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Abstract. Widespread clearing of native vegetation in South-
west Western Australia has led to land degradation associ-
ated with rising groundwater, secondary salinisation and wa-
terlogging. Re-establishing deep-rooted perennial vegetation
across parts of the landscape is one technique for manag-
ing land degradation. Alley farming is an agroforestry prac-
tice where multiple perennial tree belts are planted in alter-
nation with traditional agricultural crops. To identify the best
configuration (belt width versus alley width) for controlling
rising groundwater levels and providing viable economic re-
turns, a large scale experiment was established in 1995. The
experiment contains seven different alley farming designs,
each with transects of piezometers running across tree belts
into adjacent alleys to monitor changes in the groundwater
level. Two control piezometers were also installed in an ad-
jacent paddock. Groundwater at the site is shallow (<3 m)
and of poor quality (pH 3–5, Ec 2.1–45.9 mS cm−1) so root
water uptake from the saturated zone is limited.

Simple hydrograph analysis could not separate treatment
effects on the water table response. Subsequent statistical
analysis revealed that 20–30% of the variability in the water
table data over the 12 year study period was attributable to
the alley farming experiment. To futher investigate the ef-
fect of the experiment on groundwater response, additional
hydrograph analysis was conducted to compare the trends in
the control piezometers in relation to those located within the
belts. A difference of 0.9 m was observed between the mean
groundwater levels in the control piezometers and the mean
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levels in the perennial belt piezometers. For a mean specific
yield of 0.03 m3 m−3 (standard deviation of 0.03 m3 m−3)
this equates to an additional average annual water use of
27 mm yr−1 (standard deviation of 33 mm yr−1) by the peren-
nial agroforestry system. It is concluded that declining an-
nual rainfall is the principal control on hydrograph response
at the site, whilst perennial biomass development has a lesser
impact on water table depth.

1 Introduction

Secondary dryland salinity is a result of the combined effects
of groundwater rise and mobilisation of soil profile salt store
(Scott and Sudmeyer, 1993; Nulsen and Baxter, 1986; As-
seng et al., 2001a; Asseng et al., 2001b). This form of land
degradation affects a global area of more than 33 million ha
(FAO-AGL, 2000). Approximately 4.6 million ha of agricul-
tural land in Australia experiences the negative impacts of
dryland salinity (National Land and Water Resources Audit,
2001; George and Bennett, 2001). The causal mechanism is
the different water use regimes and shallower rooting depths
of introduced agricultural crops compared to native species
(Clarke et al., 2002; Ferdowsian et al., 1996). Seasonal wa-
ter use by annual agricultural crops and reduced ability to
utilise water from deeper in the soil profile leads to an in-
crease in recharge (Scott and Sudmeyer, 1993; Asseng et al.,
2001b; Eastham and Gregory, 2000). The development and
successful implementation of natural resource management
strategies to improve ecosystem health and remediation of
degraded land relies on a quantitative understanding of these
changes to the water cycle (Kareiva and Marvier, 2003).
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The reintroduction of native woody perennial species is
one management option for controlling groundwater rise by
increasing evapotranspiration (Bari et al., 1996; Langford,
1976; Ruprecht and Stoneman, 1993) and re-establishing a
more ecologically sustainable hydrology at catchment scale
(Cramer and Hobbs, 2002; Hatton et al., 2003). The propor-
tion of land required for perennial revegetation and the loca-
tion within the catchment to achieve recharge control is still
not entirely resolved. Within Australia, estimates range up
to 80% of the catchment area (George et al., 1997; Bell and
Froend, 1990). Recommendations for more targeted local
planting originally focused on the zone of recharge (Nulsen,
1984) but recent recommendations have encompassed the en-
tire catchment area (Clarke et al., 1999; George et al., 1991;
Salama et al., 1991). The large area of perennial reveg-
etation required to control groundwater recharge implies a
loss of agricultural land and this is of economic concern to
the farming community. Therefore, agroforestry techniques
have generated interest because they can potentially reduce
recharge whilst minimising the area of revegetation (Clarke
et al., 2002).

