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ABSTRACT

Global change is expected to reduce the provisionultiple ecosystem services in drylands,
the largest biome on Earth. Understanding theivelanportance of climate change and
overgrazing on ecosystems services is criticapfedicting the effects of global change on
ecosystem well-being. We generated a system-lexadnstanding of the effects of climate
(aridity intensity) and land use intensificatiore(bivore grazing intensity) on four regulating
ecosystem services (C-storage, and N- and P-ail#yjlabrganic matter decomposition) and
one provisioning service (plant production) in weddlrylands from eastern Australia.
Climate change and grazing intensity had diffesffects on multiple ecosystem services.
Increasing aridity from 0.19 (Dry subhumid) to 0@83id) had consistent suppressive effects
on C-storage, N-availability, decomposition andhplaiomass services, but not on P-
availability. The magnitude of these suppressivects was greater than any effects due to
grazing. All sites showed evidence of kangarooigmgadut the heaviest grazing was due to
cattle (dung: range 0 - 4545 kghanean 142 kg hg. Any effects of grazing on ecosystem
services were herbivore specific, and ranged frositiwe to neutral or negative. Sheep, and
to a lesser extent cattle, were associated witatgrdN-availability. Rabbits, however, had a
greater effect on P-availability than aridity. Gtwdy suggests that increases in livestock
grazing may fail to sustain ecosystem servicesusecaf the generally stronger negative
effect of increasing aridity on most ecosystem ises/in our model dryland. These services

are likely therefore to decline with global increasn aridity.

Key words. ecosystem services, nutrient cycling, climate geadryland, grazing

INTRODUCTION

One of the terrestrial systems most at risk of mmmental degradation is drylands, which
occupy about 45% of Earth’s land massi(Rlie, 2016) and support about 38% of its people
(Reynoldset al., 2007). Drylands occur disproportionately in depeng countries (Rwvilie,
2016), are agriculturally marginal, and support ynaocially disadvantaged groups that rely
heavily on grazing and farming for their liveliha(Powellet al., 2004). Two of the most
important drivers of ecosystem function in drylaagds overgrazing and increased aridity

(Maestreet al., 2016). Understanding the roles of land use Bifeation (overgrazing) and
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climate change (increasing aridity) is of paramampyortance if we are up to predict how
ecosystem services might change in the face ofiagiclimate and what this means for

societal well-being.

Overgrazing by livestock is emerging as one ofgieatest threats to global biodiversity
conservation and ecosystem sustainability (Fleisght®94; Vazquez & Simberloff, 2003).
Over the past three centuries the total global aféend dedicated to grazing has increased
more than sixfold, from 524 to 3451 million hadaly as a result of population growth and
colonization (Goldewijk, 2001, 2005). Consequendlynost a quarter of the global terrestrial
land mass is now under grazing by domestic livés(dsneret al., 2004). About 60% of
land dedicated to grazing is considered drylandi&resevapotranspiration exceeds rainfall
(Maestreet al., 2012; Pavalie, 2016) and where the effects of human-indudehges such
as overgrazing are likely to have the largest éfbecthe provision of ecosystem services
(Eldridge & Delgado-Baquerizo, 2016). Carbon steragd N-availability in plant biomass
and forage supply may be greatest in moderateledrdrylands (Ofatibiet al., 2015).
However, overgrazing reduces vegetation cover anmudss (Jones, 2000), leading to a
decline in the spatial heterogeneity of litter co{i@aryantoet al., 2013b). Reduced litter

cover can lead to reduced decomposition and thersfoaller pools of soil C and N.

The effects of overgrazing on ecosystem functiotsservices may differ, however, across
different climatic conditions. For example, Rabkbal. (2015) found that land management
did not influence the capacity of Australian drydario soil carbon storage, a key ecosystem
service, due to the strong limitations in waterilabaity, the main limiting factor in these
ecosystems. Because of this, the effect of ovemggazannot be evaluated in isolation and
needs to consider the relative effects of multgigironmental factors, which are likely to
influence how ecosystem services respond to chgrgimd use intensity. This has not been

widely reported in current literature.

