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ABSTRACT

Agricultural development over the past 200 years in southern Australia has involved
extensive clearing of the native, evergreen vegetation and its replacement with
annual rain-fed crops and pastures. These introduced plants have a limited growing
season, are comparatively shallow rooted and hence, in a Meditexrranean climate, use
less water. A consequence of this is the secondary salinisation of about 277,000
ha of previously productive land, and associated degradation of valuable water
resources. These effects were first noted in the 1890's, and by 1924 it was
hypothesised that increased recharge caused a rise in levels of saline underground
water bringing salts to the soil surface particularly near water courses.

Studies initiated in the 1960's have shown that large gquantities of soluble

salts are stored in the deep weathering zones characteristic of southern Australia.
. Under forested conditions, surface and near suvrface waters are relatively fresh
although deeper groundwaters may be highly saline. Data presented show that
groundwaters rise as a consequence of clearing. fThis leads to the development of
saline seeps, vhich, together with an increase in saline bascflow, results in
increased salt export from catcmments. Although there is usually a concomitant
increase in run—off, this may not be sufficient to keep annuval stream salinity
below an acceptable level. ‘

The pattern of changes in streamflow guality during the yeay is shown to provide an
indicator of the contribution of saline baseflow to streams from small catchments.
This may be useful in predicting the effect of clearing, or in indicating a decline
in saline baseflow following re-afforestation.

KEYWORDS , 4
Clearing, saline seceps, groundwatexr, recharge, water gquality, streamflow, salt
balance.
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INTRODUCTION

The utilization of land resources for large-scale agricultural development is a
relatively yecent activity in australia.  In 1870 the arca of cultivated land was
aboul 1 million hectares, increasing to 43 million hectares by 1977 (ustralien
rorean of Statistics, 1978), with about 85% being in the southern third of the
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continent. Development has involved the removal of much of the native vegetation
of primarily evergreen perennial shrubs and trees, of which many have root systems
extending well beyond 1 m depth (Grieve and Hellmuth, 1968; Kimber, 1974). 1In
contrast the introduced crops and pastures are generally shallow rooted with 95%
of roots in less’'than 1 m of soil (Ozanne, Asher and Kirton, 1965). Williamson
{1973), in a study of water content in a deep sand, showed that the native
vegetation of heath and sclerophyll scrub extracted a larger quantity of water
from a greater depth (to 3 m) and for a longer period than was the case for an
adjacent wheat crop.

Hydrologically, the change to agricultural land use results in increases in stream
flow and recharge of groundwater, and the development of water-logged soils
(Wood, 1924; Bettenay, Blackmore and Hingston, 1964; Boughton, 1970; Holmes,
1971). 1In parts of southern Australia the hydrologic changes are associated

with increases in salinity of soil and surface water resources. Similar

secondary salinity has affected the soils of about. 800,000 ha of the northern
Great Plains reglon of North America (Vander Pluym, 1978)$_ Peck (1978) has
proposed the expression “"saline seep" for areas where groundwater movement to

the so0il surface has produced a salt-affected soil.

This paper reviews the evidence for salinisation of soils and streams in southern
hustralia, (Fig. 1) resulting from dryland agricultural development following
Furopean settlement. Data are presented to support the hypothesis that the post-
clearing change in the ground water system is the major contributory factor in

the development of saline seeps and increased stream salinity. Ongoing research
in several small catchments is used to examine other related responses to clearing.
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Fig. 1. Ilocation in southern Australia of arcas whorc secondary salinisation of
solls exceceds 2¢ of the land usced for non-irvigated agriculture (Souwrces:
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PHYSICAL ENVIRONMENT .
Climate

Agriculture in southern Avstralia depends on winter and spring rainfall for the
major crop and pasiure production. In all but the eastern highlands, the climate
is predominantly Mediterranean, with an excess of winter rainfall, followed by
summer drought; median annual rainfall is generally 1éss than 800 mm (see Fig. 1)
with a low to moderate annual variability. Class A pan evaporation, as a measure
of potential evaporation, is in the range 1600 to 2400 mm per year. Average
annual temperature is in the range from 12 to ZOOC, with the average daily
mayimum for January in the range 24 to 35 C and the average daily minimum in

July being in the range 3 to 9 C (Year Book of Australia, 1977).

Except for a more marked decline in runoff towards the inland areas, the patterns
of annual runoff and rainfall are quite similar. Most streams and rivers are
either strongly secasonal, or ephemeral in nature, and therefore storage reservoirs
are essential for maintaining water supplies throughout the year.