The practise of alley farming, or runoff agroforestry, has
been promoted as a management option because the system
retains agricultural output by planting trees in rows/belts in-
terspersed with conventional food crops (Lefroy and Stirza-
ker, 1999; Ogunlana et al., 2006; Kang et al., 1984; Droppel-
mann and Berliner, 2003). Originally initiated to eliminate
fallow periods in the African agricultural areas (Kang et al.,
1984; Ogunlana et al., 2006), alley farming has been exten-
sively trialled in the rain-fed agricultural regions of Australia.
Alley farming has generated environmental outcomes, for ex-
ample disease and pest control, food sources and habitat for
native fauna (Bird et al., 1992; Lefroy et al., 2005; Mooris
and Johnson, 1967). The economic potential of perennial al-
ley systems may also be enhanced if they can be developed
as greenhouse sinks and sources of biofuel (Harper et al.,
2007; Bartle et al., 2007). Research to date has focused on
understanding the hydrological functioning of hillslope al-
ley systems (Ellis et al., 2006; Oliver et al., 2005; White et
al., 2002; Wildy and Pate, 2002) and the water requirements
for successful production in dryland environments (Cooper
et al., 2005).

In an attempt to identify the most effective alley farming
design for reducing groundwater levels at a lowland valley
site, a large replicated experiment was established in 1995.
The objective of this experiment was to test the hypothe-
sis that water tables will be lowest under alley farming de-
signs with the greatest biomass per unit area (and hence the
greatest leaf area and transpiration). Transects of piezome-
ters were installed across the site to monitor the water table
response over a 12 year period after establishment. Simple
hydrograph analysis of the 12 year data could not separate
treatment effects on the water table response. Using a more
complex spatial statistical analysis it was possible to attribute
20 to 30% of the variability in the water table data set, after

the climatic signature was removed, to the impacts of the al-
ley farming experiment (Noorduijn et al., 2009). It was con-
cluded that the impacts of the experiment were being masked
by broad scale temporal and spatial trends which account for
the remaining 60% of the variability.

In this study, we further investigate the effects of climate
on piezometer hydrograph levels and their response to the al-
ley farming experiment. The objective is to determine the rel-
ative contributions of climate trends on the observed changes
in the water table depth. In addition, measured perennial
biomass has been incorporated to assess the relationship be-
tween observed water table decline and perennial belt tran-
spiration. This will help to develop a more complete under-
standing of the impacts of both rainfall and perennial plant
development on groundwater levels, under the alley farming
experiment.

2 Methodology

2.1 Site description

The Toolibin Alley Farming Trial (TAFT) comprises of two
field sites (Davenport and Nepowie) within the Natural Di-
versity Recovery Catchment of Lake Toolibin. The site under
investigation is located 8 km north of Toolibin Lake, Western
Australia (Davenport, 32◦50′36′′ South, 117◦38′65′′ East).
The site has a Mediterranean climate with the majority of
rainfall during the winter months (May–Aug,∼60%), the re-
maining months remain comparatively dry and receive be-
tween 23–44% of the annual rainfall. Average pan evap-
oration is 1800 mm yr−1 and potential evaporation usually
greatly exceeds rainfall from September to April. The aver-
age maximum and minimum temperatures for the study site
range from 32◦C to 9◦C during the summer months (Nov–
April) and 20◦C to 5◦C during the winter months (May–
Oct) (Bureau of Meteorology, Australia). Water influx to the
site from groundwater is comparatively minor due to low hy-
draulic conductivity of the soils and very low hydraulic gra-
dients (George, 1992).

2.2 Experimental design

The study was designed to investigate three independent
variables: revegetation density (belt width/alley width), belt
width (m), and tree species. Seven different treatment de-
signs (A–F) were applied to the sites in a randomised com-
plete block design (Fig. 1). Each design comprised five tree
species, of which the three keys species wereEucalyptus ve-
grandis, E. occidentalisandCasuarina obesa; for this study
only E. vegrandisis considered due to lack of consistent sam-
pling for the remaining two species. Piezometers were in-
stalled in each plot on transects orientated perpendicular to
the tree belt (withinE. vegrandis). They were installed to a
depth of 3.7 m with slotted casing for the bottom 2 m. A min-
imum of two piezometers were installed in each plot, running
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Table 1. Details of Toolibin Alley Farming Experiment at Davenport’s site.