The second driver, aridity, has negative effecta targe number of ecosystem functions and
servicesvia multiple pathways. Increased aridity reduces ikerdity and abundance of soil
microbial communities that carry out multiple soihctions (Maestret al., 2012, 2015;
Delgado-Baquerizet al., 2016b), reduces C-storage and N-availabilitgibypressing plant
production and therefore nutrient inputs into tbié nd may alter the concentration of some

soil enzymes, which control nutrient productionqasses (Li & Sarah, 2003; Delgado-

3
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Baquerizoet al., 2013a, 2013b). However, the suppressive effieatidity on ecosystem
functions and services is highly dependent on pleeific service. Increasing aridity, for
example, has been shown to enhance soil P, labgalycreasing the exposure of P-rich
parent material and enhancing the amount of P bowadil carbonates, which are abundant
under the most arid conditions (Delgado-Baqueetza., 2013b). This may also have
feedback effects on plant community compositioptymoting plants that can grow in soill
with lower N:P ratios (Gusewell & Bollens, 2003)eteby reducing ecosystem resilience.
Single functions, therefore, should not be seasdlation because overall ecosystem
functioning will depend on a range of functionsservices operating together
(multifunctionalitysensu Gamfeldtet al., 2008). In drylands, resilience of ecosystems to
ongoing global environmental change such as ineteaddity and/or drought is enhanced by
increasing plant taxonomic and functional diversityl woody plant cover (Gaitahal.,

2014; Valenciat al., 2015), or by maintaining a diverse and abundaittmicrobial
community (Maestret al., 2015). The maintenance of high levels of diwgrisi drylands is
critical in order to maximise the provision of age of ecosystem services on which a range
of biota, including humans, depend (Naidbal., 2008; Bellarcet al., 2012).

We know relatively little about the relative stréimg of the two main drivers, grazing and
aridity, on ecosystem services in drylands (thosegh Ibafieet al., 2014 for a modelling
approach). This lack of knowledge hampers our dgpcmanage change in drylands (e.g.
Pravilie, 2016) or to determine the interactive effaaftsontinued grazing at current levels
under a regime of reduced rainfall. We developed pmori model, based upon the known
relationships among the various predictor and nespeariables (Fig. 1a; Table 1), and
included in our model woody plant cover and sodltie Soil health was included because it
is an essential component of human and environrmheetibeing (Pankhurstt al., 1997). It
is also particularly important in drylands becatrsesoils tend to be shallow and low in
available nutrients and are often sparsely vegetate susceptible to wind and water
erosion. Both woody cover and soil health have l#wwn to mediate the effects of both
aridity and grazing on the provision of ecosystemvises and functions (e.g. Maesttal .,
2016). We predicted that increasing aridity (Patiw8uld have negative effects on
ecosystem functions associated with C-storage, alahility and plant production (Maestre
etal., 2012, 2016; Delgado-Baquerigpal., 2016a; Zhanet al., 2016), but that P-
availability would be advantaged by increased #yridue to the re-distribution of P-rich

sediments resulting from increased degradationg@xid-Baquerizet al., 2013b;
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Hypothesis 1). Secondly, we expected to detecttantial herbivore-specific effects on
services and functions (Path 4). Specifically, kaogs (i.e. native species) were predicted to
have few effects on functions and services becthesehave different grazing patterns from
livestock and have coevolved with plants and gbligpothesis 2). Conversely, we expected
to detect substantial increases in soil P-avaitghilith increased grazing by rabbits or
livestock because rabbits create substantial siiithance, which exposes P-rich subsoil
(Hypothesis 3), and high levels of livestock grgziasults in the concentration of P-rich
dung (Duncaret al., 2008; Hypothesis 4). Finally, we predicted tharé&ased livestock

grazing would be associated with substantial rednstin plant production (Hypothesis 5).

METHODS

Sudy area

The study was undertaken in south-eastern Austffaiga 2). Landforms in the study area are
predominantly plains of coarse colluvium, and lagdges and valleys and slopes to 3%. The
soils are dominated by well-drained gradationalloadns and red-brown duplex soils with
neutral to slightly acidic surfaces (pH 5-7; Thompg Eldridge, 2005). The climate across
the area is Mediterranean and typically semi-arab(e 2). Mean annual rainfall varies from
385 to 460 mm, and ranges from being evenly disteith throughout the year in the east and
central parts of the study area to 20% more rdidfaing the six cooler months in the south
and south-west. Average temperature in the stuely @nges from 9°C to 12°C for May to
September and from 18°C to 24°C for October to IApnd the mean annual temperature
between 15°C and 18°C.

Ste selection, woody cover, grazing intensity and aridity

Between September and November 2013 we surveyeditEslthat were characterised by

the community dominar@allitrus glaucophylla Joy Thomps. & L.A.S. Johnson (Fig. 2). The
study sites were first identified using Arc GIS gé-inspected to ensure that they were
more than 250 m from any road. In order to samptess a full spectrum of grazing
intensities, we selected some low intensity angd kamgrazed sites from conservation
reserves, road verges with intermittent grazingyroercial forests, conservation reserves and

long-term grazing exclosures as well as high intgmgazed sites (Table 2). At each site we
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positioned a 200 m long transect within which walaeed five 25 (5 m x 5 m) plots
(hereafter ‘large quadrat’) every 50 m (i.e. 0 ©&,n®, 100 m, 150 m and 200 m). A smaller
(0.5 m x 0.5 m) quadrat (hereafter: ‘small quadnags located in the centre of the large
guadrat. Along the line transect, the projectedec@f trees (> 3 m tall) and shrubs (0.5-3 m)
was recorded at 100 points every 2 m to provideeasure of woody (tree + shrub) cover.
We also measured the width and depth of all live@stoacks crossing the 200 m transect. We
used the total cross-sectional area, averaged ®@ an transect (cf.00 m) of stock tracks

as a proxy of historic (long-term) grazing.