Soils

Saline seeps which develop following land clearing for dry-land agriculture are
frequently associated with duplex soils, either solodized solonetz and solodic
soils, or lateritic podzolic soils, underlain by deep kaolinised pallid and
weathering zones.

in Western Australia, saline seeps are also found in lower slope situations of
extensive areas of yellow earths which have an indurated lateritic mottled zone
at variable depth (Bettenay, 1964). Saline sceps occur in the alkaline sodic
coarse- and medium-textured soils at the base of dunes in north western Victoria
(Northcote and Skene, 1972), while areas of significant non-irrigated secondary
salting in Victoria occur within a number of soil groups additional to those
mentioned above including grey cracking clays, solonized brown soils and soloths
(Stace and colleagues, 1968; Mitchell and colleagues, 1978). :

The chloride ion dominates the anions, and sodium the cations, in the mejority
of saline Australian soils to the extent that sodium chloride comprises from 50
to 80% of the total soluble salts (Worthcote and Skene, 1972). The criterion
used for soil salinity is usually a visual one involving absence of vegetation
and prescnce of ‘salt efflorescence a' the soil surface. In classifying s0il as
saline, Northcote and Skene (1972) used 0.1% to 0.2% NaCl for surface soil and
0.3% NaCl for sub-soil, but the paucity of chemical data has usually restricted
the objective approach in surveys of salt encroachment.

ORIGIN OF SALTS , \

It is now well documented that rain carries with it quantities of si:lts which arxe
largely of marine origin (Ericksson, 1952; Hutton and Leslie, 1958). The
geouraphic veriation of salt pre eipitation ower Western Bustralia has yecently
}:een described by lingston and Gailitis (1976) who show a general decreasc of

{he annual mean chloride concentration in rainfall with distance from the coast.
nerosols produced from oceanic spray arce carried inland, where, because of the
high ratio of Cvawotranf}antaon to precipilation for native veget -ation and the
naturc of the landscape, the salts are concentrated in both s0il water and
groundwater. The features of the landscape conducive to the retention of eyclic
calte include the extromely low gradients {(as low as 1:1500), the low hydrauvlic
conductivity of the haolisised =oil zone (of order 1077 day”l (Peck, 197Ch)),
the disrupted nature of the regicnal drainage, and the presence of a deep regelith
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{to 50 m) consisting largely of highly weathered saprolites of the country rocks
(Bettenay and Mulcahy, 1972). Under these conditions the quantitics of salts
stored can be very large (Bettenay, Blackmore and Hingston, 1964; Dimmock,
Bettenay and Mulcahy, 1974). The latter authors found that for an area receiving
an annual rainfall of 600 mm in south Western Australia, mean storage of total
soluble salts (TSS) was 106 kg ha~l. The total amount of stored salt decreased -
with incrcasing average annual rainfall. At least 75% of this salt is stored in
the unsaturated zone (C.D. Johnston, private conmunication). Where the deep
kaolinised zone is absent, the storage of soluble salts in the landscape appears
to be'xelatively small (Mulcahy, 1978), with a consequent absence of saline seeps.

Atmospheric accession is also the primary source for salt accumulated in soils
and deep saline aquifers of the northern slopes and plains of Victoria {Downes,
1954; Mitchell and colleagues, 1978), and in deeply weathered profiles of the
Eyre Peninsula, York Peninsula and Kangaroo Island in South Australia (Matheson,
1968) (see Fig. 1). The Riverine plains in north-western Victoria have aguifers
developed from Tertiary limestones of marine origin which provide an additional
source of salt for secondary salinity (Macumber, 1968). Relict salts, possibly
of marine origin, and mineral constltuents of weathering parent rock are considere
sources of soluble salts for small, w1dely scattered saline seeps in the sub-hunid
Tablelands and Slopes of New South Wales (van Dijk, 1969; Hamilton and Lang,
1978). The importance of marine sediments as a source of stored salts should be
gauged against the adequacy of the post-marine-transgression period for
accumulating large quantities of salt in soils through atmospheric accession.

Fox exanple, assumlng that all precipitated salt was stored, and that there was

no variation in an accession rate of 20 kg TSS ha™ -1 yr“l, it would reguire 5 x 104

years to accumulate 106 xg 7SS ha~l.

