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Abstract

The Nutrient Cycling Index (hereafter ‘Nutrient Bxd) derived from Landscape Function
Analysis (LFA) is used extensively by land managessidwide to obtain rapid and cost-
effective information on soil condition and nutriestatus in terrestrial ecosystems. Despite
its utility, relatively little is known about itehability under different management
conditions (e.g. grazing) or across different climaones (aridity). Here we correlated the
Nutrient Index, comprising measures of biocrusterpplant basal cover, soil roughness and
three attributes of surface litter cover, with engail data on measures of soil total nutrient
pools (C and N), nutrient availability (Ilabile @organic N and P), and decomposition-
related enzymes at 151 locations from eastern Alistvarying in grazing intensity and
climatic conditions. Grazing intensity was assessetheasuring current grazing (dung
production by the herbivores cattle, sheep/goatsgéroos and rabbits), and historic grazing
(the total area of livestock tracks leading fronteva We used aridity (the relationship
between precipitation and potential evapotrangpmaas a measure of climate. On average,
the Nutrient Index was positively associated watak nutrient pools, nutrient availability and
decomposition enzymes. However, further statistiwadlelling indicated that grazing
intensity strongly reduced the link between thesinednd decomposition enzymes, labile C
and inorganic P, but not with total nutrient podikis grazing effect was predominantly due
to cattle. Conversely, aridity had no significaffeet on the predictive power of the index,
suggesting that it could be used across differgdity conditions in natural ecosystems as a
reliable predictor of soil health. Overall, ourdyueveals that the Nutrient Index is a robust
predictor of total nutrient pools across differantity and grazing conditions, but not for

predicting nutrient availability or decompositianenvironments heavily grazed by livestock.

Keywords: Aridity; Enzyme activities; Carbon; Nitrogen; Pipb®rus; Drylands

Introduction

Rapid methods of assessing soil nutrient statue fained increasing popularity over the
past few decades, particularly in arid and send-anvironments (drylands) where
monitoring extensive areas is prohibitively expeasand where sophisticated laboratories
are not always available. The use of indices aogiates for assessing soil quality is

widespread, particularly under cultivated agricdt(e.g. Granatstein and Bezdicek, 1992;
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Sojka and Upchurch, 1999; Li et al., 2013; Izquieetl al., 2005; Zornoza et al., 2015; Raiesi
and Kabiri, 2016) but also in drylands (Li et @013; Raiesi, 2017). The attributes used to
assess quality vary substantially, from soil phgsibiological, chemical and biochemical, to
microbiological assays, and the advantages ofréifitendices vary with land management
type, soil type, environmental setting and avadaielsources. Consequently, there is no

universally accepted measure for assessing sdityj(iqarlen, et al., 1997).

The use of simple soil indices has many advantagestraditional physical and chemical
methods. First, they are relatively rapid, and nsires can be assessed without the need for
expensive and detailed laboratory analyses sushibenzymes activities (Bell et al., 2013)
or mineralization rates (C or N; e.g. Picone et2002). Second, data collection, and
assessment and interpretation of indices or sutesgaquire only low levels of expertise.
Third, indices are typically focussed on specifiamagement objectives that may be closely
aligned to soil policy (e.g. Griffiths et al., 2Q18lotwithstanding their limitations (Blecker et
al., 2012; Sojka and Upchurch, 1999), the useditas or proxies of soil health provide
valuable insights into the processes driving seikction by focussing on tangible soil and
ecological attributes that are appropriate andivelly well understood by operators with

only minimal training.