In order to assess recent grazing intensity asites, dung/pellets were identified and
counted in both of the small and large plots sépbréy herbivore type. Kangaroo

(Macropus spp.), rabbit (i.e. rabbits and har@syctolagus cuniculus L. andLepus

europaeus Pallas) and sheep (which included sh@gs ariesL., and goat€apra hircusL.)
dung/pellets were counted in the small quadrais cattle dungBos taurusL.), sheep and
kangaroo dung/pellets counted in the large quadfatscattle, we counted dung events
rather than individual fragments, i.e. we considaaeumber of small fragments to have
originated from one dung event, if the fragmentseneithin an area of a few metres. Dung
and pellet samples of each type were collected) dvied at 40°C for 24 hours, and weighed
to estimate the mass of individual pellets, ohia tase of cattle, dung events. Average mass
of dung was then used to calculate the total mbsaah type of dung per hectare. We used
algorithms, developed previously for the study dsee Eldridget al., 2016) to calculate the
total oven-dried mass of dung per hectare per herbibased on the number of pellets
recorded in the field. This total oven dried masdung was used as our measure of recent
grazing intensity for each herbivore (Eldridgel., 2016). Where dung from the same
herbivore was assessed in both the large and gomdirats, we derived an average mass per
hectare based on the large quadrat for that hesiype. We used dung as a measure of
recent grazing because dung persists for abouat3 ye the field before it is decomposed.
Thus it is a useful proxy of short-term grazingh®ybivores. Stock tracks provide a long-

term integrated history of continued use by livekto

Aridity was calculated as 1-Al, where Al = precgiibn/potential evapotranspiration using
FAQ'’s global aridity map_(http://ref.data.fao.or@p). Subtracting Al from 1 changes the

direction of the index such that larger valuesracge arid.
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Assessment of soil health and plant production (biomass)

We assessed the status and morphology of thewstake within the small quadrats using
rigorous, field-based protocols (Tongway, 1995)thivii the small quadrats we measured 11
soil surface attributes: surface roughness, cassstance, crust brokenness, crust stability,
surface integrity (cover of uneroded surface), cofeleposited material (e.g. sand), biocrust
cover, plant basal cover, litter cover, litter amigand the degree of litter incorporation (see
Supplementary Material Table S1). From these dataaiculated a soil health index as the

mathematical mean of the 11 attributes followirapgardizationztransformation).

To estimate plant production, we took oblique pgoaphs of all small quadrats, then
clipped, oven-dried (45° C for 24 h) and weighddabbve-ground material rooted within the
small quadrats at the 50 m mark along the tranBéatnass values for all small quadrats
were then estimated and calibrated against theat&{l biomass values using the
photostandards. Using this double-sampling appraaehpredictive power, based on a
second-order polynomial w&¥ = 0.69.

Soil sampling and analyses

During the field survey we collected about 500 gaif, from the surface 5 cm, from the
centre of each small quadrat. A total of 755 sahples were analysed in this study, from
151 sites. The soil samples were air dried, pagsedgh a 2 mm sieve to remove roots,
organic debris and stones prior to chemical anallyetal C and N were assessed using high
intensity combustion (LECO CNS-2000; LECO CorpamafiSt. Joseph, MI, USA), available
(Olsen) P according to Colwell (1963). Labile carlveas assessed by measuring the change
in absorbance when slightly alkaline KMn@@acts with the most readily oxidizable (active)
forms of soil C to convert Mn (VII) to Mn (II; Wedt al., 2003). Ammonium and nitrate
concentrations were measured using Flow Injectinalysis (Quick-Chem8500-LACHAT)
following the extraction with 0.5M ¥SQy. For the activity of the enzynfeglucosidase

(BG), a mixture of 1 g of air-dried soil and 33 aflsodium acetate buffer (pH <7.5) was
shaken at 200 rpm on an orbital shaker for 30 resanhd 80Q@l soil slurry was sampled and
200yl substrate of 4-Methylumbellifer@-D glucopyranoside solution were added to the
slurry. The 100Qul (1 ml) of solution was incubated at 25 °C ford@urs and the activity

(nmol activity g dry soif* h'l) was measured at the 365 nm excitation waveleagihd50
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nm of emission wavelength in a microplate readae $ame procedure was used, but with
different substrate solutions, for an additionaéthenzymes. Thus 4—Methylumbellifepyl
D-cellobioside was used for cellobiosidase (CBMéthylumbelliferyl Np-D-glucosaminide
for N-acetylf-glucosaminidase (NAG) and 4-Methylumbelliferyl gipbatase for
phosphatase (PHOS) activity (Bellal., 2013).

