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Abstract

Aims Shrub removal by ploughing has been used
widely to reduce the effects of shrub encroachment
into open woodlands and grasslands. Our aim was to
demonstrate that soil chemical properties varied
markedly among three patch types (shrub hummock,
debris mound, interspace) which varied in age, almost
two decades after shrub removal by ploughing.
Methods We compared changes in nutrients under 1)
young post-ploughing recruits and mature, unploughed
shrubs, 2) mature and recently formed debris mounds
and 3) ploughed and recovering interspaces at three
depths.
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Results Irrespective of their age, nutrient concen-
trations were greater under shrub hummocks and
debris mounds than in the interspaces at two sites.
Soil in mature shrub hummocks generally had
greater levels of labile carbon and nitrogen (total,
mineral, mineralisable), but results varied between
sites. There were a few, sometimes inconsistent,
effects of ploughing on nutrients under debris
mounds, and no differences between the interspaces
two decades after ploughing. Nutrient effects were most
marked in the top 15 cm of the soil, diminishing rapidly
with depth.

Conclusions Our results reinforce the importance of
hummocks and mounds as resource sinks and indicate
the long-lasting effects of disturbances such as
ploughing on soil nutrient pools.

Keywords Blade ploughing - Debris mounds -
Encroachment - Fertile island - Shrub - Shrub removal -
Woodland recovery

Introduction

Encroachment of woody plants into grasslands and
the conversion of woodland and open savanna to
shrubland is a well documented global phenomenon
(e.g. van Auken 2009). Evidence worldwide indicates
that woody vegetation plays critical roles in modify-
ing the soil’s physical and chemical environment
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(Shachak et al. 2008) and provides important habitat
for plants and animals (Blaum et al. 2007). There is
increasing evidence that woody encroachment alters
the spatial distribution of soil nutrient sinks by
increasing the cover and arrangement of shrub
hummocks and reducing the cover and biomass of
herbaceous vegetation (Schlesinger et al. 1996). Soil
beneath shrubs contains higher levels of potentially
limiting resources such as water, organic matter, seed
and nutrients than soil from the interspaces (Archer et
al. 2001; Wezel et al. 2000), a phenomenon known
variously as the ‘fertile island’ or ‘island of fertility’
effect (e.g. Charley and West 1975, Garner and
Steinberger 1989, Schlesinger et al. 1990). This
shrub—focused resource distribution is reinforced by
the deposition of eroded interspace soil in the shrub
patches (Okin et al. 2006) and reduced connectivity
between shrub patches (McGlynn and Okin 2006).
Shrub growth is promoted at the expense of plants in
the interspaces as a result of enhanced microbial and
faunal activity in the soil beneath shrub canopies.

Shrubs have been shown to have positive (facili-
tatory) effects on ecosystem processes such as the
development of landscape heterogeneity (e.g. Peters
et al. 2006) and increased plant diversity and soil
function (Maestre et al. 2009, Eldridge et al. 2011).
Increasing shrub density, however, also results in
declining pastoral productivity (van Auken 2009).
Thus a commonly held view is that large aggregations
of shrubs are a sign of degradation (Schlesinger et al.
1996, Tighe et al. 2009), mainly because encroach-
ment is typically viewed in the context of pastoralism
(commercial grazing). Indeed, the putative loss of soil
function resulting from shrub encroachment is gener-
ally regarded worldwide as a precursor to desertifica-
tion (e.g. Schlesinger et al. 1996).

There have been numerous attempts to restore
pastoral productivity for domestic livestock in shrub—
encroached grasslands by physical removal of the
shrubs; often with mixed success (e.g. Herrick et al.
2006). In eastern Australia, burning and mechanical
removal by blade ploughing or root ploughing
(MacLeod and Johnston 1990) have been used.
Burning requires sufficient groundstorey biomass to
carry a fire, and is only suitable following periods of
high rainfall that generate sufficient fuel. Low
frequency fire would likely favour shrubs as their
seeds are known to have a greater germination
capacity after fire (Hodgkinson 1991). Mechanical
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removal, however, has been promoted widely by land
management agents over the past two decades, though
its effectiveness varies widely (Robson 1995; Daryanto
and Eldridge 2010). Despite an initial reduction in the
density of shrubs in the ploughed area, mechanical
removal of shrubs often has landscape—scale conse-
quences, such as the increase in wind and water
erosion (Coffin et al. 1996).

While a large number of studies has examined
changes in shrubland plant communities following
mechanical disturbance (e.g. Allegretti et al. 1997),
relatively few have considered changes in soils or soil
processes, under shrubs and associated debris
mounds. Mechanical shrub removal has also been
shown to induce short—term increases in soil nutrient
pools, followed by gradual declines (Bechtold and
Inouye 2007; McClaran et al. 2008). Bolling and
Walker (2002) for example, showed a markedly
diminished fertile island effect around shrubs regen-
erating after mechanical disturbance, even after
80 years. Similarly, Teague et al. (1999) failed to
demonstrate substantial differences in soil carbon (C)
and nitrogen (N) between shrub—dominated and
shrub—free environments more than two decades after
ploughing. Declines in soil C and N following shrub
mortality have been recorded for up to 40 years
(Kelly and Burke 1997; McClaran et al. 2008). Apart
from these studies of shrub effects on soils, we are
unaware of any studies looking at changes associated
with debris mounds.

