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Abstract The dryland agricultural landscape of

north-west Victoria, Australia, includes isolated rem-

nants of eucalypt woodland that are exposed to

ongoing disturbance from sheep grazing and cropping

activity. Biological soil crusts are a functionally

important feature of these woodland communities.

We used a modern form of regression (boosted

regression tree (BRT) models) to investigate relation-

ships between crust abundance and environmental and

landscape variables. We also investigated whether the

use of broad morphological groups of crust organisms

is more informative than simply measuring total crust

cover. Remnant size was the single most influential

variable for crust abundance, with negligible crust

cover in small patches (\5 ha). The BRT model also

identified relationships between crust abundance and

available P, soil C and perennial grass. We argue that

disturbance from stock grazing and camping is the

mechanism driving these relationships. Other vari-

ables related to crust abundance were proximity to the

windward edge, litter cover and tree cover. Morpho-

logical groups showed a differential response to some

variables, suggesting assessment of total cover may

mask important patterns in community structure. Crust

disturbance represents a serious issue for maintenance

of ecosystem function in the study region, particularly

loss of crusts from small remnants because the

majority of remnants are small.

Keywords Cryptogamic crusts � Moss � Lichen �
Patch size � Grazing � Landscape disturbance �
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Introduction

Biological soil crusts are assemblages of bryophytes,

lichens, algae, cyanobacteria and fungi that exist at the

soil surface and are a prominent feature of arid

and semi-arid ecosystems worldwide. Research has

demonstrated that conservation of soil crusts is fun-

damental to maintaining core ecosystem processes.

Soil crusts are known to stabilise soils (Williams et al.

1995; Eldridge and Kinnell 1997; Belnap and Gillette

1998), regulate the balance between water infiltration

and run-off (George et al. 2003; Yair 2003), fix

nitrogen and carbon (Beymer and Klopatek 1991;

Hawkes 2003; Housman et al. 2006) and influence the

germination, survival, and nutritional status of vascu-

lar plants (Prasse and Bornkamm 2000; Sedia and

Ehrenfeld 2003; Su et al. 2007). Mechanical distur-

bances such as stock trampling and vehicle traffic
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cause changes in crust cover and composition, with

severe or repeated disturbance resulting in complete

crust removal (Andrew and Lange 1986; Beymer and

Klopatek 1992; Ponzetti and McCune 2001). Knowl-

edge of where crusts occur in the landscape and where

they are most susceptible to disturbance would

enhance prioritisation of conservation and restoration

activities, particularly in landscapes where degrading

processes are unevenly distributed within and among

patches of remnant vegetation.

Descriptions of mature, long-undisturbed vegeta-

tion in the dryland agricultural zone of Victoria,

Australia, identify soil crusts as an important ecosys-

tem component (Department of Sustainability and

Environment 2004); however, specific information on

crusts is limited. The few published studies of soil

crusts have been undertaken in conservation reserves

on sandy soils (Eldridge 2001) that are not represen-

tative of the more fertile soils preferred for

agriculture. To date there have been no studies to

determine drivers of crust distribution in this land-

scape or to assess crust disturbance across patches of

remnant vegetation within the agricultural matrix.

Woodlands in this region have been reduced to

less than 5% of that present at the time of European

settlement (mid nineteenth century in this region).

Remnants can be publicly or privately owned, and

may be fenced or unfenced, and either protected or

subject to grazing. They are part of a broader

landscape that is mostly used for broad-scale wheat

and sheep farming and are therefore often exposed to

disturbances from grazing and camping by domestic

stock. High wind speeds are common and remnants

may act as sinks within the agricultural matrix,

trapping sediments lost from unprotected soils. Land

management agencies have recognised that remedial

action is required to maintain and restore ecosystem

processes across this landscape (Mallee Catchment

Management Authority 2003).

We had three broad objectives in this study. Our

first objective was to identify environmental covari-

ates of soil crust distribution across the dryland

agricultural zone of Victoria to improve our under-

standing of the potential for crust cover across this

landscape. Studies investigating crust distribution

worldwide suggest covariates of crust abundance and

composition are soil type (Bowker et al. 2005;

Eldridge et al. 2006; Thompson et al. 2006), soil pH

(Eldridge and Tozer 1997a; Ponzetti and McCune

2001), calcium carbonate content (Rogers 1972;

Downing and Selkirk 1993) and precipitation (Rogers

1972; Eldridge and Tozer 1997a; Thompson et al.