Ecosystem services scoring

In this study we used the term “ecosystem functiondefine the 11 individual functions that
we measured. The term “ecosystem service” or serefers to an assemblage of functions
grouped according to similar functions that thesfquen, e.g. N-availability. The eleven
separate functions were grouped into five senasefollow: C-storage (total C and labile C),
N-availability (total N, ammonia and nitrate), Padability (Colwell P only), decomposition
(extracellular enzyme activities pfglucosidase, cellobiosidase gheN-
acetythexosaminidase and phosphatase) and planabso(plant biomass only).
Decomposition, C-storage, and N- and P-availabdrg regulating services, and biomass is a
provisioning service (MEA, 2005). Carbon storagd Bk and P-availability are proxies of
ecosystem processes such as C sequestration ardiraineralization. In the case of
available P, note that while total P is considexesil property (mainly provided by
bedrock), available P is the result of P mineraiimaand solubilisation of soil organic matter
and minerals in the bedrock, a process conductedamy roots and microbial communities.
The index of each service was calculated by aveggiie standardised-(ransformed) value
of each function for each site into a single meimailtifunctionalitysensu Maestreset al.,

2012; Soliverest al., 2014; Delgado-Baquerizab al., 2016a, 2016b; Zharej al., 2016).

This allowed us to transform all services to a camracale of standard deviation units
(Maestreet al., 2012). Integrating or averaging the standardimettiple functions into a
single metric for overall ecosystem enables comguéns of the decrease in one or several
function by the increase of one or several fundi@amfeldit al., 2008; Queret al.,

2013), therefore it is highly informative quantit@ measure of the overall ecosystem

performance.

Satistical analyses and modelling
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Structural Equation Modelling (SEM) was used tddbai system-level understanding on the
effects of grazing and aridity on the ecosysteraises. Ana priori model (Fig. 1a; Table 1)
was applied to the five ecosystem service indicethe model, grazing and aridity were
included as the main factors on the ecosystemeyvdirectly and indirectlyia soil health
and tree cover. In our models, the effects of reaad historic grazing were combined into a
single composite variable (‘grazing’). Increasethis composite variable corresponded to
increasing grazing intensity. The use of compostgables does not alter the underlying
SEM models, but collapses the effects of multiptayceptually-related variables into a single
combined effect, aiding the interpretation of madsiults (Grace, 2006). The SEM allowed
us to partition direct and indirect effects of aragiable upon another and to estimate the

strengths of these multiple effects.

We included woody cover, aridity, soil health amdzing in our models because we
considered them to be the most informative prediabd ecosystem services out of a suite of
many potential predictors. We are aware, howehat, dther variables not considered here,
could have been included, such as trampling byecatithe number of pits dug by rabbits.
These may have provided additional insights ineorttechanisms underlying grazing effects
on ecosystem services. To improve normality, vafaesoil health, woody cover, aridity and
grazing were standardizegt(ansformed) prior to analyses. Overall goodnéds o
probability tests were performed to determine thsoéute fit of the best models. The
goodness of fit test estimates the long-term priibabf the observed data given thagriori
model structure. Thus high probability values iadécthat these models are highly plausible
causal structures underlying the observed corogiatiAll SEM analysis was conducted
using AMOS Software Version 20. The stability oéske models was evaluated as described
in Reisnert al. (2013).

RESULTS

Aridity (1-Aridity Index) at our study sites rangé@m 0.19 (Dry subhumid) to 0.63 (Arid),
with a mean value of 0.36 (Semi-arid; Table 2). vage soil health index and woody cover
values were 44.1% and 41.9%, respectively. Regeairgy intensity data, as measured by
the mass of herbivore dung, varied markedly, frangrazing at some sites to more than 4.5 t
ha? of dung at one site grazed by cattle. Kangaroas we only herbivore to be recorded at
all 151 sites. Plant biomass varied markedly (@a18.16 t ha) with a mean of 1.14 t ia

9
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typical of these semi-arid woodlands. Soil enzymecentrations ranged from 63 nmdily
! (cellobiosidase) to 112.9 (phosphatase). Totd).l5%) and C (2.08%) reflected typically

low values found for eastern Australian rangelands.