Treatment Plot # Bores Belt Width Alley Revegetation # Rows
Design (m) Width (m) % of Trees

A D9 3 32 74 30.2 5
A D7 3 32 74 30.2 5
A D16 5 32 74 30.2 5
B D2 3 18 102 15 3
B D15 5 18 102 15 1
B D12 3 18 102 15 3
C D5 3 18 42 30 3
C D17 5 18 42 30 3
C D14 3 18 42 30 3
D D8 3 11 56 16.4 2
D D3 3 11 56 16.4 2
D D20 5 11 56 16.4 2
E D6 2 11 22.5 32.8 2
E D19 4 11 22.5 32.8 2
E D13 2 11 22.5 32.8 1
F D4 2 4 27.5 12.7 1
F D18 4 4 27.5 12.7 1
F D10 2 4 27.5 12.7 1
G D21 3 138 0 100 block
G D11 3 138 0 100 block
G D1 3 138 0 100 block

Control DC2 1 – – – –
Control DC1 1 – – – –

from the centre of the perennial tree belt to the centre of the
alley (Table 1). Two control piezometers were installed on
the site, to assess the water table response in the adjacent
paddock under annual grass. Water table depth was moni-
tored every one to two months for the first three years. Sub-
sequent measurements were sporadic, occurring only once or
twice a year. From April 2007 to January 2008 monthly mea-
surements were taken. Agricultural systems in the region of
south west Western Australia are rainfed and no additional ir-
rigation was applied at this experiment. No agricultural crops
were planted within the alleys over the period of the experi-
ment, although annual cereal crops had been pre-experiment.
Some stock were intermittently present, annual grasses and
weeds propagated during the wet winter months.

2.3 Data collection and analysis

The water table data set was initially recorded as static water
level (SWL) depths in meters below ground level (m b.g.l.)
and consisted of 74 piezometers monitored on 39 dates (over
the period October 1995 to January 2008). Piezometers were
excluded where monitoring had been irregular as a result of
damage to the piezometer. The remaining 69 piezometers
were surveyed to obtain elevations above Australian height
datum (m AHD) using a local datum. Due to the extremely
low topographic gradient and low hydraulic conductivity,

data are presented in the form of m b.g.l. because it is as-
sumed that lateral through flow is minimal. Daily rainfall
and meteorological data were obtained for the meteorologi-
cal station at Corrigin (32.33◦ South, 117.87◦ East) from the
Bureau of Meteorology.

An extensive biomass survey was conducted at the site
to assess the growth of the perennial species at 12 years of
age. Destructive sampling was conducted for the different
belt widths in the experiment; the samples were dried and
weighed. The density of surviving stems was comparable
between the different belt widths preventing biased results
in the above-ground biomass results. 57 individualE. veg-
randis trees were sampled for above ground biomass from
the different belt width. An allometric correlation was es-
tablished between stem basal area at 10 cm and the above-
ground biomass for those samples (r2=0.81), the results of
the calculated biomass show a high correlation with the ob-
served values (r2=0.86). At the site, basal area was recorded
for 332 individualE. vegrandistrees from which biomass
were estimated using the allometric correlation. This enabled
good estimates of standing biomass per m2 to be undertaken.
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Fig. 1 a) Location and b) layout of Davenports experiment site. The location of a surface 
water drain and paddock boundaries have been identified. c) shows the conceptual layout 
of each of the treatment types; the black boxes identify the locations of the experiment 
plots and the black circles show the locations of the individual piezometers within the 5 
plots in the form of a transect.  
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Fig. 1. (a)Location and(b) layout of Davenports experiment site.
The location of a surface water drain and paddock boundaries have
been identified.(c) shows the conceptual layout of each of the treat-
ment types; the black boxes identify the locations of the experi-
ment plots and the black circles show the locations of the individual
piezometers within the plots in the form of a transect.