. SOIL AND WATER QUALITY CHANGES FOLLOWING EURCPEAN SETTLEMENT

The most recent estimates of the area of secondary salinity of non-irrigated soils
in southern Australia are given in Table 1, and mapped in Fig. 1. The total area
of 277,300 ha represents less than 2% of the land cleared for agriculture in any
State. These data refer to obviously saline soils frequently devoid of vegetation
There is no known estimate of the area of soils in which reduced yield is a
consequence of salt encroachment. Both in Australis and in North hmerica the ares
of saline sceps is continuing to increase {Peck, 1978).

in southern Australia, the first “pcorded observation of increased stream salinity
following destruction of native vegetation, was made in the 1890's on the Yorke
Peninsula in South Australia (Wood, 1924). 1In VWestern Australia, changes in water

quality in small earth tanks constructed for railwsy water supplies was first
not«d by Bleazby (1917) where clearing of the catchments was used to increase
wolor yield., Wood (1924) further associated agricultural development with
irorcased salinity of rivers including the lotham, Goraon, arthur, Preston,
Blachwood and Murray rivers in Western hustralia. A1} were used for railway
boiler water at the begimming of the century but eventually became unsuitable for

both this purpose, and domzstic and irrigation water supplies. TFurthex

evidence was provided by an increase in the sali CW"“D\r(ilOH of the Mundaring
yeservoir necar Perth, Western husiralia, after trees in part of the catchment
were ving-barked in 1903 to increase water yicld {Kessell, 1920). tThe apparcent
success of a reo-afforestation programme was confiymed by Wellex {1926) who found
that, from 1914 onwards, there was a dynamic balance between catchment salt
input in the rainfall and salt flow into 1h( Mundaring reservolr.

Tp the 490 ywm to 1370 um vainfall zone of south-west australia, Peck and Harle

(1973) @ctermined the salt low:saltfall yatio in forested and favied (330%
For 8§ forested

cleared) catchments vhose areas ranged from 400 to 380,000 ha.
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catchments the ratio was in the range 1.1 to 1.6 indicating only a small excess
in chloride ion export, and average stream chloride concentrations did not

exceed 240 mg -1, However, with ratios ranging from 3.1 to 21.0, it was
reasoned that chloride ion was being removed from storage in the 7 farmed
catchments examined. Streams from 5 of the farmed catchments had average chlorid
concentrations of 1200 mg [ Xt Given sufficient time, and no increase in clearin
notable improvements in qualify of streams draining farmland could he expected
as equilibrium conditions were re-established. Peck and Hurle estimated
equilibrium concentrations similar to the present acceptable levels of the
forested catchments. However, characteristic times were from 200 to 400 years
where the average rainfall was less than 1000 mm yr“l;

TABLE 1 Estimated area in hectares of secondary
salinity of non-irrigated soils in
southern hustralia

STATE AREA
ha
.1
Western Australia 167,000
South Australia2 14,000
' Victoria3 : 85;000
New South Wales4 ) 11,300
Tasmania actual area unknown but
negligible
Sources: 1 .
Malcolm and Stoneman {1976)
2 Matheson (1968). '
3 Mitchell and colleagues (1978)
4

Hawkins, C. A., private communicaticn,
estimate only, no detailed survey done.

Clearing of land for agriculture over the last 80 years is considered the primary
factor in the current situation whove 40% of surface water resources in south-
west nmusiralia is sub-potable, hav ag an average annual flow-veightcd total salt
content exceeding 500 mg 9-1 (sadlcr and Field, 1976). In addition, salinity
£1.-catens the future of some current water supplies. The Great Southerua Tovns
Vooror Supply and an irrigation district of 16,200 ha are dependent on wataer irom
the Wellington Dam which impounds the Collie River and ite tributsvies in souithe
wost Austré}ia (see Pig. 1). Since 1960, when the wall of the dam vas raiscd to
ohtain a rescrvoir capacity of 185 x 10% m3, there has been a graduai increasc in
the chloride content of the reservoir inflow (Fig. 2). The degradetion of the
inflow has been positively correlated to the increase in clearing of land for
agriculture in the catchment (1oh and Hewer, 1977), The rate of increase o?
salinity has continued to increasce despite a reduction in the rate of cleariig.
although legislation in 1976 has soverely restricted clearing in the catchument,
cteady-state salt and watcey halance model (Peck, 1976a) used by Loh and Hover
jndjcﬁscs thot average annual inflow salinity could rise to 1100 ng o1 mps (.
560 mg ¢~ chleride). Af the cur;cnt rate of increase this peak would be achiveve