Effects of grazing on multiple ecosystem services

Grazing had moderate to strong direct and posgffects on all services (Figs. 1b-f), but
also strong, indirect negative effects on N-avalilgh C-storage and plant biomaséa a
suppression of the positive effects of soil healttthese three services (Figs. 1b-c, e).
Conversely, the indirect effect of grazing was pesion P-availabilitywia reductions in soil
health (Fig. 1d). The standardised total effeasfthe SEM, i.e. the sum of all direct and
indirect effects, indicated a general positive @ffef grazing on N-availability, which was
due mainly to sheep and cattle (Fig. 3a), but arailneutral effect on C-storage (Fig. 3b).
Grazing had an overall positive effect on P-avadlilgbdue mainly to rabbit grazing (Fig.
3c). Conversely, for plant biomass, the overakeff grazing was negative, though there
was evidence of an increase in plant biomass regdtom increased rabbit grazing (Fig.
3d). The overall positive effects of grazing on@wposition resulted from increases in
historic grazing (track; Fig. 3e). Overall, grazieiflects were positive for C-storage, and N-

and P-availability but negative for plant biomagsd aeutral for decomposition.

Effects of aridity on multiple ecosystem services

Increasing aridity was associated with reducedrszalth and lower cover of woody plants,
but its effects on various services were mixed.(E)gThere were significant negative and
direct effects of aridity on N-availability and @sage (Figs. 1b, ¢) and decomposition (Fig.
1f). Increasing aridity suppressed the positiveafdbf soil health for N-availability and C-
storage (Figs. 1b-c) and plant biomass (Fig. 1eyéver, increasing aridity had indirect
positive effects on P-availabilitya reductions in woody plants and soil health (Fid). In
general, the sum of all direct and indirect effentthe standardised total effect of aridity was
negative for four of the five services and the qnbgitive effect was observed for P-

availability (Fig. 3).

DISCUSSION

10
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Our results indicate that aridity had a strong seggive effect on all functions and services,
except P-availability, whereas the effects of grgzianged from positive, to negative or
neutral. The effect of aridity was strong, desfie relatively short gradient in our study
(0.19 to 0.63). Further, different herbivores h#tedent effects on specific services, with
livestock associated with greater N-availabilitglatecomposition, and rabbits with greater
P-availability and plant biomass. Management dfaai services and functions associated
with plant production and C-storage, and N- and/&tability need to consider not only the
effects of grazing by different herbivores, but #ffects of changing climates on these

attributes.

Grazing effects on plant biomass

Plant production is the attribute most stronglyuahced by livestock grazing (herbivory:
Milchunas & Lauenroth, 1989; Charleisal., 2016; Eldridgest al., 2016), so reductions in
biomass with increasing grazing are expected. Tdredardised total effects indicated that the
overall effects of kangaroo grazing on plant biosnasre largely neutral (Fig. 3d), consistent
with studies of kangaroo effects on soil healtrd(ielgeet al., 2016). Livestock grazing
resulted in reductions in plant biomass, but insirgarabbit grazing was associated with
increased plant biomass. This might at first seeanterintuitive, but rabbit grazing has been
shown to suppress small forbs and grasses at tfensa of large, high biomass
Mediterranean weeds (Myers & Pool, 1963). Examamatf sites in our study with a high
intensity of rabbit grazing (i.e. sites with a ma$sabbit dung > 100 kg Ha showed that

they were dominated by annual or biennial weedgtplaf high biomass and cover such as
Echium plantagineum L., Stipa scabra Lindl., Hordeum leporinum Link andArctotheca
calendula Levyns, typically exotic plants (Table 3). Most iorfantly, as discussed more

fully below, rabbits had a positive effect on tmeaaunt of available P in the soil (Fig. 3). Soil
P is the main limiting soil nutrient in the largelyeathered old soils from Australia (Lambers
et al., 2008), thus, by bringing back soil availableoRhe surface, rabbits may promote the

productivity of these sites.

Grazing and aridity effects on C-storage

Grazing and aridity had direct and contrastingafen C-storage, with positive effects of

grazing and negative effects of increasing ari(fig. 1c). We also found strong, indirect

11
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negative effect of grazing and ariditya the suppression of the positive effects of scltine

on this service. The standardised total effectfastorage indicated that there is an overall
neutral effect of grazing, but a substantial negagiffect of aridity on C-storage (Fig. 3b),
consistent with other studies (Delgado-Baqueetzal., 2013b; Rabbét al., 2015). Studies of
grazing exclosures have shown few differencestal {©-storage after 15 years between
ungrazed and grazed sites (Nosettal., 2006). Similarly, Rabhgt al. (2015) showed that
land use in drylands in eastern Australia had atixelly neutral effect on C-storage,
explained only 1.4% of the total variation in Crsige. This contrasted with aridity, which,
along with soil clay content, explained 64% of #agiation in C-content. Ecosystem services
other than C-storage, however, are likely to beenstrongly influenced by differences in

land management.