2006). Our study region is fairly uniform with very

little topographic variation, relatively low rainfall

variation (between 330 and 450 mm year-1) and long-

term stable landuse. Within this environmental space

we investigated whether crust abundance tends to be

relatively uniform or whether it varies along gradients

of soil chemistry, nutrient content and texture, vascu-

lar vegetation cover and litter cover. We excluded

siliceous sands that are unstable and unsuitable for

crust habitat.

Our second objective was to identify where crusts

are most susceptible to disturbance. We examined the

influence of landscape variables (remnant size and

location within the remnant) and whether there is an

interaction between these variables and soil texture.

We expected: (1) disturbance is not evenly distrib-

uted within and among remnants, because grazing

intensity is higher in small remnants relative to large

remnants (Duncan et al. 2008) and crusts are

removed by trampling from stock; (2) deposition of

aeolian particles is greater at the windward edge of

remnants, resulting in crust death from burial; and (3)

crust disturbance is exacerbated on coarse textured

soils. Fine textured soils have a higher aggregate

stability, are less susceptible to erosion and mechan-

ical disturbance and have faster rates of crust

recovery following disturbance compared to sandy

soils (reviewed in Belnap and Eldridge 2003). We

expected an interaction between the extent of crust

disturbance and soil texture, such that crust distur-

bance is higher in small remnants on coarse textured

soils compared to fine textured soils.

Our third objective was to investigate whether

assessment of broad morphological groups is more

informative than simply measuring total crust cover.

Specifically we investigate whether morphological

groups show a differential response to environmental

and landscape variables. Eldridge and Rosentreter

(1999) argue that the use of morphological groups is

an efficient and functionally meaningful approach to

monitoring soil crust organisms. Because the function

of soil crust species is largely related to their gross

morphology, particularly their influence on soils and

their response to disturbance, the relationship lends

itself to a functional classification useful in rapid

assessments (Eldridge and Rosentreter 1999). Since
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the inception of the morphological group concept,

few studies have tested whether morphological

groups show a differential response to landscape

and environmental gradients (except see Eldridge and

Koen 1998; Martinez et al. 2006).

Methods

Study region

The study was conducted within the dryland agricul-

tural zone, an area 28,777 km2 in extent, in the north-

west of Victoria, Australia (Fig. 1). Of the 5% native

vegetation remaining in the region approximately

30% exists in patches \5 ha in size (Duncan and

Durrough in review). The entire study area is low

lying with a highest peak of 154 m above sea level at

Mt Wycheproof. Long-term minimum monthly tem-

peratures range from 4 to 14�C and maxima range

from 14 to 30�C, with an upward shift of a few

degrees from south to north. Median annual rainfall

declines from around 440 mm in the south to

330 mm in the north and the wettest months (July,

ca 50 mm) have around double the rainfall of the

driest (January, ca 20 mm).

Sampling design

We sampled 25 patches of remnant vegetation selected

in a stratified random design across the study region

using vegetation maps. Sites were chosen from within

the two dominant soil-vegetation associations in the

study region. These are: (1) Calcareous Dunes,

characterised by multi-stemmed ‘‘mallee’’ Eucalyptus

spp. woodlands occurring on light sandy soils (White

2006), and (2) Alluvial Plains, characterised by grassy

woodlands dominated by Eucalyptus largiflorens F.

Muell or Allocasuarina luehmannii (R. T. Baker) L.

A. S. Johnson, occurring on heavier clayish soils. We

used these dichotomous soil-vegetation associations in

stratification; however, there is a gradient in soil

texture and vegetation composition (Duncan et al.

2008).

Remnant patches were allocated to size classes:

small (0.5–5 ha), medium (5–10 ha) and large

([20 ha), and we selected 3–5 sites from each size

class in each soil-vegetation association. We sampled

vegetation and soils at three locations in each site;

these were the remnant interior (centre), the windward

edge (west edge) and leeward edge (east edge). Edge

quadrats were located within 20 m of the remnant

edge. At three small sites fewer than three quadrats

were sampled as it was not possible to fit three quadrats

in very small sites. In all, a total of 71 locations were

sampled.