The effect of shrub management practices on the
development of biogeochemical pools associated with
new fertile islands around shrub recruits or debris
mounds is largely unknown for Australian shrublands.
Shrublands in eastern Australia are characterised by
hummocks of variable size, often with relief to 10 cm,
supporting shrubs. They are separated by extensive
interspaces dominated by either bare ground or
surfaces colonised by cryptogamic soil crusts. The
interspaces often have a variable cover of debris
mounds, often accumulating around fallen timber or
shrubs, and resulting from the accumulation of wind-
or water-eroded erosion. While similar mounds have
been described in open grassland (log mounds, sensu
Tongway et al. 1989), they have been poorly studied
in encroached woodlands.

We used a long—term exclosure study to examine
the effects of four shrub removal treatments involving
ploughing and grazing on fertile island development
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in a shrub—encroached woodland. The four treatments
were: ploughing followed by 1) grazing or 2)
exclosure, and no ploughing followed by 3) grazing
or 4) exclosure. We used the two ploughing treatments
(averaged across grazed and ungrazed treatments),
which produced two relative ages (young or mature),
to examine potential differences in soil nutrients in
three landscape elements (shrub hummocks, coarse
woody debris mounds, interspaces), yielding six
possible patch by age combinations as follows: 1)
hummocks and their attendant mature shrubs that
were not removed during the ploughing operation
(mature hummocks), 2) hummocks supporting young
shrubs that recruited after ploughing (young hum-
mocks); 3) mounds of coarse woody debris represent-
ing sites of natural breakdown of mature shrubs
(mature mounds), 4) mounds of coarse woody debris
forming around large shrubs that were killed as a
result of ploughing 18 years previously (young
mounds), 5) unploughed, relatively undisturbed inter-
spaces (undisturbed interspaces), and 6) interspaces
that were recovering from ploughing about 18 years
previously (recovering interspaces) (Table 1).

We had three hypotheses about soil nutrients in
relation to these three different aged landscape
elements. First, in support of the fertile island
hypothesis, we expected to detect greater C and
nutrient (e.g. N) concentrations under all resource—
accumulating elements (shrub hummocks, debris
mounds) than in the interspaces, irrespective of their
age. Second, we predicted that the soil within
hummocks under older shrubs that were present
before ploughing (mature hummocks) would have
greater concentrations of C and N than younger
shrubs recruiting from seed after ploughing, as older
(generally larger) shrubs are likely to sequester and
accumulate greater C and N pools than younger

shrubs (McClaran et al. 2008; Throop and Archer
2008) and the period of accumulation is greater.
Similarly, soil around older debris mounds would be
expected to be more nutrient—enriched than that
around young mounds, given that larger, older
mounds have a greater ability to capture and hold
resources and attract microarthropods (sensu Tongway
et al. 1989). Finally, we predicted that concentrations
of soil C and N would be greater in the undisturbed
than the recovering interspaces as ploughing disturbs
cryptogamic crusts (Eldridge and Robson 1997),
which accumulate C and N, and recover very slowly
from disturbance (Belnap and Eldridge 2001).

Methods
Study area

The study was conducted at two semi—arid woodland
sites in north-western New South Wales, Australia;
Wapweelah (29°16'S, 145°26'E) and Bloodwood (29°
30'S, 144° 45'E) about 140 km north and north-west
of Bourke respectively. Summers are hot (mean
maximum 36.4°C) while winters are mild (mean
minimum 17.9°C) and rainfall at both sites averages
about 300 mm annually, with 45% more rain occurs
between October and April. The landscape is level to
slightly undulating (< 1% slope) and comprises of
sandplains of Quaternary alluvium and aeolian
sediment (Robson 1995). Wapweelah falls within
the Gumbalie Land System and is characterised by
sandy red earths with loam to sandy loam surface
textures. Bloodwood has calcareous red earths and
sandy earths with topsoil textures that are loamy
sands and falls within Goonery Land System (Walker
1991).

Table 1 Summary of the four ploughing and grazing treatment scenarios and their extent in eastern Australia. Mature shrub
hummocks are ~60 years old, younger shrub hummocks <20 years old

Scenario Ploughed Grazed Shrub hummock Debris mound Interspace

Mature Young Mature Young Undisturbed Recovering
Unploughed Ungrazed no no yes yes yes
Ploughed Ungrazed yes no yes yes yes
Unploughed Grazed no yes yes yes yes
Ploughed Grazed yes yes yes yes yes
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Both sites were dominated by shrubs, which
encroach into the bare areas remaining after the
removal of perennial grasses by grazing (Daly and
Hodgkinson 1996). They supported similar shrub
species, though with slightly different composition.
Wapweelah supported dense stands of turpentine
(Eremophila sturtii), green turkey bush (Eremophila
gilesii) and budda (Eremophila mitchellii), at densities
up to 7000 stems ha ' (Daryanto and Eldridge 2010)
while Bloodwood was dominated by narrow—leaved
hopbush (Dodonaea viscosa subs. angustissima).
Scattered mulga (Acacia aneura) trees occurred at
both sites. The groundstorey vegetation at both sites
was dominated by a range of perennial grasses such
as woolybutt (Eragrostis eriopoda) and wiregrasses
(dristida spp.), with assorted ephemeral forbs from
the families Chenopodiaceae and Brassicaceae (Robson
1995; Eldridge and Robson 1997).