Grazing and aridity effects on N-availability

Overall, grazing had a positive effect on N-avallgh i.e. increased nitrate, ammonium and
total N; and this was due mainly to sheep/goatcattle grazing (Fig. 3a). Increased grazing
intensity was associated with direct positive @Bean N-availability, but indirect suppressive
effects,via reductions in soil health (Fig. 1b). The additaimitrate and ammonium from
urine and dung, particularly at livestock restignps, could partly account for the direct
effects of grazing on N-availability. Although muohthe nitrate is lostia volatilization
(Powellet al., 1998), addition of dung and urine (i.e. ammopiayides a source of readily
available nutrients for plants and microbes (Auignest al., 2003; Schramet al., 2013). In
support of this, we found that grazing intensitgreased the N¥INOz ratio (Fig. S1), though
the strength of the relationship was weBk#$ 0.08). The mechanism underpinning the
indirect suppressive effect of grazing on N-avaligbmay relate to reductions in soill
surface roughness and integrity, biocrust coverdipth and incorporation of the litter layer
(Eldridgeet al., 2016). Biocrusts are essential components bhsaith, and cyanolichens
and cyanobacteria in biocrusts are known to fixcspmeric C and N, accounting for the
strong effect of increased soil health on both @agje and N-availability, particularly in arid
and semiarid systems (Delgado-Baquestzal., 2014, 2016a). In our study, increases in this
ratio were linked to increases in the intensitkafgaroo grazing but reductions in cattle

grazing.

Grazing effects on P-availability

12



395

396 Phosphorus cycling was one of the ecosystem serlgss affected by increasing aridity and
397 grazing intensity. Unlike C and N, P is an abidhederived element, and its availability has
398 been shown to increase when P-rich parent maisréadposed, oftexia soil erosion

399 (Delgado-Baquerizet al., 2013b). Interestingly, rabbit grazing had thersgest stimulatory
400 effect on P-availability (Fig. 3c). Production digsphatase is extremely costly in terms of N
401 and C. Thus, microbes and plants only produce gtadape when it is really needed. If

402  rabbits are providing a directly available formRyfsuch as P©to plant and microbes by, for
403 example, exposing bedrock or dung, then it is Yikbht phosphatase production will be

404  inhibited. Indeed, P is a relatively large compdrarabbit dung, with five-times more P in

405 rabbit than sheep or cattle dung (http://www.croadsrabbitry.com/rabbit-manure-info/).

406  This explains the decoupling of phosphatase franganic P-availability.

407

408 Kangaroo dung is known to contribute relativelythigvels of total P to floodplain systems
409 (Kobayashkt al., 2011), but in our study, kangaroo effects orv&iability were neutral.

410 This may be due to slow breakdown of pellets insystem compared with floodplains, due
411  to low levels of soil moisture (Davis & Coulson,1&). Thus, increased P could have resulted
412  from the concentration of rabbit dung, such as ourabbit latrines (Dixon & Hambler,

413  1993), or the localisation of dense patches of dadigter dams on sloping surfaces

414  following overland flow (Mitchell & Humphreys, 1987The most parsimonious explanation,
415  however, is that P-rich subsoil is exposed durrgdonstruction of the extensive communal
416  burrow systems of rabbits. The relatively low tainal pH values of these soils would have
417 made P more available because there is littlecadtium to bind onto the P (Lajtha &

418 Bloomer, 1988). Overall, therefore, increases bbitagrazing are likely to lead to increases
419 in P, with resulting changes in the stoichiometirf?@nd N in some local areas from

420 Australia (Delgado-Baqueriza al., 2013b; Fig. S2).

421

422  Organic matter decomposition

423

424  We detected small declines in decomposition, olasuee of enzyme activity, with

425 increasing aridity and grazing. Aridity suppressaa] grazing slightly increased, all enzyme
426  functions except phosphatase (Fig. 4). Previoudiesthave shown that overgrazing reduces
427 phosphatase and beta-glucosidase, but that efilegiis depend on the patch type in which

428 measurements are made (Zhahgl., 2016). In our study the decomposition servioel the