3 Results

3.1 Regional climate trends

A significant decrease in both winter and total annual rain-
fall has been observed in the region over the last century.
The observed decline since 1969 is 21%, compared to the
period from 1907–1968 (Smith et al., 2000). This decline
is shown in Fig. 2 for the Corrigin rainfall data, where the
mean monthly rainfall remains equal to or above the mean
monthly average from 1910 to 1950 after which the mean
monthly rainfall falls below the monthly average for the pe-
riod of 1910 to 2008 resulting in the observed decline. Over
the period of the experiment (1996–2007) the average annual
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Fig. 2 Cumulative Deviation from the Mean (CDFM) monthly rainfall (line) and total annual rainfall (bars) recorded at Corrigin 
meteorological station for the period from January 1911 to 2007. The dotted line identifies the start of the experiment. Fig. 2. Cumulative Deviation from the Mean (CDFM) monthly

rainfall (line) and total annual rainfall (bars) recorded at Corrigin
meteorological station for the period from January 1911 to 2007.
The dotted line identifies the start of the experiment.

rainfall was 367 mm (SD± 77 mm). The highest annual rain-
fall for this period occurred in 2006 (537 mm) and contained
a contribution from one large (149 mm) out of season rainfall
event in January of that year.

The control piezometers can be assumed to reflect the an-
nual climatic effects on water table depth at the site. The
departure of the experimental water table depths from the
control piezometers provides a measure of the treatment ef-
fect. For most years the summer water table depth integrates
the effects of the season on water table drawdown. How-
ever, in 2006 a large summer storm immediately preceded
the piezometer measurements and this is reflected in the wa-
ter table rise in this summer.

As shown in Table 2, monthly net discharge in 2007 is
generally greater in 2007 than in 1996. This has been es-
timated by calculating deviation of the minimum (Mindev),
maximum (Maxdev) and average (Averagedev) water table
depth (m b.g.l.) from the control piezometer, allowing for
variability in specific yield (Sy). There is also an increase in
the range of values, both positive and negative. Estimated
minimum values are consistently equal to or higher than
those of the control piezometers. The distribution of those
piezometers where the groundwater is above that of the con-
trol piezometers in 1996 are spread across the experiment,
however in 2007 these groundwater levels are found in only
two locations: D113 (Apr–July), and D32 (Aug–Jan). Av-
erage net monthly recharge ranges between−15.8 mm (dis-
charge) to 5.6 mm (recharge) in 1996, a shift toward net dis-
charge is apparent in 2007 (−35.3–2.5 mm).

3.2 Water Table Fluctuations

Groundwater levels have declined over the study period. In
1996 the water table was between 0.05–1.82 m b.g.l. and in
2007 between 0.68–4.15 m b.g.l. In 1996 the average height
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Table 2. Monthly net recharge (mm). Positive values indicate recharge and negative values indicate discharge. Min, Average, and max relate
to the experiment water level deviation from the control piezometer groundwater depth (m b.g.l.). Symin, Syav, and Symax are the minimum,
average, and maximum specific yield values at the site.

Min Average Max

Symin Syav Symax Symin Syav Symax Symin Syav Symax

Oct-1995 3.7 11.1 25.9 0.8 2.4 5.6 −5.8 −17.4 −40.6
Dec-1995 2.6 7.9 18.4 0.2 0.5 1.2 −1.5 −4.4 −10.3
Feb-1996 2.1 6.2 14.4 −0.4 −1.3 −3.0 −4.2 −12.5 −29.1
Apr-1996 2.7 8.0 18.6 −0.3 −0.9 −2.0 −2.7 −8.0 −18.6
Jun-1996 2.9 8.7 20.3 −0.6 −1.7 −4.0 −3.6 −10.8 −25.2
Jul-1996 1.4 4.1 9.5 −1.3 −3.9 −9.1 −11.7 −35.0 −81.6
Aug-1996 3.3 9.9 23.1 0.4 1.1 2.5 −3.2 −9.6 −22.4
Sep-1996 2.6 7.7 17.9 0.2 0.5 1.1 −1.8 −5.3 −12.3
Oct-1996 1.2 3.6 8.4 −0.9 −2.6 −6.1 −3.7 −11.1 −25.9
Nov-1996 2.2 6.6 15.4 −0.2 −0.5 −1.3 −3.0 −9.0 −21.0
Dec-1996 1.2 3.5 8.1 −2.3 −6.8 −15.8 −5.8 −17.3 −40.3