Shrub removal design

In 1990, one block (200 mx400 m) was established
and divided into four equal plots of 200 m long by
100 m wide. The two central plots were then
enclosed in a 6 m high, vertebrate—proof fence.
Half of the fenced and one of the unfenced plots
were then ploughed, leaving the remaining
unploughed (Fig. 1). This design therefore resulted
in four combinations: ploughed-grazed, ploughed-
ungrazed, unploughed-grazed and unploughed-
ungrazed. This experimental setup was repeated at
three replicate locations (blocks) separated by dis-
tances of 1-5 km. The same design was used at both
sites. The grazed plots were grazed by sheep, goats,

Ploughed Unploughed
Grazed Ungrazed

Ploughed Unploughed
Ungrazed Grazed

200 m

400 m

Fig. 1 Layout of the treatments for both sites. The solid line
represents a vertebrate—free exclosure and the broken lines
outside indicate the extent of the grazed plots
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cattle, kangaroos and low densities of rabbits. The
ploughing treatment consisted of a single pass with a
4.2 m wide single—tyned ‘Stationmaster’ blade plough
pulled by a 90 kW crawler tractor and only shrubs
were removed during ploughing (Robson 1995).
Trees were not removed during ploughing, though
some herbaceous species would have died as a result
of soil disturbance. Ploughing severs the roots of
woody plants about 20 cm below the surface and has
minimal effect on the soil surface. However, hum-
mocks from which shrubs have been ploughed are
susceptible to deflation and loss of topsoil while they
are unvegetated.

Soil sampling and laboratory analysis

Soils were sampled at both Wapweelah and Blood-
wood 18 years after ploughing and exclosure on the
three landscape elements: 1) shrub hummocks sup-
porting Eremophila sturtii or Dodonaea viscosa
shrubs, 2) areas of coarse woody debris (termed
‘debris mounds’), which comprised the stems of dead
shrubs and some accumulating woody debris, and 3)
the interspaces. Eremophila sturtii and Dodonaea
viscosa hummocks were chosen because they are the
dominant hummock—forming shrubs at both sites.
Unlike Acacia and Senna species, they do not fix N,
so any shrub effects on soil nutrients would be due to
their resource capturing abilities rather than direct N
fixation.

Shrubs at the two ploughed treatments (ploughed—
grazed, ploughed—ungrazed) were less than 18 years
old (termed ‘young hummocks’) as all shrubs had
been removed by the ploughing treatment 18 years
previously (Fig. 2a). Substantial shrub recruitment
about 12 months after ploughing (David Robson,
personal observation) suggests that most young
shrubs would have been about 17 years old or
younger at the time we sampled the soils. Most would
have established from seeds but a few may have re-
sprouted from epicormic buds (Daryanto and Eldridge
2010). The debris mounds represented the remains of
shrubs that had been pushed over during by plough-
ing 18 years previously (termed ‘young mounds’;
Fig. 2c). We selected only debris mounds in the
clearly—defined plough lines (which were still evident
18 years after ploughing), thereby ensuring that
young mounds were about 18 years old. Debris
mounds contained areas of sediment and litter, and
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Fig. 2 Images of the shrub
hummock and debris mound
microsites showing a young
hummock with Eremophila
sturtii, b mature hummock
with Eremophila sturtii, ¢
young debris mound soon
after ploughing and

d mature debris mound with
clear evidence of
decomposition by termites.
Bars are 30 cm across

covered an area of up to 10 m? (Fig. 2c). The
interspaces in the two ploughed treatments were
designated as ‘recovering’ from the action of plough-
ing, and sampling was restricted to areas showing
clear evidence of ploughing.

Sampling on the remaining two unploughed treat-
ments (unploughed—grazed, unploughed—ungrazed)
was conducted within hummocks under large old
shrubs (mature hummocks; Fig. 2b), under large
debris mounds (mature mounds, Fig. 2d) and within
the interspaces. Mature shrubs are substantially larger
(~ 5 m diameter, 3—4 m tall) and therefore older than
‘young shrubs’ (1-2 m diameter, ~1.5 m tall). Based
on data from long-term shrub studies at Fort Bourke
near our study sites (Booth and Barker 1981), we
expect that mature shrubs probably recruited during
the high rainfall years in the early 1950s and were
therefore about 60 years old when their hummocks
were sampled. Mature debris mounds, representing
sites of natural attrition of former large shrubs, were
sampled only from the unploughed sites. We used
characteristics such as the degree of incorporation in
the soil and breakdown by termites (Fig. 2d) to
confirm that they were more than about 30 years old.
Long-term records of fallen timber from other areas of
arid Australia demonstrate the strong relationships
between stage of breakdown and age (Sinclair 2004).
Finally, the interspaces in the unploughed treatments
were designated as ‘undisturbed’.

Across all treatments, soils were sampled from
three depths (0-5 cm, 10-15 cm and 25-30 cm)
beneath the three landscape elements (shrub hum-
mock, debris mound, and interspace) with a 6.2 cm
cylindrical coring device. Samples for shrub hum-
mocks were taken at the mid-canopy to ensure the
capture of most soil sediments, including that from
the stem flow (Whitford et al. 1997). Interspace soils
were sampled within the bare areas and more than
5 m from any plant canopies. For debris mounds,
samples were taken from the upslope position.
Sampling sites were in an unbiased manner from
within transects placed throughout the plots for
assessment of vegetation cover. Soils were air dried,
passed through a 2 mm sieve, and transported to the
laboratory for further analyses. Soil moisture was
determined volumetrically, and bulk density calculat-
ed after removal of any coarse (> 2 mm diameter)
fractions (Throop et al. 2011). Electrical conductivity
(EC) and pH were determined using 1:5 soil:water
suspension. Labile C was determined using modified
permanganate oxidizable C method (Weil et al. 2003).
Mineralisable and pre-existing mineral N was deter-
mined using salicylate—dichloroisocyanurate method
and the Flow Injection Analysis was conducted using
Quikchem 8500 at 660 nm (Gianello and Bremner
1986). Total C and N were analysed using high
temperature combustion analysis (LECO CNS-2000;
LECO Corporation, St. Joseph, MI, USA).
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Statistical analysis