Vegetation sampling

At each sampling location we estimated the projected

canopy cover of trees within a 20 m by 20 m quadrat.

The 400 m2 quadrats were then sub-sampled using 10

randomly placed 0.5 m 9 0.5 m quadrats to estimate

projected cover of bare ground, biological soil crust,

leaf litter, perennial native grasses, shrubs, and annual

exotic grasses. For the crust measures, we assessed

total soil crust cover and morphological group cover in

each quadrat. We assigned soil crust organisms to

morphological groups based on examination of phys-

ical characters in the field. Morphological groups

recorded were: moss, leafy and thallose liverworts,

and, crustose, squamulose, foliose and fruticose

lichens (Eldridge and Tozer 1997b).

Soils

Three soil samples were collected at each sampling

location from the top 10 cm of soil and bulked for

soil nutrient analysis by CSBP Laboratories (Bibra

Lake, Western Australia). Available phosphorus and
Fig. 1 Study area (highlighted) in northwest Victoria,

Australia (inset)
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potassium were extracted using the Colwell method

(Colwell 1965) and their relative concentrations

estimated following the method of Rayment and

Higginson (1992). Total nitrogen was determined

using the LECO combustion method (Sweeney and

Rexroad 1987). Organic carbon was estimated fol-

lowing Walkley and Black (1934). Extractable sulphur

following Blair et al. (1991). Soil pH and electrical

conductivity in deionised water was determined fol-

lowing Rayment and Higginson (1992). Soil texture

was determined by kneading a moistened bolus of soil

in the hand and assigning the sample to one of five

texture classes based on the length of the soil ribbon.

We used continuous, remotely sensed Thorium and

Potassium (Th:K) data as surrogate of soil texture in

analyses. Th and K are strongly and positively related

to soil clay content (Pracilio et al. 2006). Because Th

and K are major gamma emitting elements in the soil

their concentration in the top 0.3 m of soil can be

calculated from measurements by a gamma ray

spectrometer (Pracilio et al. 2006). Previous vegeta-

tion community mapping from the area (White et al.

2003) suggested that Th and K explained variation in

vegetation composition and structure. We calculated a

synergistic Th:K ratio as follows:

Thmax � Th

K

where Thmax is the highest value of Th in the set. This

transformation provides more contrast between soil

textures across the study region because it gives the

combined response of Th and K to soil texture. These

radiometric data were available at a grid resolution of

50 m over the whole area. The Th:K ratio was related

to soil texture measured from point samples in the

field (r2 = 0.40). Minimum Th:K values of 3.5 were

associated with heavy clay soils (clay content[50%)

and maximum Th:K values of 5.5 were associated

with sandy loam soils (clay content *5%).

Grazing

Total grazing intensity was assessed within remnants

and scored as follows:

(1) Light–No or little evidence of biomass removal,

herbivore dung or disturbance by hooves.

(2) Moderate–Localized signs of grazing, tussock

structure still evident, some dung and soil

disturbance present, understorey vegetation bio-

mass moderate.

(3) Heavy–No evidence of patchy localized graz-

ing, understorey vegetation biomass low and

even, considerable dung and soil disturbance.

Statistical analyses

Our main aim with the modelling was to identify the

most influential predictors of crust abundance, and to

explore the responses of crust to these predictors.

Regression models are useful for such analyses. The

response was cover (%), which is best modelled within

regression as either a binomial distribution in a quasi-

likelihood model (Venables and Dichmont 2004), or

arc-sine transformed then treated as a gaussian

response (Sokal and Rohlf 1998). The observations

were structured, with the 71 windward, centre and

leeward sites nested within 25 locations. However, it is

possible that the 71 sites act as independent records in

the sense that, for example, a windward site is no more

similar to a central site at the same location than to any

other central site with the same environmental condi-

tions. Hence, we tested the two alternatives of

modelling the data as nested or independent. Remnant

size (ha) was log transformed to normalise the data, but

all other predictors were untransformed. The highest

pairwise Pearson correlation coefficient between the

final set of predictor variables was 0.85, between some

of the soil chemical measures. We included all these in

the model, but most variables had much lower pairwise

correlations. We did not model the response of

Liverwort morphological groups as there were too

few occurrences recorded.