Jan-2007 2.9 8.7 20.3 −5.0 −15.1 −35.3 −17.0 −51.0 −119.0
Apr-2007 5.9 17.6 41.0 −4.7 −14.2 −33.1 −18.1 −54.2 −126.4
May-2007 3.0 9.0 21.0 −4.8 −14.3 −33.4 −13.1 −39.3 −91.7
Jun-2007 7.4 22.1 51.5 −3.6 −10.7 −24.9 −13.3 −39.8 −92.8
Jul-2007 11.3 33.8 78.8 −2.6 −7.9 −18.5 −14.3 −42.8 −99.8
Aug-2007 6.1 18.2 42.4 −4.9 −14.8 −34.5 −18.1 −54.2 −126.4
Sep-2007 5.2 15.6 36.4 −3.8 −11.4 −26.6 −15.4 −46.2 −107.8
Oct-2007 3.4 10.1 23.5 −2.5 −7.4 −17.2 −14.3 −42.8 −99.8
Nov-2007 3.0 8.9 20.7 −3.0 −9.1 −21.1 −14.3 −42.8 −99.8
Dec-2007 3.2 9.5 22.1 −3.0 −9.1 −21.2 −14.7 −44.0 −102.6
Jan-2008 2.0 5.9 13.7 −4.5 −13.6 −31.7 −17.6 −52.7 −122.9

of the seasonal fluctuation in water level across the site was
1.24 m b.g.l. (SD±0.13 m). This increased to 1.45 m b.g.l.
(SD± 0.31 m) in 2007, which may be attributed to the im-
pacts of vegetation and the variability in treatment types. A
general overview of the water table response at the site is
shown in Fig. 3. Due to infrequent monitoring, clear seasonal
signatures cannot always be identified. However a com-
parison is made between the winter minimum and summer
maximum groundwater depths for all the experimental data
with the average summer minima for the control piezometers.
The trend observed can be divided into two periods between
1996–2000 a continued rise in the water table heights is ob-
served followed by a subsequent drop from 2000–2002 after
which it appears to remain at a constant depth of approxi-
mately 2.5 m b.g.l. (Fig. 3). After 2000 the summer (Nov–
April) minimum water table depths in the experiment were
consistently lower than the control piezometers.

Combining all the experimental data and comparing the
mean water table level to the mean from the control piezome-
ters shows that the water table in the experiment’s piezome-
ters (post 2000) was on average 0.9 m deeper than in the
control piezometers (Fig. 4). This is apparent for all dates
on which the piezometers where monitored, irrespective of
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Fig. 3 Box plot of the summer minimum (grey) and winter maximum (white) water table depths (meters below-ground level) over the 
period of 1995-2008. The boxes represent the mean, 25 percentile, and the 75 percentile. The whiskers indicate the 10 and 90 
percentiles. The line represents the average control piezometer response. The absence of winter maximums from 2001 to 2007 is due 
to the lack of data.  Fig. 3. Box plot of the summer minimum (grey) and winter max-
imum (white) water table depths (meters below-ground level) over
the period of 1995–2008. The boxes represent the mean, 25 per-
centile, and the 75 percentile. The whiskers indicate the 10 and
90 percentiles. The line represents the average control piezometer
response. The absence of winter maximums from 2001 to 2007 is
due to the lack of data.
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Fig. 4 Correlation between the average water table depth (meters below ground level, m BGL) within the control plots (± standard 
error, SE) and the perennial tree belts (± SE) for the summer minima water table depths over the period 2000 to 2007. Solid line shows 
the linear regression (r2=0.94), dashed line represent the 1:1 trend line. 
 

Fig. 4. Correlation between the average water table depth (meters
below ground level, m b.g.l.) within the control plots (± standard
error, SE) and the perennial tree belts (± SE) for the summer min-
ima water table depths over the period 2000 to 2007. Solid line
shows the linear regression (r2=0.94), dashed line represent the 1:1
trend line.