A matrix comprising the average value of each soil
property for young and mature hummocks and debris
mounds, and disturbed and undisturbed interspaces,
for each of three blocks (n=9) was subjected to
Principal Component Analysis using the PRIMER
(Version 4) statistical package (Clarke and Warwick
1994). Each variable was normalised by subtracting
the mean and dividing by the standard deviation in
order to bring the data with mixed measurement
scales to a common dimensionless scale. Separate
analyses were performed for Wapweelah and Blood-
wood. We use a split—plot (mixed—models) ANOVA
approach to examine possible shrub effects on soil
nutrients. The first stratum considered Blocks (n=3),
and the second stratum landscape element effects (i.e.

shrub hummock, debris mound, interspace). To
determine the age effect, we partitioned the landscape
element subplot into a number of single degree of
freedom contrasts i.e. differences between young and
mature hummocks, young and mature debris mounds,
and recovering and undisturbed interspaces. This
approach is more consistent with our hypothesis
about age effects within specific landscape elements
than one that considered all possible, and less
meaningful, effects among the three landscape ele-
ments by two age units (Table 2). One degree of
freedom contrasts for additional grazing effects were
largely ignored. The third stratum considered depth
effects and their interactions with landscape elements.
Again we were only interested in the three interac-
tions among depth, landscape element and age unit,
each with two degrees of freedom (Table 2). All data

Table 2 An example of the

mixed—models ANOVA Component d.f. F statistic P-value

structure for total N
Block stratum 2 4.51
Block.Landscape element stratum
Landscape element 2 7.09 0.004
Lanscape element.Interspace 1 0.4 0.533
Landscape element.Mound 1 4.07 0.056
Landscape element.Hummock 1 20.13 <0.001
Landscape element.Interspace.Recovering 1 2.84 0.106
Landscape element.Interspace.Undisturbed 1 0.12 0.737
Landscape element.Mound.Mature 1 0.27 0.611
Landscape element.Mound.Young 1 2.86 0.105
Landscape element. Hummock.Mature 1 9.7 0.005
Landscape element. Hummock.Young 1 0 0.973
Residual 22 1.77
Block.Landscape element.Depth stratum
Depth 2 51.45 <0.001
Depth.Landscape element 4 4.83 0.002
Depth.Landscape element.Interspace 2 0.19 0.825
Depth.Landscape element.Mound 2 1.62 0.209
Depth.Landscape element. Hummock 2 7.22 0.002
Depth.Landscape element.Interspace.Recovering 2 0 0.999
Depth.Landscape element.Interspace.Undisturbed 2 1.12 0.334
Depth.Landscape element.Mound.Mature 2 1.03 0.365
Depth.Landscape element.Mound. Young 2 0.31 0.736
Depth.Landscape element. Hummock.Mature 2 6.6 0.003
Depth.Landscape element. Hummock.Young 2 0.06 0.942
Residual 48
Total 107
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were checked for normality and homogeneity of
variance (Levene’s test, Genstat 12th Edition) prior
to analyses and post-hoc differences in means were
examined using Least Significant Difference testing.
We calculated the total pools of nitrogen and carbon
to 30 cm deep for Bloodwood and Wapweelah
separately. Total C and N pools were obtained by
integrating the area under the C or N percentage by
depth curves for each landscape element and adjust-
ing by the relevant bulk density values. For the
unsampled layers (5 to 10 cm, 15 to 25 cm), we used
the average bulk density and percentage values of
either C or N from the soil layers immediately above
and below them. We calculated separate pools for
grazed and ungrazed plots.

Results

Results from Wapwelah indicated that the first two
components of the PCA biplot had generally greater

concentrations of total and labile C, and mineral and
mineralisable (available) N beneath mature mounds,
mature hummocks and undisturbed interspaces. For
Bloodwood, however, there were no clearly—defined
trends in relation to the landscape elements by age
units, and generally greater variability in soil proper-
ties among them (Fig. 3). Univariate analyses of
individual soil physical and chemical properties
indicated significant differences among the landscape
units at both sites, with generally lower levels of most
attributes in the interspaces than either under shrubs
or under debris mounds (Table 3). Effects, however,
were not always consistent between sites. For exam-
ple, average bulk density was greater in the inter-
spaces (1.63 Mg m ) than either the debris mounds
or shrub hummocks (1.49 Mg m ) at Bloodwood,
(F222=12.33, P<0.001), but not at Wapweelah.
Similarly, while average concentrations of total N
and total C under shrub hummocks and debris
mounds at Wapweelah were 2.5-times greater than
in the interspaces (£,,,=7.09, P=0.004 and F; =

Fig. 3 Principal 4
Component Analysis biplot (a)
displaying the first two
component axes for sites at
Wapweelah (a, ¢) and
Bloodwood (b, d).
Interrelationships among
soil variables are presented 0
in the top graphics. Sites are

coded for age using young

shrub hummocks, young

mounds and recovering 2
interspaces (closed circle) 8D
and mature mounds, mature
hummocks and undisturbed

....... N

(b)

Moist

Labile C

Avail N
Min N

interspaces (open circles).
The site codings (bottom 4

PCA2
I

graphics) are shown
separately to aid in the (C)
interpretation of the biplots

O Mature (d) @)
® Young ;