Different regression approaches have different

strengths and weaknesses for modelling these kinds

of data. We explored a range of alternatives—

generalized linear models (GLMs) and generalized

additive models (GAMs) and their nested counterparts

(generalised linear mixed models, GLMMs, and

GAMMs), using either a quasi-binomial or gaussian

family, and boosted regression trees (BRT) using a

gaussian family. Following Wood (2006) we tested the

need for including site as a random effect by first

running a GLM, GAM or BRT, then modelling the

residuals as: (i) a linear null model, based on an

intercept term and error terms with no predictor factors

or covariates, and then running; (ii) a linear null mixed
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model with site as a random effect but no fixed effects.

An ANOVA comparing the two models shows

whether modelling the nestedness has an important

effect on variance.

Because the main thrust of this paper is exploring

the relationships between crust cover and predictor

variables, we do not focus on the difference between

the methods here. Briefly, our comparison of tech-

niques showed that: (a) if the modelling method

could only model simple environmental trends, a site

effect appeared important; (b) if the modelling

method could define more complex trends, the site

effect was no longer significant; (c) BRT models

combined reliable variable selection and robust fitting

of trends in a more straightforward implementation

than any of the alternatives; and (d) while the broad

trends were consistent between GAMs, GLMs and

BRTs, we were most confident that the BRT models

were consistent with our field observations. We

therefore decided to use BRT models for analyses.

Boosted regression trees are a form of regression

that combines machine learning and statistical tech-

niques. BRT models comprise two algorithms: a

regression tree algorithm that predicts a normally

distributed response from a measured response and

one or more continuous and categorical predictor

variables; and a boosting algorithm that, using a

forwards stage wise procedure, combines regression

trees into a suite or ensemble of trees. This gives a

more robust estimate of the response than single tree.

As in other generalised regression models, BRT uses a

link function that enables prediction of a range of

response types including binomial, poisson and gauss-

ian (Hastie et al. 2001). Whilst the use of BRT for

ecological applications is in its infancy, there are now

several examples that demonstrate its analytical use-

fulness (De’ath 2007; Leathwick et al. 2008).

BRT models were fitted in R (v2.3.1, www.

R-project.org; R Development Core Team 2004)

using the ‘gbm’ library (Ridgeway 2004) plus addi-

tional code written by Elith and Leathwick (Elith et al.

2008). BRT models were fitted using a learning rate of

0.001 and a tree size of two nodes, allowing interac-

tions between single predictor variables. A final set of

predictor variables was selected for each BRT model

using model simplification code that sequentially

dropped the least important predictors, until the model

was optimised for minimal prediction error in the

held-out data (Elith et al. 2008). In summary, the full

set of models for crust distribution were: (i) crust

abundance in relation to all predictors; (ii) crust

abundance in relation to two specific landscape-scale

predictors, log Area and soil texture; and (iii) four

models of crust morphological group abundance in

relation to all predictors. All BRT abundance models

were run with arc-sine transformed measures of

abundance.

Results

Biological soil crusts were found to be a common

feature of remnant woodlands across the study

region, with crusts found in nearly 65% of all sites

(N = 25) and 100% of large sites. Crusts were more

abundant on the Alluvial Plains (mean = 21.1%,

standard error of the mean = 3.5%) than the Calcar-

eous Dunes (mean = 8.0%, standard error = 3.5%)

and crust abundance reached over 50% cover in some

sites. The final boosted regression tree (BRT) model

identified eight covariates of crust cover across the

landscape (Fig. 2) and explained nearly 55% of the

predictive deviance in soil crust response (Table 1).

Influence of landscape on crusts distribution

Remnant size (log Area, ha) was the single most

important predictor of crust abundance across the

Calcareous Dunes and Alluvial Plains, providing the

greatest contribution to model fit in the regression

model (Table 1). Crusts were absent or greatly

reduced in small sites (0.5–5 ha), which on average

had less than 15% of the cover of large sites (Fig. 2a).