Landscape Function Analysis (LFA: Ludwig and TongwE995) is a widely accepted
technique for assessing soil nutrient status mesétial environments. It incorporates a
guadrat-based module (Soil Surface Condition) dlsaesses the capacity of the soil to resist
erosion, cycle nutrients and infiltrate water (Taag, 1995). One of these indices, the LFA
Nutrient Cycling Index (hereafter ‘Nutrient Indexprovides information on the nutrient
status (e.g. nutrient availability and mineraliaa)i of soils (Maestre and Puche, 2009;
Tongway, 1995). It is based on the close relatigmamong 12 readily identifiable soil
surface features and underlying processes of mtitméneralisation. These relationships have
been quantified using extensive field and laboyasbudies (McR Holm et al., 2002; Rezaei
et al., 2006; Maestre and Puche, 2009; Zucca,&2@l3). The practicality of the Nutrient
Index is based on the assumption that functiorealthy landscapes regulate critical
resources such as sediment, water and organicialatenich are all important components
of the Nutrient Index (Sarre, 1988). Worldwide sésdndicate that the values obtained from
this index are highly related to laboratory anddfimeasurements of their related processes
(Maestre and Puche, 2009; Mcintyre and Tongway52MZR Holm et al., 2002; Rezaei et

3
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al., 2006; Tongway, 1995; Zucca, et al., 2013).<2guently, the soil Nutrient Index has
been used widely, across diverse landscapes, coitynypes, climatic zones, management
scenarios and land use intensities (e.g. Eldridgé ,2011; Eldridge et al., 2016a), and often
in developing countries (Rezaei et al., 2006; Zwca., 2013). Given its largely global
adoption, particularly in semi-arid rangelandss iassumed that the Nutrient Index is
globally relevant under a range of ecosystem canrdit Lacking, however, is an assessment
of the effectiveness of the index under differemd use intensity scenarios and climatic
drivers, the strongest of which are grazing andeiasing aridity.

Grazing is a major global change driver, and oaigig has been described as one of the
most destructive landuses on the planet because rdgative effect on ecosystem processes
and functions (Steinfeld et al., 2006; Eldridgalet2015). However, grazing provides
millions of peoples and their cultures worldwidegwessential goods and services. Aridity is
also a significant driver and reflects potentiahmges that might occur under hotter and drier
global climates (Maestre et al., 2015, 2016). lasieg aridity will reduce the efficiency with
which plants carry out essential soil processel asdhe mineralisation of organic matter
(Maestre et al., 2016), and has been demonstmaigecbuple nutrient cycling in global
drylands (Delgado-Baquerizo et al., 2013). Botlzorg aridity are expected to increase in
response to a changing climate. With increasesdlityy human cultures that rely on
livestock grazing for their livelihoods will be foed to exploit less suitable environments or
increase their stocking rate to maintain produttiin the face of declining rainfall (Steinfeld
et al., 2006; Rivalie, 2016).

Here we evaluate the robustness of the LFA Nutii@h¢x in response to increasing grazing
and aridity. Our intention is not to evaluate thrersgth of correlations between individual
soil attributes and the indger se (Rezaei et al., 2006; Maestre and Puche, 20Q08) o
debate the merits or otherwise of the many indicegently used in agriculture (Zornoza et
al., 2015), but rather, to examine the utility loistindex in response to the two major
environmental drivers. Put simply, we assess teéulrsess of the index under a drier climate
and a more intensively managed world. The specdioponents of the Nutrient Index:
surface roughness, biocrust cover, plant basalrcplant litter cover, plant litter origin, and
plant litter incorporation, are expected to varyunally across aridity gradients, providing an
indication of naturally co-occurring changes inl switrient availability. For example, a mesic
environment with a greater incorporation of littevuld be expected to have a higher amount
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of organic C than an arid ecosystem with a muchelcamount of litter incorporation.
Because of this, we hypothesized that increasagdity, naturally accompanying changes in
LFA components, should have little effect on thedictability of the LFA Nutrient Index.
Conversely, however, we hypothesized that graziaglavstrongly influence the correlation
between the index and multiple empirical measufesibfunction, particularly those related
to nutrient availability (i.e. inorganic N and Rdalabile C) and measures of organic matter
decomposition (i.e. extracellular enzyme activitypwever, grazing may not influence the
correlation with total nutrient pools. Our reasais that grazing would likely influence the
availability of nutrients and enzymeisa direct additions of nutrients as urine and dunug, b
may not alter components of the Nutrient Index saglhitter incorporation, thereby
disrupting the natural capacity of the index todicenutrient availability. Conversely,
grazing would be expected to alter plant componsuts as vascular and non-vascular plant
cover and total nutrient pools in parallel, thugntaning the links between the index and
total nutrient pools. For example, a high grazmgmsity would be expected to reduce plant
basal cover and soil C (Eldridge and Delgado-Bagae2016), hence plant cover would still
be a good predictor of total C under high grazicgngrios.