2 4 4 -2 0 2 4
PCA1
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Table 3 Differences in soil physical and chemical properties
between different ages and trends among the three landscape
elements averaged over the three depths. H=hummock, M=
mound, [=interspace. For a given site and landscape element

different superscripts indicate a significant difference in that
attribute between mature—young or undisturbed-recovering at
P=0.05. SE=standard error of the mean

Soil chemical Landscape element

Trend among

and physical landscape
properties Shrub hummock Debris mound Interspace elements
Mature Young Mature Young Undisturbed Recovering

Bloodwood Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Total N (%) 0.052  0.003 0.055  0.004 0.065 0.013 0.061  0.005 0.049  0.004 0.054 0.004 H=M=I

Total C (%) 0.445  0.048 0.498  0.055 0.468  0.071 0.578 0.113 0.359  0.041 0.468 0.057 H=M=I

Mineral N 2.28° 0.422 1.21° 0.126 1.81 0.423 1.09 0.132 1.01 0.212 1.14 0.267 H=M>I
(mg kg 'soil)

Mineralisable N 8.60 0.897 7.77 1.287 8.14 1.103 7.55 1.024 437 0.552 3.74 0.413 H=M>I
(mg kg 'soil)

Labile C 117.2* 10.980 90.8° 5.468 121.8 10.954 120.1 12.554  60.1 2.697 764 9.266 M>H>I
(mg kg 'soil)

Bulk density 1.52 0.048 1.52 0.039 1.53*  0.050 1.40°  0.057 1.65 0.023 1.58 0.044 H=M<I
(Mg m™)

Soil moisture (%)  7.92 0.373 8.84 0.511 8.65 0.519 9.45 0.590 7.92 0.439 8.46 0.504 H=M=I

pH (1:5 water) 5.97 0.117 6.07 0.118 6.19 0.123 5.88 0.129 5.70 0.058 5.82 0.112 H=M=I

EC (dS m™) 0.04* 0.007 0.01° 0.002 0.02 0.006 0.02 0.005 0.01 0.003 0.01 0.002 H=M>I

Wapweelah

Total N (%) 0.064*  0.005 0.047°  0.002 0.057  0.005 0.049  0.003 0.047  0.002 0.044  0.002 H=M>I

Total C (%) 0.710  0.0813 0.544  0.049 0.742  0.088 0.615  0.061 0.498  0.042 0.512  0.059 H=M>I

Mineral N 2.06 0.295 1.79 0412 2.74*  0.600 1.45°  0.147 1.33 0.172 1.06 0.130 H=M>I
(mg kgflsoil)

Mineralisable N 17.00* 1.895 10.29° 1.007  12.67 1.612  11.85 1.462 8.46 0.724 7.28 0.625 H=M>I
(mg kg 'soil)

Labile C 378.5° 22176 324.3° 17.236 329.9 18.376 304.5 9.794 288.6 11.211 296.4 11.882 H>M=I
(mg kg 'soil)

Bulk density 1.42 0.035 1.43 0.041 140 0.042 1.60°  0.060 1.51 0.044 1.52 0.054 H=M=I
(Mg m™)

Soil moisture (%)  4.29 0.154 3.98 0.129 4.05 0.148 3.57 0.139 4.03 0.151 4.06 0.193 H=M=I

pH (1:5 water) 6.26 0.084 6.33 0.122 5.99 0.128 6.22 0.062 6.09 0.118 6.40 0.256 H=M=I

EC (dS m™) 0.03 0.007 0.02 0.002 0.03 0.003 0.02 0.002 0.02 0.005 0.03 0.009 H=M=I

3.80, P=0.038 for N and C respectively), there were
no significant N or C effects for Bloodwood (Table 3).

Age effects on soil nutrients

Differences in nutrients with age were not consis-
tent across the two grazing properties (Table 3 and
4). At Bloodwood, there were more C and N under
both young hummocks and debris mounds, however
there was more C and N under mature hummocks
and debris mounds at Wapweelah. Similarly, more C
and N was recorded in the undisturbed interspace at
Bloodwood, but at Wapweelah, more C and N was
found in the recovering interspace. Other inconsis-
tencies were also recorded for some attributes, for
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example, we measured twice the concentrations of
pre—existing mineral N under mature (2.28 mg kg™’
soil) than young (1.21 mg kg ' soil) shrubs, but only
at Bloodwood. Similarly, we recorded 36% more
total N (0.064 cf. 0.047%, F2,=7.09, P=0.004)
and 65% more available N (17.0 cf. 10.3 mg kg '
soil, £ 2,=3.10, P<0.001) under mature than young
shrubs at Wapweelah, but the differences were
insignificant at Bloodwood. Labile C was 29% and
16% greater at Wapweelah and Bloodwood respec-
tively under mature than young shrubs. At Blood-
wood, soil electrical conductivity under mature
hummocks was four—times that under young shrubs
(0.04 cf. 0.01 dS m™'; F| ,,=8.37, P=0.008). There
were no significant differences in any soil attributes
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Table 4 Areal measures of total C and N (g m 2) for sites at Bloodwood and Wapweelah to a depth of 0.3 m
Site Attribute Mature shrub  Young shrub Mature debris ~ Young debris ~ Undisturbed Recovering
hummock hummock mound mound interspace interspace
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
Total carbon ~ Bloodwood 2003.2 140.4 2160.1 46.2 1949.0 133.1 2177.1 78.0 1751.7 1444 2028.5 74.8
Wapweelah 2841.0 445.6 21999 233.7 2930.6 1264 2886.6 213.2 2180.2 117.0 2229.5 5459
Total nitrogen Bloodwood  228.0 11.1  250.6 182 2624 168 251.6 127 2382 11.7 2523 9.7
Wapweelah ~ 277.7 25.0 202.0 12.0 237.0 179 2284 193 206.7 69 2256 39.0

between undisturbed (unploughed) and recovering
(ploughed) interspaces (Table 3).