I

:;EEf;ij

by about 19863,
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Fig. 2. Trend in average monthly chloride concentration of inflow to the
Wellihgton Pam in Western Australia for 1963-1977, and associated total
monthly streamflow. (Source: Public Works Department of Western
Australia.) '

A change in vegetation need not be the only méans for generating conditions
resulting in saline seep formation. 1In the northern slopes of Victoria, the use
of contour banks to control a severe soil erosion problem, has led to the
development of saline seeps, apparently through diverting harmful run-off to
infiltration (J.J. Jenkin, private communication). In Western Bustvalia, it was
considered by Conacher (1975) that exceptionally high potentiometric heads in a
deep saline aquifeér beneath a salt seep may be a response to an interceptor bank
system which diverted overland flow and throughflow into the aquifer.

HYPOTHESES FOR SALINE SEEP. DEVELOPMENT

As an explanation for the deveJopﬁent of saline seeps and increased stream
salinity, Wood (1924) put forward the hypothesis that the removal of decp-rooted
native vegetation increased recharge through old root channels to a brackish
aquifer above the partly decomposed basement rock. As a consequence, the
undergrdund water 'would risc, perhaps to the surface necar the water coursc,
bringing salts with it. Studies of saline seeps, and saline valley floors have
usually shown that the potentiometric surface is neag or above the so0il surface
(Teakle and Burvill, 1938; Bettenay, Blackmore and Hingston, 1964; HMitchell
and colleagues, 1978). Wood's hypothesis has not been proven by rigorous
experimentation, but there have been numerous cbservations of various aspects of
the hydrologic effects of clearing vhich has led to a general acceptance of the
“hypothesis (Holmes, 1971; Peck, 1u78).
Weently, Conacher (1975) propesced o throughflow model to explain salt movoment
to arcas of accunvlaotion. This altewnative hypothesis states that salts stored
in the near-surface soils are translocataed by flow of greoundwater perched above
a shallow impermeable hard-pan or plough-pan, and form the primary counrce ¢f salts
found in saline seeps.
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In the following sections of the paper the rising groundwater hypothesis is
investigated using data from small experimental catchments in Western Australia.

EVIDENCE FROM EXPERIMENTAL CATCHMENIS
Theoretlcal aspects of the response of an aquifer to increased recharge due to
irrigation have been well established. Peck (1975, 1976b) has recognised aspects
relevant to non-irrigated agriculture in relation to both soil salinity development
and reclamation. However, the absence of suitable data sets from field experiment:
has limited the testing or application of the theory. 1In the late 1960's a
research program was commenced in cooperation with the Public Works Department
of Westexrn Australia to gather appropriate data in small catchments in south-
west Australia. Response to clearing for agriculture in terms of altered
hydrology, particularly groundwater and surface water, and concurrent changes in
salt export, is outlined below for some of these catchments.

Subdued Drainage Catchment at "Yalanbee", Bakers Hill

This catchment, of 108 ha, is located on the CSIRO Experiment Station, "Yalanbee"
at Bakers Hill, some 60 km east of Perth, Western Australia (see Fig. 1).

Clearing for agriculture was completed in 1963 with subsequent use for crops and
pastures. The landscape is gently concave and the drainage line is not naturally
incised. Sandy and gravelly duplex soils overliemottled kaolinitic clay at depths
generally less than 1 m changing with depth to a pallid kaolinitic clay which
continues to igneous basement rock at depths of 10 m or more. Results from this
catchment are used to show the importance of changes in the potentiometric surface
“on the export of salt in streamflow.

TABLE 2 The annual input and output of water and salt (as chloride ion) for
~he Subdued Drainage Catchment, "Yalanbee", Bakers Hill, Western
Australia

Calendar WATER . smLT
Yeay : ]
Rainfall Stream flow Strcam flow |Rainfall Streamﬁflow §a1t ﬁlow
pitved mim - Ywinfall |kg €1 /ha kg Cl /ha  Salt fall
1969 33¢ 1.5 0.004 21.0 0.9 0.04
1970 522 7.7 0.015 32.4 NA -
1971 608 4.4 0. 007 40.2 10.2 0.25
1972 44 10.¢ 0.025 2?.3 33.3 1.1
1973 668 39.1 0.059 39.3 121.3 3.1
1974 760 69.7 0.092 43.3 184.2 4.3
1975 650 39.6 0.061 35.2 60L.1 173
1976 590 16.7 0.018 37.0 219.4 5.9

v stream gauging station vas installed in Junc 1908 to provide daily flow dala.