Clarifying the extent to which grazing by differdrdrbivores might reduce the utility of soil
chemical surrogates in drylands is critically imjaot because governments and their
resource management agencies need rapid, reliathlecst-effective measures to assess
changes in soil function as the planet gets waandrdrier into the next century. This is
particularly important in drylands because: (1)langs mostly occur in developing countries,
which have a more limited capacity to assess mitaeailability over extensive area; (2) the
effects of increases in aridity are likely to besinstrongly felt, and (3) about 40% of Earth’s
human population currently reside in drylandsi{®re, 2016). The work is also important
because increasing intensities of different hent@savould be expected to have different
effects on surrogates of soil chemical status.example, cattle and sheep have been shown
to have strong negative effects on soil health kimgaroosNlacropus spp.), which have co-
evolved with soils and vegetation in Australia, daglatively benign effects (Eldridge et al.,
2016b). The ability to predict soil nutrient podiserefore, might be stronger in environments
supporting low levels of livestock grazing or wh&esgaroos are the principal herbivores.
Knowing how these different herbivores might afféet relationships between nutrient
indices and different soil nutrients and enzymemjgsortant because it provides land

managers with vital information that will improvesir ability to make decisions on how their
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management alters soil function using relativefjidacost effective methodologies that are

readily accessible to non-professionals.

Methods

Sudy area

The study was undertaken in a woodland communispurth-eastern Australia dominated by
white cypress pinedallitris glaucophylla Joy Thomps. & L.A.S. Johnson; Fig. 1). The
climate is typically Mediterranean and semiaridi@y Index = 0.26 to 0.39; see below),

with slightly greater rainfall in the east-centaakas during the six warmer months, and in the
south and south-west during the six cooler momkisrage annual rainfall (385 to 460 mm

yr) and average temperatures (~18° C) varied lititess the sites.

Assessment of groundstorey cover and grazing intensity

We surveyed 151 woodland sites characterised bgrésence of the community dominant
Callitrus glaucophylla. At each site we positioned a 200 m long trang&tiin which were
placed five 25 ri(5 m x 5 m) plots (hereafter ‘large quadrat’) gv80 m (i.e. 0 m, 50 m,

100 m, 150 m and 200 m). A smaller (0.5 m x 0.5gogdrat (hereafter: ‘small quadrat’) was
located at a consistent position within each oflénger quadrats. Within both the large and
small quadrats we assessed groundstorey plant (ae#@med as the foliage cover of all

plants < 1 m tall).

Our sites represented different levels of currect laistoric grazing by different herbivores.
We did this initially by using distance from perneaihwater, which is a useful surrogate of
grazing intensity (Fensham and Fairfax, 2008). ditess spanned the full spectrum of grazing
intensities, from low intensity and long ungrazédssfrom conservation reserves and road
verges, to intermittent grazing in forests and eovation reserves, to high levels of grazing
in a range of environments. Four attributes refléaurrent grazing intensity, i.e. grazing
within the past 2 to 5 years, and the fifth wasemsure of historic grazing over the past 50-
100 years. To assess current grazing, we countegl ghoduced by four herbivore groups:
cattle (large quadrat), sheep/goats (large and smatirats), kangaroos (large and small

guadrats) and rabbits (small quadrat only). Foephmats and kangaroos, dung counts for