Depth effects on soil nutrients

Predictably, there were clearly—defined reductions
in most attributes (except EC at Bloodwood and
pH at both sites) with increasing depth, but the
depth profiles differed among the different shrub-
land elements. While the bulk density of undis-
turbed interspace soil was relatively high and
changed very little with depth at Bloodwood,
values at the surface of recovering interspaces
were substantially lower and increased markedly
with depth (depth x patch interaction: F,43=3.93,
P=0.026). Similarly for Bloodwood, there were
some ill-defined changes in mineralisable N with
depth under mature hummocks, with similar levels at
the surface (11.7 mg kg ' soil) and at depth
(8.84 mg kg ! soil) under mature hummocks, but
marked reductions, from 14.7 to 5.80 mg kg soil,
under young hummocks (depth x patch interactions:
F>43=4.87, P=0.012, Fig. 4).

For labile C the trend was somewhat different.
There was substantially more labile C under mature

Fig. 4 Depth profiles for
labile C and mineralisable N 0

Labile C (mg kg™ soil)

(170 mg kg soil) than young hummocks (99 mg kg’
soil) at the surface at Bloodwood (F;45=8.80, P<
0.001), but similar values below 15 cm depth (81—
101 mg kg ' soil; Fig. 4). This trend was similar for
Wapweelah, with more labile C at the surface under
mature (474 mg kg ' soil) than young hummocks
(341 mg kg ' soil), but similar concentrations at
depth (335 mg kgfl soil; [ 45=5.41, P=0.008;
Fig. 4). Surface levels of mineralisable N were
greater under mature (26.4 mg kg™ soil) than young
hummocks (14.8 mg kg_1 soil) at Wapweelah, but
declines were less pronounced for young hummocks
(depth x patch interaction: F43=6.05, P=0.005;
Fig. 4). Similarly, total N at Wapweelah changed
very little with depth (0.06-0.05%) under young
hummocks, but there were substantial declines in
the uppermost layers (0.07-0.04%) under mature
hummocks (depth x patch interaction: F,45=7.72,
P=0.002).

Discussion

Preoccupation with the differences in soil physical
and chemical properties between perennial plant

Mineralisable N (mg kg'1 soil)

100 200 300 400 500 0 5 10 15 20 25 30
for young and mature 0 - . - - . - : - . -
hummocks at Bloodwood H P — —
(BW) and Wapweelah (W). 5 / s -

The bars represent the depth 10 / // -

by age (young vs mature) 3 7( o

LSDs (Least Significant ‘5' 15 | |

Difterences) at P<0.05 for e | ‘I

Bloodwood (LHS) and 8 20 I | Vo hummack (Ew

Wapweelah (RHS) l Mt Pamemock (8V)
-25 Young hummock (W)

Mature hummock (W)
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patches and their interspaces has dominated the
semi-arid literature for more than two decades (e.g.
Garner and Steinberger 1989). Although the patchy
distribution of soil resources generally leads to
increased productivity and diversity in water—limited
environments (Titus et al. 2002), little is known
about how the capacity of different landscape
elements to trap resources might change over time.
Knowledge of temporal changes in resources among
different elements is important, particularly in shrub-
lands, where the removal of shrubs could have
substantial legacy effects by reducing resource pools
associated with shrub hummocks (Archer 2009). Our
study showed that, although soil beneath older shrub
hummocks, and to a lesser extent older debris
mounds, contained more resources than young
patches, the results were strongly site—specific. The
results of our study are relevant to other semi—arid
areas where shrubs form small hummocks through
the action of wind and/or water erosion (e.g. de
Soyza et al. 1997; Bolling and Walker 2002). As
indicated below, the exact nature of these hummocks
will be dependent on differences in soil texture, and
nutrient concentrations and decomposition rates of
foliage of shrub species inhabiting the hummocks
(e.g. mesquite cf. creosote bush). Furthermore,
differences were mostly apparent at the surface,
where resources tend to accumulate, attenuating
rapidly with depth after 15 cm. Our prediction that
undisturbed interspaces would have higher nutrient
concentrations than recovering interspaces, even
after almost two decades, was not upheld. Together,
the results provide further evidence that autogenic
recovery of disturbed shrublands is likely to be
protracted (e.g. Havstad et al. 1999).

Soil nutrients under shrub hummocks and debris
mounds

We detected significantly greater concentrations of
labile C, mineralisable N and mineral N in soils
beneath shrubs than in the interspaces, consistent
with our first hypothesis and with the large body
of literature from semi-arid systems (e.g. Bolling
and Walker 2002; Schlesinger et al. 1996). Despite
recovery from a treatment as severe as ploughing,
the soil around small shrub recruits still contained
more resources than soil in the interspaces. Soil
beneath debris mounds also contained relatively high
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concentrations of C (both total and labile) and N
(mineral, available) compared with interspace soils,
consistently at both sites. Soil restoration studies
have demonstrated higher concentrations of organic
C, total and mineralisable N, exchangeable K and
Ca, greater soil respiration and infiltration, and more
stable temperatures under mulga (Acacia aneura)
branches placed on the surface than in the inter-
spaces, even after only 3 years (Tongway and
Ludwig 1996). Greater nutrient concentrations are
probably due to a combination of enhanced decom-
position rates by macro-invertebrates (e.g. termites;
Tongway et al. 1989), trapping of airborne dust
(Okin et al. 2006) and deposition of surface sedi-
ments (Wood and Javed 1992). Woody debris may
even promote the recovery of perennial grasses in
cleared shrublands by providing refugia from graz-
ing by native (Bestelmeyer et al. 2007) and domestic
(Ludwig and Tongway 1996) herbivores. Retaining
woody debris on the soil surface can therefore be an
effective way to enhance soil surface heterogeneity
in shrub-removed woodlands. Given that even
relatively young mounds in our study had more
nutrients than interspace soils (Table 3), retention of
debris on the surface may compensate, at least in
part, for nutrients lost during the shrub removal
process.