Wi welr wall was scated into the mottled clay so that flow in the surface sandyv
layer was measuved as part of the stroam flow. paring ilic next 9 years, 61 cam.ic
of stream water wore taken at approximctely monthly nxLGI\o?‘" when the astyreom was
flewing to provide a measure of water guality. fThe ovtput of salt was caleonlatod

. - - 1
as the sumantion of the product of stycam-{low and avzrage flow-weightod chlovide
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content for each month. The input of salt, measured as chloride ion in rainfall,
was monitored in the catchment. These inputs and outputs are given in Tablc 2.
The saltflow/saltfall values for 1969 and 1971 are similar to values found for
recently cleared catchments elsewhere on the Station. However a considerable
increase in saltflow is evident from 1973 onwards.

The s0il above the clay was sampled at 30 sites in the summer of 1968-69 to
determine salt content. For an average depth of 0.73 metres, the total chloride
content was 610 kg ha~l. Between 1972 and 1976 (inclusive), ¥hen annual saltflow/
saltfall ratios exceeded unity, the catchment contributed 975 kg C1~ ha~l

to the saltflow. Thus the salt storage in the more permeable soils above the

clay is not sufficient to account for the net salt export from the catchment

even if it were all mobilised during this period. This result does not corroborat

the hypolhesis of Conacher (1975).

In May 1969, a well with water level recorder was installed 100 m upstream from
the gauging station to monitor groundwater perched in the sands overlying the
mottled clay. The perched groundwater was seasonal, developing in April or May
as a response to rainfall, with the depth of saturation increasing as rainfall
increased during the winter. In all years an area of about 12 ha of the surface
sands in the catchment valley was saturated by August or September, with seepage
in the sands contributing water and salt to streamflow. By November or Decembey
the well was dry. From 1968 through 1970 the perched groundwater was sampled
monthly at 32 sites and chloride concentrations were always less than 250 mg £ .

also in Yay 1969, a potentiometric, partially penetrating well was installed

into the aguifer about 60 m upslope from the stream gauging station. The water
entry zone was between 7.32 m and 7.66 m below ground level, with basement rock
at 10.3 m. The weekly water levels, being extracted from a continuous record of
water level, are given in Fig. 3, together with cumulative rainfall. By making
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some adjustment for the 2 m vertical height difference between.the ground surface
at the well and the stream gauging station, the measured increase in saltflow
in 1973 (see Table 2) correlates well with the rise in the potentiometric surface
of the groundwater to or above the sand-clay interface. By August 1974 the
hydraulic head had risen sufficiently to indicate that the aquifer was confined
and to provide a gradient for transfer of the saline (I 10,000 mg 2-1 chloride)
groundwater £6 the soil surface and consequently into the stream. 2 further
expression of groundwater leakage at the soil surface was the appearance in 1974
of saline seeps in the vicinity of the well and stream gauging station. The
rising potentiometric surface suggests that there has been an increase in the
proportion of the rainfall passing to the groundwater apparently as a response
to clearing and pasture establishment. ' :

i
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Fig. 4. The chloride concentyation of strewm water ;amples for the Subdued
Drainage Catchament in relation to the range of depth of the potentiomctyri
surface of the groundwatox.

The influence o the rising potenticuwetric surface on streom salinily is shown

in Fig. 4, whore the change in thie ammual range of depth to the potentiometric

smrface of the deep aquifer has been superimposed on a scatier diaaram showing

{he 58 measured values of chloride concentration in streom water obtained hetwren

196& and 197G.  The increase in cliloride content of stream water is directly

e

rel: ed to the decreasing depth of the potentionctric surface below the souil

suriace.
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The Paired Catchment Study at "Yalanbee”

-

Paired forested catchments on "Yalanbee", the CSIRO Experiment Station at Bakers
Hill, Western Australia, were instrumented in 1969 to study the water and salt ,
balances both before and after clearing for agriculture. The West Catchment, of
19.3 ha, was clearad in December 1973, sown to crop in 1974 and subsequently T
managed for grazing. The East Catchment, of 15.3 ha was maintained as the
forested control catchment. Both are in the upland part of the landscape with
markedly scasonal streams. Groundwater observation wells (11 on East, 16 on

West) were installed across the lower boundary of each catchment to determine
seepage loss through the deep pallid clays beneath the stream gauging weir. Ten
additional wells were installed in the West catchment, particularly in a 4 hectare
area of residual soils on gently sloping upland where a deep (6 m) gravelly soil
profile occurs overlying mottled and pallid kaolin clays. Results from this
catchment pair arc used to show the response in stream outputs and groundwater
levels to a land use change from forest to agriculture. ’