Table 3. Sensitivity of perennial belt water use (WU) values, where
Sy is the specific yield,PDev is the perennial belt deviation from the
control piezometers (generated from Fig. 4), and WU is the depth of
water transpired by the perennial belt. MIN, MAX, and AV repre-
sent the minimum, maximum, and average values for that variable.

Sy PDev WU (mm)

MIN MIN 3
MIN AV 9
MIN MAX 15
AV MIN 9
AV AV 27
AV MAX 45

MAX MIN 21
MAX AV 63
MAX MAX 105

the control piezometer level, as shown by the trend line in
Fig. 4. Given a site average specific yield of 0.03 m3 m−3,
the 0.9 m drop in groundwater level corresponds to 27 mm of
additional water use by the perennial tree belts compared to
the control. Given the variability of both the specific yields
(0.01–0.07 m3 m−3, with a mean of 0.03 m3 m−3) observed
at the site and the range in water table depths observed in
Fig. 4 (0.3–1.5 m b.g.l.), the value attributed to perennial wa-
ter use will vary considerably across the site (Table 3).

Modelling results for the control plot show that after 1996
evapotranspiration was typically equal or slightly greater (av-
erage + 3.75 mm) than rainfall for every year of the experi-
ment (Table 4).

Table 4. Evaporation loss values generated using a one-dimensional
soil water balance model from 1996 to 2007.

Year Precipitation Evapotranspiration
(mm) (mm)

1996 361 354
1997 366 381
1998 338 340
1999 404 401
2000 422 425
2001 321 331
2002 261 285
2003 437 424
2004 361 360
2005 343 353
2006 537 524
2007 259 277

The observed post 2000 decline and stabilisation of the
water table height for piezometers within perennial tree belts
(Bbelt) and those in the centre of the alley (Balley) are shown
in Fig. 5. A t-test identified a significant difference in the
means of the two locations for January 2001 only (t=2.97,
p=0.0046). A Levene’s test for homogeneity of variance
of the normalised water table data (m b.g.l.) organised by
piezometer location (belt or centre of the alley) indicates a
significant difference in the variance of the two locations
(F=7.4, p <0.007) (Levene, 1960). There is a high corre-
lation between water table depth atBbelt andBalley from Feb
2000 until June 2002 with an adjustedr2=0.97, p=0.036.
From June 2003 to July 2007 this trend was no longer sta-
tistically significant.

The trend in the average water table depth forBbelt and
Balley for both high and low biomass plots shows that for
both locations and treatment design the water tables for the
low biomass treatments remained equal to or higher than the
water table within the high biomass treatment design. This
corresponds well with the water table responses observed for
Balley. The difference in average water table depths forBalley
for treatment design A (low biomass) and F (high biomass)
were relatively high at the start of 2000 (Fig. 5). This differ-
ence decreases through time; as opposed to the water table
trends inBbelt where this difference appears to increase with
time.

3.3 Biomass production

The biomass data forEucalyptus vegrandisacross the ex-
periment showed that as belt width narrows the biomass in-
creases (Table 5). Biomass increased with belt width from 32
to 4 m, although the difference in biomass between belts of
32 m and 138 m width are minor (approximately 2 kg m−2)

at the site. The data displayed a non-linear trend (r2=0.98)
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Fig. 5 Box plots of the summer minimum water table depths (meters below ground level) for piezometers within perennial belts (grey 
box plots) and piezometers located in the centre of the alley (transparent box plots). The boxes represent the mean, 25 percentile, and 
the 75 percentile. The whiskers indicate the 10 and 90 percentiles. The average water table depth beneath belt (white) and centre of the 
alley (solid) which produced the largest biomass (triangles, treatment design F) and lowest biomass (square, treatment design G for the 
belt and A for the alley) are also indicated. The star identifies the only date on which there was a statistically significant difference in 
the means of the water table depth between the belt and the alley.  
 