13



429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462

four individual enzymatic functions, were assodaianath livestock tracks, our measure of
historic grazing. Grazing is typically associatethvdeclines in enzyme activity (e.g. Prieto
et al., 2011 Oliveraet al., 2014) so it is somewhat counterintuitive thar@ased grazing in
our study was associated with increased enzymeitsicihe standardised total effects
indicated that historic grazing (i.e. livestockcka), rather than recent grazing (i.e. dung from
livestock), was linked to increases in the decontjposfunction (Fig. 3e). Our measure of
historic grazing could be a proxy for increasind saxture given that livestock tracks would
be more pronounced in finer soils. Equally plawsiblthat increased historic grazing is
linked to larger pools of herbivore urine and dangl therefore greater levels of
decomposition. Also, herbivores break down orgamadters such as plant litter through hoof
action, and this may enhances the decompositiczepso Overall, however, grazing-linked
increases in decomposition were matched by deatlnedo increasing aridity, which would
reduce decomposition rates and therefore nutrigling functions (Maestret al., 2015;
Delgado-Baquerizet al., 2016b).

Stronger negative effects of aridity on services than grazing

Aridity levels are predicted to increase into tlextncentury and lead to substantial shifts in
plant and microbial processes in drylands (DelgBdquerizoet al., 2014; Maestret al.,
2016). This will likely reduce Earth’s capacitysopport essential ecosystem functions and
services associated with the storage and avathabiliC and N, and the production of forage
for livestock (Maestret al., 2016). In our study, increasing aridity was assted with an
increase in P-availability, but reductions in thieew four functions, with the greatest
reduction in C-storage (STE = -0.54; Fig. 3b) andvdilability (STE = -0.31; Fig. 3a).
Increasing aridity was also associated with indisegppression of N-availability, C-storage
and plant biomasg@a reductions in soil health (Figs. 1b-c, e). Decliirebl-availability with
aridity were matched by strong increases due toingaPredicted reductions in grazing
capacity with increased aridity are therefore hiktel lead to global reductions in N-
availability. The shift from free-range grazingfeedlots will likely lead to reductions in C
emissions and may also reduce farm-level N deposibut the positive effects of reduced N-
availability will likely be more apparent under $egrid conditions (Giesat al., 2011). The
effect of aridity was also to suppress the negaflects of woody plants on plant biomass.
This could occur by removing competition for ligitsoil moisture, allelopathic effects that

exist in someeucalyptus species (Zhang & Fu, 2009), or suppression reguftom below-
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ground resource competition fra@allitrus glaucophylla (Harriset al., 2003). Changes in
land management may not lead to increased levalsasystem services due to the strong
negative effect of aridity on most services. Theiviges are likely to decline over the next

century as aridity increases.

CONCLUDING RESULTS

The effects of grazing on ecosystem services atavoee specific and vary from positive to
neutral or negative. Critical functions associatéfth decomposition and nutrients cycling
declined with increasing aridity, and these effeatse of a greater magnitude than any
effects due to grazing. Our study suggests thatggmin land management may fail to
compensate for the negative effects of aridity ibfuactions other than P-availability. Thus
strategies to manage ongoing climate change aky li& be a priority of governments as we

move towards a drier world.
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787  Table 1. Hypothesized mechanisms underlying theilgga priori meta-model shown in
788  Figure la.
789

Path Hypothesized mechanism

1 (-) Increasing aridity reduces woody cover in seidiandscapes (Westerbaethl .,
2015).

2 (+/-) Ecosystem multifunctionality peaks at 41-68%selative woody covers (RWC), but
aridity alters the effect of RWC on multifunctioitgl The RCW and multifunctionality
relationship was linear positive in dry-subhumis;j but it shifted into hump-shaped and

ended a negative relationship in most arid condftigGoliverest al., 2014).

3 () Aridity has negative effects on ecosystem miuitictions or services (Maesteeal .,
2012; Delgado-Baquerizd al., 2016a), because it reduces soil microbial dityeesd
abundance that promote ecosystem multifunctionse@teet al., 2015; Delgado-
Baquerizoet al., 2016b) and it reduces organic C, total N ang/erezactivities such as
phosphatase activity (Li & Sarah, 200; Delgado-Bagwet al., 2013a, 2013b); (+) but
aridity increases total P (Delgado-Baquemtal., 2013b).

4 (-) Grazing has significant negative impact on allexcosystem multifunction and
multiservices (Zhangt al., 2016) by dampening positive effect of shrubsifidheet al.,
2013, 2015). It reduces plant biomass and litteec@Eldridgeet al., 2016), therefore soil
organic C (Daryantet al., 2013a) and increases bare soil (Daryahsb., 2012). (+/-)
Under high intensity of grazing microbial biomassp@iosphatase and dehydrogenase
activities increases due to herbivore urine andydainnter canopy, but reducgs
glucosidase activity, organic C and total N at urglant canopy soil (Prietet al., 2011;
Oliveraet al., 2014).

