt and water 
balance of catchments in areas where salinization 
problems develop as a result of clearing. 

(11) to the need for a detailed review of the 
legislation which deals with the control of land 
use in water supply catchments in Australia. 

(12) to preparing a national assessment of the demands 
for water and commitments of the available supplies 
in the major river basins of Australia, and the 
accompanying requirements of catchment management. 

(13) to the present absence of any systematic teaching 
of catchiient management at university level in 
Australia. 