6



205 the two quadrats sizes were averaged to produmialadung/pellet density ¥ For cattle, we
206 counted dung events rather than individual pie¢eking, which are known to disintegrate.
207  Dung and pellet counts have been used widely tmatt the abundance of large herbivores,
208 including kangaroos (Marques et al., 2001). We thsad previously developed algorithms
209 (see Eldridge et al., 2016Db) to calculate the tovain-dried mass of dung per hectare for each
210 herbivore type based on the number of pellets dambim the field. This total oven-dried

211  mass of dung was used as our measure of recemgratensity for each herbivore

212 (Eldridge et al., 2016b). To assess historic liwelstgrazing we recorded the total cross-

213  sectional area of tracks along which livestock walen moving to and from water

214  (livestock tracks) along the 200 m transect at esiteh(cn/200 m).

215

216  Laboratory-based soil analyses

217

218  We collected about 500 g of soil, from the surfaam, from the centre of each small

219 quadrat, resulting in a total of 755 soil samplEsi(sites each of five quadrats). The soils
220 were air dried, passed through a 2 mm sieve to vemmots, organic debris and stones prior
221  to chemical analyes. Sand, silt and clay conteet®wneasured using the hydrometer method
222 (Bouyoucos, 1962). Total C and N were assessed hgyh intensity combustion (LECO

223 CNS-2000; LECO Corporation, St. Joseph, MI, USAgikable (Olsen) P according to

224  Colwell (1963). Labile carbon was assessed by nmessthe change in absorbance when
225  slightly alkaline KMnQ reacts with the most readily oxidizable (active)nfis of soil C to

226  convert Mn (VII) to Mn (ll; Weil et al., 2002). Amanium and nitrate concentrations were
227  measured using Flow Injection Analysis (Quick-Ch&o@-LACHAT) following extraction
228 with 0.5M KoSQu. Four enzyme activities were measured following 8eal., (2013). These
229 enzymes includeg3-glucosidase (starch degradation) (BG), cellobiased(cellulose

230 degradation), N-acetf-glucosaminidase (chitin degradation) (NAG) andggiatase (P

231  mineralization) (PHOS) activity (Bell et al., 2013 brief, a mixture of 1 g of air-dried soll
232 and 33 ml of sodium acetate buffer (pH <7.5) waaksh at 200 rpm on an orbital shaker for
233 30 minutes and 800 soil slurry was sampled and 2(Dsubstrate of 4-Methylumbelliferyl
234  B-D glucopyranoside solution were added to the glwrsolution of 100Qul was incubated
235 at 25 °C for 3 hours and the activity (nmol activgt® dry soif* h'') was measured at the 365

236 nm excitation wavelength and 450 nm of emissionehength in a microplate reader. The



237 same procedure was used, but with different sulesti@utions, for an additional three

238 enzymes.

239

240  Assessment of the measure of soil health and soil chemistry

241

242  We used rigorous, field-based protocols to caleullaé LFA Nutrient Index by assessing the
243 status and morphology of the soil surface withim ¢imall quadrats¢nsu Tongway, 1995).
244  Within these quadrats, we measured 12 attributeface roughness, crust resistance, crust
245  brokenness, crust stability, the percent covehefsoil affected by erosion, cover of

246  deposited material, biocrust cover, plant basaécgwojected groundstorey plant cover,
247  litter cover, litter origin, and the degree ofditincorporation (see Supplementary Methods
248 and Table S1). We derived our Nutrient Index farhequadrat based on an assessment of six
249  of the 12 attributes: surface roughness, biocrogec basal cover of groundstorey plants,
250 and a combined score for litter derived from thedoict of its cover (% cover), origin (local
251 or transported from elsewhere) and the degredtef Incorporation. These values were

252 summed and divided by the maximum score of 44 tivel¢he index, which reflects the

253  capacity of the soil to cycle and retain nutriefitsis Nutrient Index, which is one of three
254  indices developed as part of the Landscape Funétimaysis protocol (Ludwig and

255  Tongway, 1995), has been shown to be highly cageélaith ecosystem functions related to
256  nutrient cycling (Maestre and Puche, 2009; see leupmtary Methods S1 for specific

257  analytical methods).