Grazing level and remnant size were correlated in this

study (r = 0.60). Location within a remnant also had

a small contribution to model fit in the BRT model of

crust abundance. Our results suggest a reduced cover

of soil crusts at the remnant edge compared to the

remnant interior, with sparsest crust cover found at

the windward edge (Fig. 2g).

An explicit test for an interaction between soil

texture (Th:K) and log Area did not directly support

our hypothesis that crusts are more susceptible to

disturbance on coarse textured soils. Although the

model of crust response to log Area (ha) and Th:K

ratio showed interaction effects between these

predictors (Table 2 and Fig. 3), the interaction does

not show a greater rate of crust decline on coarse
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textured soils with remnant size. However, crusts

were absent from small sites on coarse textured

soils, whereas some crusts remain in small sites on

fine textured soils. Peak crust abundance occurred in

large sites on fine textured soils. In the final model

with all covariates as candidates, a weak interaction

was detected between Th:K ratio and location

(Table 2).

Environmental covariates of crust abundance

The final BRT model identified six environmental

covariates of crust abundance: soil texture (Th:K

ratio), perennial grass cover, leaf litter cover,

available phosphorus, tree cover and total carbon

(Fig. 2, Table 1). Soil texture had the greatest

contribution to model fit in the BRT of crust

abundance, with peak crust abundance on fine

textured soils (low Th:K values). Crusts were more

abundant on soils with low P and high total C. Crust

cover declined sharply when litter was [40% cover

and declined gradually when tree cover was above

20%. Crust cover increased sharply when perennial

grasses increased from 0 to 5% cover. The model

detected an interaction between log Area and litter

cover (Fig. 4, Table 2), such that the positive effect

of lower litter cover was increased in large

remnants.

Differential response of morphological groups

Models were fitted for the four most abundant

groups. Leafy liverworts and thallose liverworts

were too rare (Fig. 5) to enable sound model fitting.

BRT models for the remaining four morphological

groups suggest that groups are differentially affected

by their environment and landscape, with often

large differences in the importance of measured

variables in the fitted models for each morpholog-

ical group (Table 1). Given that some of these

groups are less well explained than others (e.g. the

model for crustose lichen explained only 20% of the

predictive deviance, compared to 55% for mosses),

we discuss broad trends rather than details when

comparing the responses of different groups to

measured variables.

The Th:K ratio strongly influenced all morpho-

logical groups except foliose lichens, with the Th:K

ratio ranked the third most influential variable in

BRT models for moss, squamulose and crustose

lichens. Foliose lichens were positively associated

with acidic soils, whereas soil pH had a weak

influence on other groups. Another clear difference

in morphological group response was the influence

of exotic annual weed and native shrub cover, which

were only important for crustose and squamulose

lichens (a negative and positive relationship,

Fig. 2 Partial plots for the eight variables in the simplified

BRT model for total biological soil crust cover, ordered by

decreasing relative importance in the model (top right to

bottom left). Dashed lines represent the standard error of the

mean for the predicted values. The y axes for the right column

are identical to those in the left
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respectively). Tree cover was only included in the

model for mosses. Differences between morpholog-

ical group response to soil S, available C, total soil

N and soil conductivity are not discussed, because

when these variables were included in the final

models their influence relative to other variables was

small.

Remnant size (log Area) was consistently identi-

fied in the BRT models as an important predictor of

abundance across all groups. Closer examination of

the data (Fig. 5) shows that mosses are the only group

of crust organisms detected in small sites.

Discussion

Crust disturbance across and within vegetation

remnants

Our study clearly demonstrates that moss and lichen

dominated crusts are an important component of

remnant woodlands in the Wimmera Mallee, occu-

pying up to 50% of the ground surface in large

remnants with low litter cover. Further, this study

shows that crusts are threatened by fragmentation and

grazing-induced disturbance in this landscape.

Because crust cover is negligible within small

remnants \5 ha in size (Fig. 2) and the majority of

remnants in the Wimmera Mallee are within this size

class (Duncan and Durrough in review) few patches

of vegetation in the region retain biological crusts.