Fig. 5. Box plots of the summer minimum water table depths
(meters below ground level) for piezometers within perennial belts
(grey box plots) and piezometers located in the centre of the al-
ley (transparent box plots). The boxes represent the mean, 25 per-
centile, and the 75 percentile. The whiskers indicate the 10 and
90 percentiles. The average water table depth beneath belt (white)
and centre of the alley (solid) which produced the largest biomass
(triangles, treatment design F) and lowest biomass (square, treat-
ment design G for the belt and A for the alley) are also indicated.
The star identifies the only date on which there was a statistically
significant difference in the means of the water table depth between
the belt and the alley.

Table 5. Estimates above-ground biomass for 12 year oldE. veg-
randisfor 5 different belt widths.

Belt Width m Biomass kg m−2

4 37.7
11 7.5
18 5.2
32 3.6
138 0.7

which stabilises at mean biomass per m2 of approximately
0.06 kg m−2. In terms of maximum biomass production,
a double row of trees measuring 4 m wide would produce
the highest above ground biomass whereas block planting
(138 m width) would produce the least.

4 Discussion

4.1 Regional climate trends

The south west of Western Australia is experiencing a de-
crease in annual rainfall and an increase in summer rain-
fall events (Hennessy et al., 1999; Yu and Neil, 1993).

Intense summer rainfall events can be harmful to the en-
vironment, and have been linked to an increase in flood
frequency, soil erosion, inundation of lowland areas and
episodic aquifer recharge (Suppiah and Hennessay, 1998).
As a result, recharge events may occur episodically, strongly
influenced by rainfall intensity and duration. The impacts of
such high rainfall events are evident in the groundwater re-
sponse to the peak summer rainfall event in 2006. Such out
of season events will also negatively impact agricultural pro-
duction due to soil erosion and loss of soil structure. The re-
distribution of annual rainfall will reduce agricultural yields
and encourage a move towards more sustainable perennial
plant options (Connor, 2004; John et al., 2005).

By assuming that the control piezometers are a reflection
of climatic trends, a clear deviation and increase in range is
observed in water table depths across the site (Fig. 3). Table 2
identifies the limitation of this assumption, for the majority
of the experiment water table depths in the control piezome-
ters are less than the minimum water table depth observed
in the experiment. It is assumed that placement of the con-
trol piezometers is well beyond the influence of the perennial
tree belts, however lateral root extension and localised het-
erogeneity in specific yield and variability in evapotranspira-
tion may account for some of this. The increase in discharge
for the average deviation is indicative of the influence of
the experiment. The distribution of those piezometers where
groundwater levels are shallower than the control piezome-
ters in 2007 may be an indication of the capacity for the belts
to redistribute and store groundwater within the unsaturated
zone (Burgess et al., 1998). The validity of this relationship
is limited by the infrequent monitoring of the experiment and
the above average summer rainfall event,

4.2 Water table fluctuations

The observed increase in depth to water table has been shown
to be driven primarily by rainfall decline rather than by
perennial biomass production and hence, plant transpiration.
The trend in the control piezometers mimics that of piezome-
ters within belts (Fig. 3), but overall the experiment has low-
ered the water table by an additional 0.9 m.

Division of the data into piezometers within the perennial
belts and those in the centre of the alley (regardless of dis-
tance) for the period subsequent to 2000 showed no statisti-
cally significant difference in the mean; however the variance
was approximately twice as much for piezometers located in
the perennial belt (Fig. 5). This difference in the variance of
the two locations can be attributed to the effects of lateral root
extension from the tree belt. Lateral root extension has been
recorded at up 20 m from the trunk (Ellis et al., 2005 and Zo-
har, 1985). For treatments with wide alleys (<30 m) lateral
root extension from the belt was observed within piezome-
ters up to 15 m from the belt edge. This suggests that the
response in the water table betweenBbelt andBalley within
treatment F (4 m belt, 17.5 m alley, see Fig. 5) would be very
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similar. This is not observed within the data, site variabil-
ity such as soil structure may be responsible for this limited
response.