258

259  Satistical procedures

260

261  We used a two-stage process to examine the extevitith increases in grazing and aridity
262  altered the strength of relationships among theighitindex and various measures of soil
263  chemistry and enzyme activity. We first calculatieel correlations (Spearmampsamong the
264  Nutrient Index, and the four enzymes, total andéa®, total N, dissolved inorganic nitrogen
265 (DIN: sum of NH* and NQ@’) and available P. Spearmap’svas used as a measure of our
266  effect-size, as it is robust to deviations frommality and is largely used in the ecological
267 literature (see Nakagawa and Cuthill, 2007 foneerg). We then tested the skewness of the
268 Spearman’s values.

269
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In a second stage we used the principles of straiodgiuation modelling (SEM) to explore
relationships among the nine Spearmanvalues and grazing intensity, aridity and ground
cover. Structural equation modelling tests the slaility of a causal model, based ampriori
information, in explaining the relationships amadalifferent variables. We formulated an
priori model whereupon we predicted that both grazinghsitg and aridity would have
direct effects on the Spearmap’salues, but also indirect effectsa changes in
groundstorey plant cover. Structural equation modghllowed us to partition direct and
indirect effects of one variable upon another andstimate the strengths of these multiple
effects. This is particularly important in grazisigidies where grazing has both direct effects
on soils, for example, by removing surface crustsoonpacting the soil surface, and indirect
effects,via removal of plant material (herbivory) and therefdezomposition processes
(Eldridge et al., 2016b).

We combined the effects of recent and historiciggainto a single composite variable
(‘grazing’). Increases in this composite varialderesponded to increasing total grazing
pressure. The use of composite variables collapgesffects of multiple, conceptually-
related variables into a single combined effecting the interpretation of model results
(Grace, 2006). We included aridity in the modelsause it has been shown to be a useful
tool to account for spatial variability in sites€ldado-Baquerizo et al., 2013) and potentially
provides insights into the effects of rainfall aadpotranspiration on the hydrology. Aridity
was calculated as 1- Al, where aridity is precijpita/potential evapotranspiration, obtained
from Worldclim interpolations (Hijmans et aR005). Aridity Index was subtracted from 1 so

that increasing aridity corresponded with increadigthess.

We used goodness of fit probability tests to deteenthe absolute fit of the best models.

This goodness of fit test estimates the probaliiiat our observed data fit thgoriori model
described above. Thus high probability values iai¢hat these models are highly plausible
causal structures underlying the observed corogiatiModels with the strongest measures of
fit (e.g., lowy?, high GFI, and high NFI) were interpreted as smgwthe best fit to our data.
All SEM analysis was conducted using AMOS Softwdeesion 22. The stability of these

models was evaluated as described in Reisner @C4I3).

Results
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Correlations (Spearmar) among the Nutrient Index and nutrient concerdregiand enzyme
activity were all positive (0.22 £ 0.04; mean = $#g. 2) and strongly left skewed (Fig. 3;
Supplementary Table S2), indicating the generatif Ipositive correlations between the
Nutrient Index and total nutrient pools, nutriemaigability and the activity of enzymes

related to organic matter decomposition.

Our structural equation models indicated that iaseel grazing intensity reduced the
correlation between the Nutrient Index and nutreardilability (inorganic P and labile C) and
enzyme activities related to organic matter decasitiom (Fig. 4). However, we did not find
any effect of grazing intensity on total nutrieniofs (i.e. total C and N) or inorganic N (Fig
5). Unlike increases in grazing, however, increasesidity had no effects on the
correlations among the Nutrient Index and any eatd or enzymes. Our results also indicate
that all of the effects were direct, i.e. thereeveo indirect effects of either aridity or grazing
mediated by changes in ground cover. We also fetnahg positive effects of both increases

in grazing intensity and aridity on plant cover.