This loss of crusts is likely to reduce the function of

remnants across the landscape, through increased soil

erosion (Belnap and Gillette 1998; Eldridge 1998b),

decreased soil fertility (Beymer and Klopatek 1991;

Hawkes 2003; Housman et al. 2006), and modifica-

tion of the water run-off infiltration balance

(reviewed in Belnap 2006).

Table 1 Relative contribution of predictor variables to boosted regression tree (BRT) models of total biological soil crust cover

(Total BSC) and morphological group cover (moss, foliose lichen, squamulose lichen and crustose lichen)

Total crust Moss Foliose lichen Squamulose lichen Crustose lichen

Predictive deviance (% explained) 54.7 55.0 30.0 33.3 20.0

Log Area (Ha) 24.0 18.9 27.5 25.7 26.1

Location in remnant (windward, centre, leeward) 5.6 4.4 8.8 7.0 –

Th:K ratio (soil texture) 16.1 15.7 – 12.2 24.1

Litter cover (%) 14.6 9.4 16.0 14.5 –

Shrub cover (%) – – – 8.5 21.0

Native perennial grass cover (%) 15.7 16.3 24.2 6.3 –

Tree cover (%) 6.4 6.7 – – –

Exotic annual grass cover (%) – – – 7.2 28.7

Grazing factor (high, medium, low) – – – – –

Available P (mg/kg) 12.6 11.7 9.0 –

Soil K (mg/kg) – – – –

Soil S (mg/kg) – – – 3.9 –

Organic C (%) 5.3 2.6 – 5.5 –

Soil pH (H2O) – 3.3 14.6 4.9 –

Total soil N (%) – 2.7 – –

Soil Conductivity (dS/m) – 2.8 – 4.2 –

Table 2 Summary of pairwise interactions in the simplified

boosted regression tree model for total crust cover, and inter-

action between Th:K ratio and log Area in a reduced model that

included only these two predictors

Predictors Relative strength

of interaction

Litter (%), log Area (Ha) 0.37

Total soil N, Th:K ratio 0.05

Th:K ratio, log Area (simplified model) 0.03

Th:K ratio, log Area (reduced model) 0.33
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Patterns of fragmentation and landuse are the

primary determinants of crust disturbance across

remnants. The strong positive relationship between

remnant size and crust abundance in the BRT model

(Fig. 2) is likely due to an interaction with stock

sheltering behaviour. A related study by Duncan

et al. (2008) found evidence from patterns in

nutrient enrichment in remnants across the study

region that stock favour remnants for shelter from

prevailing winds and heat. As remnant size

increases the frequency and density of stock grazing

and camping declines. The destruction of soil crusts

by heavy or ongoing stock trampling is well

recognised (Anderson et al. 1982; Beymer and

Klopatek 1992; Yates et al. 2000). We believe that

higher grazing intensity in small remnants has

resulted in a decreased cover of crusts relative to

large remnants.

There are several plausible explanations as to why

we did not detect a correlation between grazing level

(high, medium and low) and crust abundance in the

BRT model. Firstly, variation in crusts due to grazing

may be absorbed by variation in response to other

influential variables. Secondly, this coarse measure of

grazing is based solely on extant indicators and it is

therefore unclear to what extent it reflects levels of

historic grazing. Because natural recovery rates of

soil crust cover are generally very slow, with

estimates as high as 30–40 years for similar lichen

and moss crusts in southern Australia (Eldridge

1998a), the legacy effect of grazing within the last

*30 years is likely to still be evident. Thirdly, our

classification of extant grazing pressure may be a

poor measure of grazing-induced disturbance. Com-

parable studies have also failed to detect meaningful

relationships between grazing pressure and crust taxa,

Fig. 3 Proportion cover of soil crust cover in response to

interaction between log Area and Th:K ratio, from a boosted

regression tree model with only these two predictors. The scale

on the vertical axis is zero to one, and arrows show direction of

increasing values on all axes

Fig. 4 Variation in total BSC cover in response to interaction

between litter cover (%) and log Area, predicted by the boosted

regression tree model for crust cover with eight predictor

variables. The scale on the vertical axis is zero to one, and

arrows show direction of increasing values on all axes

Fig. 5 Abundance (cover

%) of morphological groups

in small (0.5–5 ha),

medium (5–10 ha) and

large ([20 ha) sites. Error

bars show standard errors
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when using similarly crude measures (e.g. Eldridge

et al. 2006).