We found, however, little support for the hypoth-
esis of differences in soil properties between young
and old debris mounds, apart from lower bulk
density and higher mineral N concentrations in
mature mounds at Wapweelah. Given the rapid
establishment of nutrient-enriched patches de novo
under debris mounds (Tongway and Ludwig 1996),
it is likely that the small mounds in our study
developed nutrient profiles similar to older mounds
relatively quickly, particularly at Bloodwood. Break-
down of debris material and mineralisation of nutrients
is exceptionally slow in semi-arid environments
(Whitford 2002). Evidence for the slow decomposition
of coarse woody debris in Australian semi—arid
environments is scant, though examination of long-
term photographs from arid open woodlands suggests
that large logs persist for many decades after dying and
collapsing (Sinclair 2004). Consequently, most of the
effect under the new mounds was probably due to
abiotic capture of sediments rather than decomposition
of existing organic material (Abbot and Crossley
1982).
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Greater carbon and nitrogen concentrations
within older shrub hummocks

Soil under mature hummocks in our study tended to
have greater concentrations of mineral N (Blood-
wood), labile C (Wapweelah and Bloodwood) and
total and mineralisable N (Wapweelah) than soil under
young shrubs, though maximum values were concen-
trated in the top 5-10 cm and tended to converge with
depth. Older, generally larger shrubs tend to accumu-
late more nutrients than younger, smaller shrubs
(McClaran et al. 2008; Throop and Archer 2008)
and a number of mechanisms could potentially
account for this. The denser, wider canopies of larger
shrubs (Pugnaire et al. 1996; Wezel et al. 2000) would
reduce threshold wind velocities, and increase the
deposition of entrained soil particles (Okin et al.
2006). More sediment adhering to the foliage would
also increase the potential for sediment transport by
stem—flow processes (Whitford et al. 1997) and
increase soil deposition under the canopy at the
expense of deposition in the interspaces (Parsons et
al. 1992). Bigger trees and shrubs would also be
stronger nutrient pumps, depositing more nutrients
through root sequestration of nutrients and accumula-
tion of root exudates within the rhizosphere.

Larger, mature shrubs would be expected to
support higher levels of biological activity, as they
provide more habitat (canopy area) and therefore
greater resources (e.g. seed, fruit, sap, flowers, leaf—
borne invertebrates) for birds and mammals. Indeed
Eremophila sturtii shrubs close to the study area have
been shown to support a greater biomass and richness
of sap-feeding insects (Alan Kwok, unpublished
data). They also produce more biomass and therefore
shed more litter below the canopy, increasing litter
depth and probably decomposition (Dowling et al.
1986; Vetaas 1992; de Soyza et al. 1997; Schlesinger
and Pilmanis 1998). Levels of total, mineralisable and
mineral N, and total and labile C were concentrated in
the near—surface layers under shrubs, in an environ-
ment where leaf falls were accumulated while decom-
position processes were low (Throop and Archer
2007). Soil porosity is greater under mature shrubs
due to greater levels of organic matter (Throop and
Archer 2008), leading to increased infiltration. Finally,
as shrub canopies mature and shading increases,
surface temperatures will decline and potentially
reduce photo-oxidation of soil organic matter.

Young shrub recruits will undoubtedly trap and
retain fewer resources than their mature counterparts.
Thus any elevated levels of nutrients associated with
young shrubs over and above that in the interspaces
are likely due to legacy effects from residual mounds
supporting the previous shrub occupants. We recorded
substantially more shrub recruits on the edges of
residual hummocks (1.4 seedlings and juveniles<
5 cm tall per metre of patch) than in the interspaces or
debris mounds (0.19 per metre of patch; F, 50=13.42,
P<0.001, n=36; Stefani Daryanto, unpublished data).
It is highly likely, therefore, that most of the young
shrubs under which we sampled our soils had
originally established at the edges of existing hum-
mocks from where mature shrubs had been removed.
This suggests therefore that we are measuring
recovery of existing hummocks rather than the
creation of new hummocks in the interspaces, though
we acknowledge that some young shrubs would have
established in the interspaces. Shrub regeneration and
growth of herbaceous species on residual hummocks
would be expected to deplete remaining resources
after the original occupants have been removed until
the new recruits attain a size large enough to affect the
abiotic environment themselves (e.g. Belsky and
Canham 1994; Dean et al. 1999) and thus contribute
to the development of a resource-rich hummock. That
shrub function, in terms of nutrient build-up, is still
lower under young shrubs after two decades, even
when plants recruit into pre-existing hummocks,
further reinforces our view that recovery of soil
function is extremely slow. In the absence of human
disturbances, similar processes occur adjacent to
coarse woody debris and dying shrubs, which
accumulate on the surface and becoming sites of
shrub recruitment.