Site conditions prior to 2000 would have proven detrimen-
tal to growth due to the shallow water table promoting wa-
ter logged conditions that could delay the response in root
growth (Barrett-Lennard, 2003, 2002). The quality of the
groundwater at the site (pH ranged between 3 and 5 and
electrical conductivity between 22.1 and 45.9 mS cm−1) sug-
gests that it may restrict the growth of vertical tap roots.
Under such conditions, perennial plant growth rates would
be low (Greenwood et al., 1985) and this is reflected in the
low biomass recorded at the site. During drought or stress,
groundwater may have been accessed as a potential source
by perennial vegetation but fresher rainfall derived recharge
would be a preferred water source (Archibald et al., 2006).
The modelled ET results suggest that the annual rainfall is
balanced to evapotranspiration from annual grasses/bare soil
(Table 4). The enhancement of ET from the site might have
been greater if the transpiration of groundwater by the peren-
nial vegetation was not constrained by poor water quality and
by only periodic saturation of the unsaturated (root) zone.

The average water table depth beneath high (treatment
design F) and low biomass (treatment design G) perennial
showed some deviation (Fig. 5) after more than 6 years
growth. On average, the water table depths beneath the low
biomass belt were shallower than beneath a high biomass
belt.

4.3 Biomass production

The observed response in the perennial above-ground
biomass for the various belt widths was in agreement with
observations by Ritson (2004); who showed a similar decline
in above-ground biomass production forPinus pinasteras
belt width increased. An increase in competition between in-
dividual trees for resources (water, sunlight and nutrients) re-
duces biomass production and in extreme cases causes plant
death. The greater the number of rows of perennial trees
in the belts, the greater the competition. This reduction in
growth due to competition is greatest in the 100% revegeta-
tion plots at the site (belt width = 138 m). All of the 100%
revegetation plots had large numbers of tree deaths, imply-
ing severe drought stress. Previous studies have shown that
block planting can increase water table depth in areas of
good quality groundwater (Harper et al., 2005; Sudmeyer
and Goodreid, 2007). Those plots with only 2 rows of trees
within the belts produce the highest amount of above-ground
biomass. Trees placed on the edge of the belt have a greater
opportunity to take advantage of resources from within the
alley, providing a biophysical yield advantage over trees
planted within the belt (Kho, 2000). Therefore, the above-
ground biomass production for treatment design F (belt width
of 4 m, a double row of trees) was highest because both tree

rows have the capacity to access resources from within the
alley.

5 Conclusions

Noorduijn et al. (2009) have shown that the effects of this
large scale alley farming experiment contributed to the water
table response, and accounted for half of the effect of the re-
gional climate trend. A decline in rainfall over recent years
may explain a large proportion of the decline in groundwa-
ter levels (approximately 60% of the variance). Noorduijn
et al. (2009) stated that of the remaining 30% in groundwa-
ter variability, the presence and influence of vegetation has
contributed significantly.

This study has established that the relative contribution of
the experiment, in terms of additional annual water used, is
an average of 27 mm per annum by the perennial tree belts.
Lateral root growth by the perennial belt into the alley can
account for this additional availability of water. To optimise
this water use by the perennial tree belts at the site, a large
proportion of land would need to be converted to perennial
belts. A narrow perennial belt (approximately 4 m) would
achieve this and produce the largest biomass providing po-
tential economic returns.

The conceptual model of alley farming ,(i.e. deep rooted
perennial vegetation create a greater unsaturated zone stor-
age buffer for future large rainfall events (or wet years) and
greater store of freshwater) has only marginal relevance at
this site due to shallow groundwater having poor quality and
restricting vertical root development. This restriction to ver-
tical tap root development (due to shallow groundwater lev-
els (Thorburn et al., 1995, 1993)) and use of groundwater
also contributes to the low biomass produced across the site,
but has encouraged water use over a wider area due to lateral
root development.

Further investigation is required to clearly delineate the
impacts of the experiment upon the groundwater table. It is
recommended that additional water table and biomass moni-
toring would greatly increase the understanding of processes
at the site. Unsaturated zone moisture monitoring would also
be important to understanding water movement. Similarly,
sap flow and isotope methods may aid in identifying peren-
nial water sources, and investigation into the root distribution
will further explain the observed trends in the water table.
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