Fragmentation and surrounding landuse also influ-

enced crust distribution within remnants. Location

within a remnant (windward edge, patch centre and

leeward edge) was a covariate of soil crust abundance

in the BRT model and exposure to the windward edge

impacted negatively on soil crusts (Fig. 2). This

impact may be from sediment deposition. Remnants

act as sinks in the agricultural matrix with vascular

vegetation trapping windblown sediments that can

cover the ground (reviewed by Okin et al. 2006).

Burial by eroded sediments has been observed to kill

photosynthetic crust biota (West 1990). Desiccation

of microclimate sensitive groups may also be a cause

of decreased abundance at the windward edge,

however, to our knowledge such sensitivity has only

been observed in closed-canopy forests (e.g. Baldwin

and Bradfield 2007) and not in arid, open-woodlands.

Further research is needed to establish how far into

the remnant the effect of wind extends.

Our data do not support our hypothesis that soil

crusts are more susceptible to disturbance on coarse

textured soils. Although the regression model

detected a weak interaction between remnant size

and the Th:K ratio (Fig. 3), this result was primarily

due to fine textured soils providing optimal crust

habitat relative to coarse textured soils. The rate of

decrease in crust abundance with decreased patch

size did not differ between coarse and fine textured

soils as would be expected if crusts on coarse

textured soils were more susceptible to disturbance

by stock trampling.

Environmental covariates of soil crust abundance

The radiometric Th:K ratio was the most important

environmental covariate of soil crust distribution

identified by the BRT model. This result suggests the

Th:K ratio has potential to be a useful, remotely

sensed variable for explaining crust distribution

across the landscape. As a surrogate of soil texture,

the influence of the Th:K ratio on crusts is consistent

with other studies that have found higher crust

abundance and diversity on fine textured soils than

on sandier soils (Anderson et al. 1982; Eldridge et al.

2006; Thompson et al. 2006). The mechanisms

explaining the influence of soil texture on crust

abundance and diversity are poorly understood,

however, they may relate to complex gradients in

water and nutrient availability (Bowker et al. 2005).

Fine textured soils such as silt and clay hold more

water and have a higher nutritional status than coarse,

sandy soils (Briggs et al. 1995) and this may promote

growth of soil crust biota. Soil texture may also

indirectly influence crust abundance through its effect

on vascular plant distribution, however, tests for a

correlation between the Th:K ratio and various plant

life-forms in this study did not show strong

relationships.

The influence of tree cover and leaf litter on crust

abundance can be explained by a reduction in suitable

crust habitat due to increased shading and decreased

bare ground (Downing and Selkirk 1993; Eldridge

1999; Dougill and Thomas 2004). Eucalypt species

dominant in the study region accumulate thick layers

of leaf litter in the absence of fire (Bradstock and

Cohn 2002) covering soil that would otherwise be

suitable for crust establishment and reducing light

reaching the soil surface (Eldridge and Bradstock

1994). It is likely that tree cover inhibits crust cover

indirectly through the effect of litter accumulation

(litter and tree cover are weakly correlated, r = 0.45)

as well as directly through shading (Sedia and

Ehrenfeld 2003).

Unlike the direct influence of tree and litter cover

on crust abundance, we suggest the positive relation-

ship between crust and perennial grass cover (at low

levels of cover: 0–5%) is primarily the consequence

of a shared response to past grazing rather than a

facilitative effect of perennial grasses. Native peren-

nial grass species are known to decline under high

grazing pressure from selective browsing and tram-

pling (Vesk et al. 2004). We believe that sites where

perennial grasses have declined due to stock grazing

are sites where soil crusts have been reduced by stock

trampling. This agrees with Beymer and Klopatek

(1992) who found both crusts and native C-3 grasses

declined with increased grazing intensity in Pinyon-

juniper woodlands.

Grazing history may also drive the negative

relationship between crusts and available phosphorus.