The standardised total effects (the sum of diredtiadirect effects) of aridity or different
measures of grazing, on nutrients and enzymes shthagthe suppressive effect of grazing
on the correlations between the Nutrient Indexthedour enzymes was due almost entirely
to increases in the intensity of cattle grazingo(€dl). Apart from the suppressive effect of
cattle grazing and the stimulatory effect of hist@razing on available P, there were no clear
grazing intensity trends for the other nutrienatieinships. The total standardised effects of

aridity on nutrients and enzymes were extremelylisfhable 1).

Discussion

Our study provides solid evidence that the LFA MutrIndex is a robust predictor of total
nutrient pools irrespective of grazing intensityt bot of nutrient availability or
decomposition under high levels of grazing. Thusilevhe index is an extremely useful and
cost-effective proxy of processes driving speafd functions, increases in grazing intensity
will strongly reduce its predictive power; thusutisity in a more intensively managed world.
Our results indicate the weakness of using thiexnalithout first considering grazing
intensity, particularly if sites are heavily grazétcreases in grazing intensity will make the

adoption of this index more problematic for landnagers, increasing their reliance on more

10



338 traditional, costly laboratory methods for assegsintrient status. Interestingly, our results
339  further suggest that the Nutrient Index is stikfus for total nutrient pools, nutrient

340 availability and decomposition across differentgyiregimes. Thus, our study suggest that
341 the index is a good predictor for nutrient assesgei@ drylands under low grazing intensity,
342  an important contextual message that need to b&demed by land managers and policy
343  makers using these indices.

344

345 On average, the LFA Nutrient Index was a relativggdpd proxy of both total and available
346  nutrient pools, as indicated by the distributioneff-skewed correlations (Figs. 2 & 3) and
347  consistent with results of previous global studpesticularly from drylands. For example,
348 Maestre and Puche (2009) showed that the nutmeleixiwas strongly correlated with soil
349 variables highly indicative of microbial activitysh as pH, total soil N and P, soil

350 respiration, and the activity of phosphatase [gugtlicosidase at 29 arid grassland sites in
351 Spain. The index has also been shown to be higithglated with soil organic C and total N
352 in studies in Australia (McR Holm et al., 2002, Goray and Hindley, 2003), Iran (Ata

353 Rezaei et al., 2006) and Spain (Maestre and Co2®@4). Similarly, Munro et al. (2012)
354 demonstrated that values of the Nutrient Indexaased with increasing age of tree plantings
355 and found that the index was most strongly infl@ehloy vegetation cover rather than more
356  subtle soil surface features. Paz-Jimenez et@D2Pdemonstrated strong links between the
357 activity of some extracellular soil enzymes suclplagsphomonoesterase ghdlucosidase,
358 and agricultural practices, but did not report affgcts of grazing. However, Seaborn (2005)
359 showed that the index was a good predictor offsmalth measures (soil respiration,

360 mineralisable N) at one of four mining sites inpiical and sub-tropical Australia.

361

362 Despite the generally positive correlations, theas a wide range of positive and negative
363  correlations for all variables, indicating that guatial site- or soil-specific conditions might
364 reduce the universality of the index. For examgpdgrelations for available P were highly
365 variable and about half that of other nutrientg)(R), possibly due to differences in the type
366  of parent material type or depth to bedrock, whach difficult to identify using quadrat-

367 based LFA methods. Interestingly, we found thatedations for available P on sites with
368  sandy surface textures (sand hills with substaktmbpean rabbi®ryctolagus cuniculus

369  activity) were almost twice those on plains withray to clay-loam surface texturgs< 0.19
370 cf. 0.10 for sand hill and plains, respectively). frge rabbit activity on sandy soils leads to

371  considerable soil destabilisation (Eldridge et20.16b), potentially exposing P-rich subsoil
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(Vandandorj et al., 2017). Rabbits have also beewns to enhance litter cover and thus
affect the Nutrient Index by favouring large exddediterranean forbs with substantial litter
at the expense of smaller native forbs (Leigh etl&i87; Vandandorj et al., 2017). Relatively
high levels of available P at sites with high indeues (resulting from herbivory-induced
competitive exclusion) coupled with high levelsaohilable P at low index value@d rabbit
engineering effects of exposing soil P, but covgsarface litter, biocrusts and plants) would

result in generally equivocal values of P acrossréimge of the index.