5 (-) Soil organisms that is one of the soil heatitlicators are very sensitive to climate
(Doran & Zeiss, 2000); Negative correlation betwagadity and plant cover may enable
soil erosion (Delgado-Baquerizbal., 2013b)

6 (-) High stocking rate increases soil compactiod bulk density (Pulidet al., 2016),
therefore reduces infiltration and macroporositggtellano & Valone, 2007; du Tat al .,
2009), as well as nutrients and stability indidelslidgeet al., 2013).

7 (+) Healthy soils with higher plant, litter and stwcover will increase organic inputs into
soil, that support diverse microbial community @amdich the soil nutrient pool will

promote overall ecosystem functions.
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790

791 Table 2. Mean, standard deviation, minimum and maxn values of relevant attributes and
792  response variables used in the structural equatimtels * woody (shrub + tree) cover can
793  exceed 100% where shrubs occur beneath treestyAridi — FAO Aridity Index

794
Attribute Mean SD Min Max
Aridity 0.36 0.08 0.19 0.63
Soil health index (%) 441 83 17.4 80.2
Grazing intensity
Livestock tracks area (100 m?) 122.7 319.0 0.0 3060.0
Mass of cattle dung (kg Ha 142.0 481.1 0.0 45395
Mass of sheep/goat dung (kgha 12.1  40.2 0.0 302.7
Mass of kangaroo dung (kg ha 528 41.6 0.5 270.2
Mass of rabbit dung (kg Ha 122 29.1 0.0 2328
Plants
Woody cover (%) 419 226 4.0 116.0
Plant biomass (t ) 1.14 0.63 0.19 3.16
Soil enzymes
B-glucosidase (nmolfsoif* h) 74.0 349 9.7 1928
cellobiosidase (nmol-gsoif* ht) 63.4 327 88 176.3
N-acetylf3-glucosaminidase (nmolgsoil* ht) 66.6  33.3 89 179.8
phosphatase (nmot*gsoif* ht) 1129 445 26.3 24838
Soil chemistry
Labile carbon (mg kd) 436.2 105.7 221.0 658.7
NH4 (mg LY 1.74 1.09 051  7.09
NOs (mg L?) 095 146 005  9.59
Colwell P (mg kg soil) 14.37 8.47 455 5520
Total C (%) 208 073 079 454
Total N (%) 0.15 0.04 0.08 0.30
795
796
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797
798 Table 3. Mean cover (%) of plant taxa occurringitds with a high intensity of rabbit

799  grazing (dung > 100 kg Hx

800

Species Group Origin Life Response Cover
cycle to grazing (%)

Echium plantagineum L. Forb Exotic  Annual Increase 16.7
Stipa scabra Lindl. Grass Native  Biennial Benign 13.9
Hordeum leporinum Link Grass Exotic  Annual Increase 12.4
Arctotheca calendula Levyns Forb Exotic  Annual Increase 9.9
Vulpia spp. Grass Exotic  Annual Increase 4.8
Erodium crinitum Carolin Forb Native Annual Increase 4.8
Ssymbriumirio L. Forb Exotic  Annual Increase 4.0
Trifoliumarvense L. Forb Exotic  Annual Increase 4.0

801

802
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806  Figure 1. Structural equation models for (a)ahiori model and (b)—(f) five ecosystem

807  services. Grazing is a composite variable compyisatent grazing by all herbivores, and
808 historic grazing by livestock. Standardized patbffioients, embedded within the arrows, are
809 analogous to partial correlation coefficients, amticate the effect size of the relationship.
810 Continuous and dashed arrows indicate positivenageative relationships, respectively. The
811  width of arrows is proportional to the strengthpath coefficients. The proportion of

812  variance explained?) appears is shown in each figure. Only signifiqaathways are shown
813  in the models. Model fity> = 8.48, df = 9P = 0.49.1 P=0.09,2 P = 0.10.

814
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815

816

817

818  Figure 2. (a) Location of the 151 sites in easfaustralia and (b) a view of a typic@hllitris
819  glaucophylla woodland showing mature trees (background) and gsaplings (foreground).
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Figure 3. Standardised Total Effects (STE) of &yidhe five measures of grazing, soil health

and woody cover on the five ecosystem services@sdiThe STE is the sum of direct and

indirect effects on a particular response variaRle.recent grazing, represented by Cattle,

Sheep, Kangaroos and Rabbits. H = historic grazemresented by Tracks.
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829  Figure 4. Structural equation model for extracellldnzyme activities: gglucosidase, b)
830 cellobiosidase, c) NAG (N-acetff-glucosaminidase), and d) phosphatase including the

831 standardised total effects of aridity, measuregrating, soil health and woody cover.
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