The input and output of water and salt for both catchments in the period 1968 to
1977 is given in Table 3. Using the 16 data sets available from the 6 year pre-
clearing calibration period, the relationship between monthly water and salt (as
chloride) outputs for the catchment pair are described by the equations

i

: For water (in mm): 1 Output West = 0.168 Output East - 0.3
‘ For salt (in kg €177 ha~l): oOutput West = 0.263 Output East - 0.3

{

with correlation coefficients of regression 0.89% and 0.86 respectively.
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(48]
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1973 1074 1975 1976 1977 1978

Fig. 5. fTrend of g ovndwater levels in pallid clays for selected represchtative
wells in the paired catchments at the CSIRO Experimental Station, Bakcrs
1ill, Western Australia.

Tho post clesying data shows that actual oviput of calt and waler from the West

Colcehmeont has increased substintially as o response to the Clcaring. Although

{he saltflouv:salifall ratio is still less than 1.0, there is a marked increase

in salt less in stremaflow.  The maximum poct-clearing apnnual {low-weightad

averean chloride concentyation for the stycoaadlow was 63 mg ¢~1. Concentrations

in thé pro-clearing years excecded this value, with 2 maximom of 80 mg g1,

the corresponding concentrations for the kast catchment were 45 mg L~ and 57

ug £~ yespectively.  There was no indicotion in cither catchment of seepage of

high salinity groundvater into the stream. The increased proportion of rainfall
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salt reaching the stream due to increased run-off cannot account for the increas:
in salt output in the stream. The increased output is probably due to an increa:
in perched groundwater movement into the stream through the banks of the decply
incised surface drainage lines.

. The water level data for wells 4904 and 5903 in Fig. 5 are representative of the,
fluctuations of groundwater level in wells across the lower boundary of the West
and East catchments respectively. For the West catchment wells there has been a
continuous increase in water level of about 2.4 m during the 1974-1978 post
clearing period. In contrast, the water level in the East Catchment wells
showed a net rise of about 1 m in 1974~75, followed by a net fall of about 0.7 m
in the drier years of 1976-78.
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315

l
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= | WELL 4802
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ot
€0
2 /
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2 !
= o
=) = ¥ B
2 303 4,
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2 |
: i*
,;: 301 T
8 WELL 4801
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E 300} ( T
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e
g 2900
X3}
L
256 & - CLAY / ROCK
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{ e i ! 1 1
1o 1974 1975 197 1577 1978

Fig. 6. Responsc in levels of perched grovmdwater in deep gravels {(well 4802)

and grounivater din underlying prallid clay (well. 4801) following

clearing of the West Catchment.
qhe pe.oco-clearing changes in wates leveds within the West catchment have voricd
For eunoopie, well 41572, which was located in mid-slepe vzth bocement rock G0 m
below ground level, has ronsined dry. This is poosibly due to the rihoedding
nature of the soil surfoce in the geueral area of the well leeding to a dominaone
of yun—-off. In contrast a nct rise of 1.0 w yx“] was found in woell 4801 located

in 17.4 m of pallid clay beneath an extennive 6 m deep gravel soil unit in the
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upper part of the landscape. Well 4802 was nested with well 4801 and used to
measure the perched groundwater in the gravels. The water level fluctuation for
these wells is shown in Fig. 6. Assuming no evapotranspiration loss, the volume
change in the gravel layer wvas sufficient to provide the recharge nccessary fox
the measured risé of the decper groundwater. Unfortunately, well 4801 was not
installed prior to clearing, but a backwards extrapolation of the trend of .the -
1975-78 data suggests that the aquifer would have had a thickness of 1 m or less
at date of clearing. The post-clearing rise in the hydraulic head may have
increased the volume of flow of the deeper, saline (11,000 mg c1™ ~h groundwatel
toward potential seepage zones in lower landscape positions although none have
yet appeared. The identification of this upland recharge area is considered
significant.

c

Wights Catchment, Collie

Pive small forested catchments within the watershed of the Wellington Dam, near
Collie (see Fig. 1) were instrumented in 1974 to study the effect of clearing for
agriculture on the salt and water balances. One pair of adjacent catchments,
Wights (93.8 ha) and Salmon (81.8 ha) are located where the long-term average
rainfall is 1150 mm yr~1. Wights Catchment was cleared in January 1977 and sown
to pasture in June 1977, while Salmon Catchment was kept as the forested control.
The pre-clearing calibration relationship for the catchment pair for monthly
streanflow in mm, established by Stokes (personal communication) using 3 years

of data, is
Wights Streamflow = 0.3 + 0.89 Salmon Streamflow

with a correlation coefficient of 0.986.