Our SEM models showed that increased grazing iityeresiuced the strength of correlations
between the Nutrient Index, and nutrient availb{linorganic P and labile C) and
decomposition enzymes. The only exception to tlas the availability of inorganic N.
Conversely, correlations for total C and N remagnimaffected by increasing grazing
intensity. Thus land use intensification associatét grazing disrupts the capacity of the
index to predict soil functions (fast variablesattbccur over short time scales. This indicates
to us two things. First, the index is relativelypust to changes in grazing intensity for slow
nutrient pools (total C and N), which are more stjly related to long-term changes in
nutrient availability and reflect differences inrgpistent soil characteristics that have
developed over long time periods such as soil textlhis is consistent with the observation
that total C pools are relatively insensitive t@awes in management, such as conservation
tillage, compared with more labile forms such dsléaC (Weil et al., 2002; Rabbi et al.,
2015). Second, the path coefficients between ggead the four measures of enzyme
activity related to C, N and P mineralisation wsir®ngly negative, indicating that increased
grazing intensity will decouple the link betweer thdex and the more labile soil enzymes
and nutrient forms (Vandandorj et al., 2017). Femthore, this decoupling was largely due to
cattle grazing, consistent with the largely negagifects of cattle on soil surface
morphology (Eldridge et al., 2016b). Although graghas been shown to have negative
effects on the Nutrient Index (e.g. Eldridge et 2013), in the present study, the index was a
good proxy of slow variables such as total C anal 0§, irrespective of grazing intensity.
Heavy grazing would likely reduce organic mattguuts into the soil, reducing substrates for

microbial growth (Northup et al., 1999).

Most studies have correlated the Nutrient Indexwotal nutrient pools such as total C and
N, simply because these variables are routinelgsassl in many soil studies (e.g. McR.
Holm et al., 2002; Tongway and Hindley, 2003; AezRei et al., 2006). In Spain, the index

12
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has been shown to be highly correlated with sapiration and phosphatase ghd
glucosidase activities across two widely differsoils (Mayor, 2008; Maestre and Puche,
2009). While the Nutrient Index was successfulnedicting total pools (total C and N), this
correlation was independent on grazing intensitiingait particularly useful for assessing
slow nutrient pools that may take millennia to ap@nShort-term cycling of carbon
compounds (labile C), which are known to changessseasons and days (Weil et al.,
2002), was susceptible to grazing intensity and the recommend caution when using the
index to assess it without considering grazingdnstHowever, fast variables such as
microbial biomass, labile forms of carbon and g and biochemical attributes such as
soil enzymes are more responsive to managemeritqgsmand changes in land use practices
than slow variables such as total C (Weil et &2 Gil-Sotres et al., 2005; Bastida et al.,
2006) and are therefore most likely to be affettedrazing. Subtle changes in land use
intensity that increase litter cover and incorporasuch as conservative (low risk) stocking
are likely to be reflected in changes in fast Malga such as enzyme activity rather than slow

variables such as total concentrations of N andlich operate at longer time scales.

The ability to predict labile or total nutrient ge@r enzyme activity with the Nutrient Index
was unrelated to changes in aridity, possibly duthé¢ small extent of our aridity gradient,
but also because of changes in the componente afdlex are expected to co-occur with
changes in total and available nutrient pools, met influencing the capacity of the LFA
index to predict nutrient availability. Our resutisggest that the index is a robust predictor
for multiple indices of nutrient availability acoslifferent aridity regimes. This information
supports its use in natural drylands. Howeves @xpected that increasing aridity associated
with climate change will likely reduce the aredanid suitable for grazing (Steinfeld et al.,
2006), placing increasing pressure on land manaljezty forcing them to increase stocking
rates in order to maintain production under a drienate (McKeon et al., 2009). In the long
term this will likely reduce the effectiveness bétNutrient Index for monitoring changes in

ecosystem functions associated with nutrients aagiree activities.