Our study was conducted at two different sites with
slight differences in soil physical and morphological
characteristics (Eldridge and Robson 1997; Daryanto
and Eldridge 2010). It is not surprising therefore that
there were some inconsistencies in the responses
across sites. This inconsistency probably relates to
both differences in plant community composition and
subtle differences in soil texture. For example, shrub
trait would be expected to affect soil nutrient pools by
altering foliar decomposition rates (Cornwell et al.,
2008). Ploughing has the potential therefore to
influence soil nutrient pools by selecting for shrubs
with foliage of a high nitrogen content (e.g. Eremo-
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phila, Burrows 1972) or relatively high C:N ratio
(Dodonaea viscosa, Ley and D’Antonio 1998; Mack
and D’Antonio 2003). For example, Eremophila litter
produces about 7.25 kg of organic matter per 1000
shrubs, which annually would add 0.14 kg N and
0.008 kg P 1000 shrubs ' yr ' respectively (Burrows
1972). Densities of about 8000 Eremophila shrubs ha '
at Wapweelah (Daryanto and Eldridge 2010) would
therefore deliver about 1.12 and 0.064 kg ha™' yr ' of
N and P respectively, in litter inputs, which are
relatively high for arid Australian plants (Burrows
1972). In contrast, the density of Dodonaea viscosa at
Bloodwood was only 5100 shrub ha '. With a
maximum litter production of about 20 kg ha ' yr '
and 0.37-0.46% N (Mack and D’Antonio 2003), N
inputs into the soils would be about 0.7 kg Nha ' yr .
The relatively high (~65 to ~97) C:N ratio of
Dodonaea viscosa would likely enhance short-term N
immobilisation (Wedin 1999).

The retention of C and N in the soil is strongly
influenced by clay mineralogy (Barret and Burke
2002) and to a lesser extent, groundstorey cover, so
we would expect a greater N effect on the finer soils
at Wapweelah than in the coarser Bloodwood soils.
Bloodwood supported low cover and biomass of
groundstorey species, even under exclosure (S.
Daryanto, unpublished data). Its soils tended to be
more hardsetting, due to the small percentage of silt in
the surface layers (Eldridge and Robson 1997) and a
sparse cover of cryptogamic crusts (<12%, Eldridge
and Robson 1997) compared with Wapweelah (to
31%; Daryanto and Eldridge 2010), which likely
exacerbated surface sealing. Other inconsistencies
between the sites could also relate to subtle differ-
ences in hummock orientation and geomorphic setting
between Gumbalie and Goonery Land Systems
(Walker 1991). Our study therefore suggests that the
consequences of shrub removal for soil nutrient
retention will be soil surface—and texture—dependent.
Soil disturbance and shrub removal are likely,
therefore, to have a greater effect on nutrient retention
on coarser—textured soils, which are generally domi-
nated by the N-poor litter of Dodonaea viscosa.

Similar nutrient pools in disturbed and undisturbed
interspaces

The similarity in soil nutrient concentrations between
undisturbed and recovering interspaces is surprising
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given the substantially (three to five—fold) greater
cryptogam cover at the undisturbed sites (Daryanto
and Eldridge 2010). Cryptogams are known to
increase soil aggregation and enhance soil nutrients
by accumulating C and N (Barger et al. 2006). The
lack of an age effect could relate to potential differ-
ences in crust composition between disturbed and
undisturbed interspaces. Cryptogamic crusts are a
diverse group of microorganisms and individually
have markedly different effects on ecosystem func-
tions (Bowker et al. 2010). We did not assess crust
composition, which might have explained differences
in the capacity of crusts to produce and retain
nutrients. For example, while mosses are important
for stability, cyanobacteria are critical for N fixation.
Knowledge of the composition of crusts is requisite to
an improved understanding of the capacity of the
crust community to produce nutrients. Biological
activity is also likely to be lower in the interspaces
than the shrub patches (e.g. Archer et al. 2001).
Higher rates of photo—oxidation of litter at open sites
(sensu Austin and Vivanco 2006) might explain the
lack of differences in the interspaces.

Conclusions

Ploughing has been used extensively in the semi—arid
woodlands of eastern Australia to reduce shrub
densities (Robson 1995; Tighe et al. 2009). Our study
indicates that it has the potential to change the
distribution of soil nutrient pools by removing
established shrubs and partly redistributing their
resource islands, though some of this may be offset
by enhanced resources associated with multiple—aged
debris mounds. Ploughing could also alter soil
nutrients by changing the distribution of plant species
and thus foliar nutrient concentrations. The surface
distribution of resources such as labile C and
mineralisable N was substantially truncated at both
sites, even under mature shrubs, suggesting that any
surface disturbance is likely to have substantial effects
on near—surface nutrient pools. The generally slow
recovery of soil processes in semi—arid environments
is likely to be exacerbated by the tendency for land
managers to allow livestock to graze sites soon after
ploughing.

The major differences in response between our two
study sites may relate to differences in their surface
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texture, which would affect their capacity to sequester
nutrients. Modeling of landscape—level changes in
soil nutrients in shrub—encroached woodland should
therefore consider not only differences in shrub
species, age, patch type and size, but also site—level
differences such as surface texture and geomorphol-
ogy. Our study suggests that shrubs are important
elements in semi—arid systems by providing sinks for
soil nutrients, even when small (Shachak et al. 2008).
Removal of shrubs and their attendant hummock
islands therefore comes at a long—term cost associated
with loss of nutrients. While the main management
goal is the broad-scale removal of shrubs (e.g.
Robson 1995), the retention of strips or patches of
mature shrubs may be necessary in the short—term to
reduce the landscape—scale removal of resources by
erosion.
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