TARBLE 4  Annual input and outpﬁt of water and salt (as chloride ion) for the
: vights Catchment, Collie, Western Australia, Catchment was clearqﬁ
of natural forest in Januvary and Februavy, 1977.
Input Outpt output/Input
Calendar _
Year o '
Jater Chloyide Water Chloride Water Chloride
_mm kg ba~l 3 kg ha
1974 1423 88 320 215 0.22 2.4
1975 261 74 81 146 0.08 2.0
1976 HE6 45 19 68 0.02 2.0
1677 934 60 152 282 0.16 4.7

Rainfall is wean of 5 gauges

The annual inputs and outpuls of water and salt (ncasured as chloride ion) for

Wights catchn

Lhe period 1974-1977 s.c given in Table 4.

ctreamflow from

Wighta cotchuent incrcased by a factor of 2.4 in the first yeor afiery o) aring

{(1ev7y,

in run-off provides a mechrodism for moving selt into the stream fxom ayoedo:
Several secps arc procent in the
The saltflow:saltfall

accurulalion down-slops .of saline sceps.

catehuent associated witrh o

PESTE
appa

rently due primarily to incrcased run-off.

partially confined aquifer. ,
yatio has increased by o factor of 2.2 compured to the pre-clearing average. In

This expected incuansc

Lol
LS
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the same 4 year period, the annual flow-weighted average chloride concentrations
of stream water were 67, 180, 463 and 186 mg L1 respectively.

The increase in the salt export as a response to clearing Wights Catchment has
been significant and immediate, with the source being stored salt. The expected
post-clearing rise of groundwater levels occurred in a grid of wells across the -
catchment following the 1977 wintexr, although in most wells the continued rise
in 1978 was more definitive. The 1977 rise would have produced only a small
change in transmissivity and hence a small increase in post-winter baseflow.
Although seepage produced the first streamflow in 1977 about 25 days carlier
than in previous years, change in baseflow does not appear to be important in
the first year after clearing since 75% of the increase in chloride ion output
was exported in June, July and August. In these months, 72% of the annual
streamflow occurred, being dominated by run-off. Salt accumulated in surface
50115 may be more important than saline groundwater as the source for the
increase in salt export during the immediate post-clearing years.

A Comparison of Streamflow Quality Changes for Wights and Lemon Catchments, Collic

Streamvater guality results for Wights Catchment, and Lemon Catchment, another

of the five experimental catchments in the watershed of the Wellington Dam, may bt
interpreted to indicate the contribution of saline groundwater to streamflow.

The chloride concentration of the streamflow in 1975, when the two catchments
were forested, is given in figure 7. ILomon Catchment of area 344 ha, is located
east of Collie where the long-term sverage rainfall is 800 mm yr"l. About half
the catciment (184 ha) was cleared jor agriculture in December 1976.

! . : (\f\f /\/\
- $00 \
: .
o
E - WIGHTS
= CATCHMENT
5 \
}_
< 400
o
}.,:.
1
E) -
G
@]
Ul , .
L 200t : §
b T R A
o A
ot /
. O - x’JfL&JJ
LEMON
" e T T CATTCHRENT
L“Lv~~\fﬂ~ﬂ/J"V”W“"'”’\”
(} SR USRS SUUSPP N DU S S U S,
U JUNE JULY AUG SR ST SV
Fig., 7. A ocorparison of flucturtions o the ohloyide concentra tion of streanfiov
in 1975 for wights Cotcloent Gun-off plus secpage) and Temon Catchmont

(run-of{ only), near collic, Vestorn avotralia.
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Average groundwater chloride concentrations of 780 mg £-1 and 320 mg 2“1,
respectively, were measured for the partially confined aquifer at the two major
secps in Wights Catchment. Water from the first seep was observed in the autumn
to pass directly into the strcam line at a point 240 m from the stream gauging
weir. The other secpage area was a further 250 m from the weix, but surface
flow produced was inadequate to.reach the weir directly. The seasonality of the-
observed flow was directly related to the rapid decrease in evaporative demand
in zpril. The high chloride concentration of initial streamflow in Wights in
1975 indicates the dominance of the seepage contribution (Fig. 7). The subsequen
reduction in chloride concentration corresponds with an increasing volume of
run-off generated by winteér rainfall. From mid-October onward, stream flow was
less than 100 m3 day”l, and decreasing. The corresponding steady increase in
stream chloride concentration is considered to reflect the increasing proportion
of saline groundwater secpage contributing to that flow. The same pattern
occurred in 1974 and 1976. ‘