Conclusions

Soil health indices such as the LFA Nutrient Indar provide land managers with critical
knowledge that allows them to assess and mon#&adg in soil function as we move towards

a drier climatically uncertain future. Comparedhaather soil quality systems such as the

13



440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471

Soil Quality Index, the LFA Nutrient Index is rakaly simple and intuitive, requiring few
attributes that can be assessed by relatively liedkechnicians after minimal training. Our
results provide a context for using the index asifferent aridity and grazing intensity
conditions. Thus, our results suggest that thaenttmdex is a robust index for predicting
total nutrient pools across different aridity amezing conditions but not for nutrient
availability or decomposition under elevated grgzionditions. Therefore, we recommend
the use of this index in natural ecosystem with gpazing intensity, and advice that should
be taken in consideration by land use managergaln/ makes using this index.
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671
672 Table 1 Summary of standardised total effects (the sudirett and indirect effects) of
673  aridity and the five measures of ‘Grazing’ on tloerelations among the LFA nutrient index

674 and soil enzymes and nutrients.

675

Enzymes and nutrients  Aridity Grazing
Cattle Sheep Rabbit Kangaroo Tracks

Phosphatase 0.09 -0.28 0.05 -0.06 -0.04 0.09
Available P 0.02 -0.11 0.03 0.01 0.04 0.14
NAG 0.08 -0.30 0.10 -0.11 -0.03 0.10
Dissolved inorganic N -0.06 -0.06 0.07 0.07 0.07 0.05
Total N 0.08 -0.06 0.01 -0.02 -0.04 0.02
Cellobiosidase 0.10 -0.32 0.07 -0.07 -0.02 0.07
B-glucosidase 0.09 -0.35 0.07 -0.09 0 0.10
Labile C -0.02 -0.06 0.11 -0.07 0.01 0.03
Total C 0.04 -0.05 0.05 -0.02 -0.04 0.04

676
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679

680

681  Figure 1. (a) Location of the study area in eastarstralia and (b) a view of th@allitrus
682  glaucophylla community.
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Figure 2. Mean (x 95% CI) correlation between tiRélLnutrient index and soil nutrient

concentrations and enzyme activities.
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Figure 4. Structural equation models for measuf@hosphorus (a-b), nitrogen (c-e) and
carbon (f) functions in relation to the composigiable ‘Grazing’, and aridity and
groundstorey plant cover. Grazing is a compositeate comprising recent grazing by all
herbivores, and historic grazing by livestock. Stdized path coefficients, embedded
within the arrows, are analogous to partial cotietacoefficients, and indicate the effect size
of the relationship. Continuous and dashed arrodEate positive and negative
relationships, respectively. The width of arrowgprigportional to the strength of path
coefficients. The proportion of variance explaifBé appears is shown in each figure. Only
significant pathways are shown in the models. Mditte}? = 2.40, df = 5P = 0.79. NFI =
0.97.
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Figure 5. Structural equation models for measufestimgen (a-b) and carbon (c) functions
in relation to the composite variable ‘Grazing’daaridity and groundstorey plant cover.
Grazing is a composite variable comprising receatigg by all herbivores, and historic
grazing by livestock. Standardized path coeffigerimbedded within the arrows, are
analogous to partial correlation coefficients, amdicate the effect size of the relationship.
Continuous and dashed arrows indicate positivenagetive relationships, respectively. The
width of arrows is proportional to the strengtlpath coefficients. The proportion of
variance explained?f) appears is shown in each figure. Only signifiqaathways are shown
in the models. Model fity= = 2.40, df = 5P = 0.79. NFI = 0.97.
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