This relationship may be due to a negative impact of

nutrient enrichment on soil crust biota or because

enrichment of available phosphorus is an indicator of

general disturbance at a site. Similar to a study by

Bowker et al. (2006) we found a reduced cover of

crusts on sites with increased available phosphorus.
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Bowker et al. (2006) postulate that this negative

relationship is due to uptake of available P by lichens

and mosses which convert the P to unavailable

organic forms. We suggest for our study region this

result is due to a relationship between P enrichment

and habitat disturbance, particularly excreta from

stock. A related study by Duncan et al. (2008)

identified enrichment of available P in small rem-

nants in the study region and argued that the primary

cause was from stock camping behaviour, which in

small remnants swamped effects from other deposi-

tional processes such as dumping of windblown

sediments. Similarly, Yates et al. (2000) found ele-

vated levels of available phosphorus in heavily

grazed compared to rarely grazed eucalypt wood-

lands. Australian soils are relative infertile and

phosphorus is a key limiting nutrient in many areas

(Beadle 1966, Standish et al. 2006).

Disturbance from stock trampling may also

explain the weak positive relationship between soil

crusts and soil carbon in the study region rather than a

causal effect of soil carbon on crust abundance. A

decline in nutrient cycling and a break-down in the

capacity of arid landscapes to retain litter and soil

surface resources are consequences of land distur-

bance. (Belnap 1995; Yates et al. 2000). In particular,

overgrazing and trampling results in decreased soil

carbon because of decreased soil organic matter from

plants (Renzhong and Ripley 1997; Lechmere-Oertel

et al. 2005), destruction of carbon fixing organisms

that make up the soil crust (Beymer and Klopatek

1991) and a loss of carbon-rich surface horizons.

Sites with reduced soil carbon due to disturbance are

also likely to have a reduced cover of soil crusts.

Because the environmental space sampled in this

study was defined by Mallee and woodland commu-

nities we did not capture the limits of crust

distribution in terms of soil stability and vegetation

structure. These soil-vegetation associations consis-

tently have suitable crust habitat when undisturbed,

with stable soils that are stone and litter-free between

the vascular plant canopies. We did not extend our

sampling into dense vegetation communities with

thick and evenly distributed leaf litter or into

landscapes with shifting sands. It would be interest-

ing to determine the limits of crust distribution with

respect to soil texture and vegetation structure and the

extent of crust abundance across broader gradients for

the environmental variables identified in this study.

Differential responses of morphological groups

The results of our study suggest that morphological

groups do show a differential response to measured

variables. Most striking are the strong responses of

foliose lichens to soil pH but not to soil texture and

the negative responses of crustose lichens to shrub

and annual exotic grass cover (Table 1). Foliose

lichens may not be influenced by soil texture as they

are loosely attached to the soil surface compared to

other morphological groups, and may be less

disturbed by movement of unstable, coarse textured

soils. Groups also differ in their resilience to

disturbance, with mosses the only group with

moderate cover in small sites (Fig. 5). Our results

suggest that assessment of morphological groups

provides information on environmental conditions

and disturbance history that would be hidden with

data on total crust cover only. However, there is a

need for explicit studies to investigate top–down and

bottom–up classification of crust biota in relation to

environmental variables and disturbance, to deter-

mine the optimal level of classification, and whether

lumping species and genera into morphological

groups masks important responses of crust biota.

We expect the appropriate level of classification

used in an assessment will depend on the question

being investigated.

Conclusion

Our study demonstrates that biological soil crusts

are sensitive to environmental conditions indicative

of disturbance and therefore threatened in the

Mallee and Wimmera bioregions. We believe that

grazing history is the mechanism driving many of

the relationship identified in this study. The loss of

soil crusts from small remnants in this fragmented,

agricultural landscape is likely to exacerbate

declines in ecosystem function through increased

soil erosion, changed patterns in water infiltration

and run-off, reduced nitrogen and carbon fixation,

and a change in opportunities for seed entrapment

and seedling germination. Small remnants should be

considered for restoration projects such as fencing

from stock if we are to maintain and restore

ecosystem function across the Mallee and

Wimmera.
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