»

In Lemon catchment, by contrast, there was no seepage area. Groundwater, with
1000 mg C17 2”1, was at a depth greater than 16 m below the soil surface in the
valley. Figure 7 shows that, in 1975, the chloride concentration of streamflow
was low with only a small change during the period of flow. A similar pattern
occurred in 1974 and 1976. In 1975 the chloride output in streamflow was 564 kg,
eguivalent to the chloride deposited by rain on 19 ha of the catchment. The
najor run-off producing area is a broad flat valley floor of 35 ha cxtending
ahout 200 m upstream from the gauging station. Hence, the total chloride output
could be generated by runoff. By comparison, the chloride output from Wights
catchment in 1975 vas more ihan twice the total catchment chloride input in

rainfall.

Therefore the changes in salinity of streams in forested catchments provide a
patiern for indicating the contribution of saline gr.undwater to streamflow, Wit
increased recharge following clearing any development of saline baseflow should
produce a change in the annual pattern of stream salinity. A careful study of
Fig. 4 shows that stream salinity for the Subdued Drainage Catchment was low (GO
mg €17 271) and wiiform in 1969 when there was no saline scepage. However, in
1974, saline seepage changed the pattern to rescmble the Wights type of Fig. 7,
with concentrations changing from 1900 mg C17 -1 for stream-flows in April, to
157 mg ci” 27t in hugnst, rising agpin to 780 mg C17 9~1 in October. The annua
variation of stream salinity :-sould be a useful tool for making a preliminary

of the salinity hazard of induced hydrologic changes in a forested

and for gauging the efifecctiveness of methods used to reduce or eliina

a farmed catchment,
CORICTUSTONS
Reooval of native, deep-rooted cevergr o gc‘\,cuo;; to cultivate rain-fed amual

. \ . .
crops and pastures bas yesulted in the .7 ilicntion of stored salts, particularly
in areas of southern Aucstralia which hev a Hediterranean-type climat.c.

Rédistribution of stored salts har ~esulted in Joss of agricultural lend, but an
even Worc Seric probiem has been he deterioration of water resources. In
sortl Weolorn Australia tnere is ovaderece that some major rivers were once of
acceplable grulity, but fellowing sgricultural dovelopment have limited usce Jor

domostic, stook, ivrigation and industrial purposes.

Mocioy reserveirs, in which loxge capital dnvestments have boen made, arec also
1oond din some, the guality of water les deteriorated boyo G yerarmeinald
TR Tovels for oo stic and drvigetion uscs.  The increascs b o1
yicld of cose catchuonts o of sufficient concern to water supply ocuthoritics Lo
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e

justify legislative control of clearing for agriculture as a politically acceptal:
means of arresting the deterioration of water supply quality.

Despite the enunciation in 1924 of a reasonable hypothesis for the mechanism
which produces increased salt lévgls of streams following land clearing, it is
only in the last ten years that comprehensive catchment studies have commenced
to provide data which could test models to predict the effects of changed land
use on stream salinity.

Using data from catchments with known clearing history, the response to clearing
for agriculture has been shown to produce a significant rise in groundwater level:
paralleled by increased yield of both water and chloride ion in streamflow. The
rising groundwater levels indicate an increase of groundwater recharge which bas
the effect of increasing the volume of groundwater flow (seepage), either through
increased transmissivity or increased hydraulic gradient, or both. Where the
groundwater is saline, the development or increase of seepage at the soil surface
results in an increase of salt output in the streamflow, leading to a net export
of salt from the catchment. Increase in run-off resulting from the clearing

may cause a decrease in the annual flow-weighted average stream salinity in the
initial years. However, in the long-term this is not usually sufficient to keep
the salinity below an acceptable level, particularly for domestic or irrigation
uses. ' The annual pattern of streamflow quality changes provides an indicator of
the contril-iion of perennial saline seepage to strcam flow. The results
presented support the rising groundwatex hypothesis of Wood (1924) as an
explanation for the development of salinc seeps and increased stream salinity.
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