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Predicting the distribution of biocrust specig®sses, lichens afigerworts associated with
surface soilss difficult, but climatic legacies (changes in climate over the last 20ky) can
improve our prediction of the distribution of biocrust species. To provide empirical suppor
for this hypethesis, we used a combination of network analyses and structural equation
modelling to identify the role of climatic legacies in predicting the thistion of ecological
clusters formed by species of mosses, lichens and liverworts using data from 282 large sites
distributedsacross 0.6 million Knof eastern Australialwo ecological clusters contained

87% of the_120.moss, lichen and liverwort species. Blisters contained lichemossand
liverwort species, but werdominated by different families. Sites where #irdemperature
increased the'moster 20k years (positive temperature legacies) were associated with
reductions in the relative abundancespécies from the lichen (Peltulaceae, Teloschistaceae)
and moss (Bryaceae) families (Cluster A specggatergroundstorey plant cover atmver

soil pH. Sites where precipitation has increased over the past 20k years (positive precipitation
legacy) were associated with increases in the relative abundaicdeaf(Cladoniaceae,
Lecideaceae;-Thelotremataceae) and moss (Pottiaceae) families (Cluster B apddmser

levels of sail pHSites where temperatures have increased the most in the past 20k years
suppressed the negative effects of plant cover on Cluster B by reducing plant cover. Increased
intensity of grazing suppsesed the negative effect of soil pH, and the positive effect of soll
carbon, on the relative abundance of Cluster B taxa. Finally, increasing tempeardture a
precipitation legacies reduced the negative effect of soil pH on Clusterd@rstanding of
theimportance of climatic legaciesiproves our ability to predict how biocrust assemblies
might respond to on-going global environmental change associated with increasing land use

intensification, increasing temperature and reduced rainfall.

K eywor dsiisoil.crust, bryophyte, lichen, liverwort, drylands, ecological clusters
Running header: Biocrustdistributionand climaic legacies

I ntroduction

Biocrust are complex assemblages of lichémgophytes hossesandliverworts),

cyanobacteriafungi and microscopic organisregch as archae and bactehat occupy the

top few centimetres of soil acroasnyriad of artic, arid and temperate ecosystefWaeber
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et al. 2016)Because of their intimate connection with surface Joiterustsplay critical

roles in soil nutrient cycling and sequestration, soil hydrolseggdling establishment

surface temperature regulation grdvidehabitat for soil micreorganisms (Delgado
Baquerizo et al2016 Weber et al. 2016). Globally, biocrusts play substantial roles in the
carbon andnitrogen cycles (Weber et al. 2015). Howeespitd theihuge importance in
drylands where they areften the dominant form of land cover, there have beerirtatiul
attempts to predict thedtistributionacross large spatial scal@git see a recerglobal

modelling study by Rodriguez-Caballero et al. 2018). Rather, most studies have tended to
focuson specificstudyareas at the local scdle.g. Eldridge 1996Weber et al. 2008;
Rodriguez-Caballero et al. 2014; Chamizo et al. 2012; Garcia-Pichel et al. 2013).

Predicting the distribution of biocrusts is not an easy task. Althoughuthent distribution

of these organisms thought to be related to climatic, edaphic, topographidantit factors
(Bowker et al. 2016)many areathat would be expected to suppparticularcrustspecies

are often devoid of crusts, axidte versa. Overall, therefore, we know relatively little about
what determines the distribution of soil crustbraiadregional scales (Steven et al. 2013).
Part of the reason could be that large areas of biocrust worldwiddéandeavily modified
by landuse practices such as overgrazi@diquoine et al. 20)Gnd these effectsay

persist for many yearSurfaces disturbed during nuclear testing in arid Australia in the late
1950s had still not recovered their full complement of species, particularly foliose lichens,
after more_than 40 years (Eldridge and Ferris 1999). Simianasios exist for other areas
where biocrusts have been disturbed (Kuske et al. 2(&i&jorcing the notion that is
extremelydifficult to accurately predict the current distribution of biocru&isen that

biocrust community composition is strongly driven by climate (e.g. Rogers 1971; Reed et al.
2012; Kuske et al. 2012; Lafuente et al. 2017) and that biocrusts are often consalered sl
growing communities (decades to centuries), climatic leg&chesges in precipitation and
temperatureover the last 20k years) might have also played a key role in shapicgrtbet
distribution=Recent studies across a range of environments have shown théegrdes

are important for predicting the effsmf climate ommicrobial andplant communities
(Delgado-Baquerizo et al. 2017; Partel et al. 2017). Similarly, Lopez-Merino(20al7)
showed that paleolimatic erosion events caused by flooding have had substantial effects on
the current growth ofquatic communities dPosodonia. However, arintegratedapproach
considering past climatic legacies foedicting the contemporary distribution of biocrust

communities is lacking, and requires knowledge of both current and past climaticaronditi
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as wellas multiple environmental attributedn understanding of how biocrusts and their
associated taxa are distributed in drylands is a critically important research question that can
help us to manage potential change resulting from human-induced land usienaiel

related change®articularly lacking is an understanding of whatoricalconditions drive

the distributionof biocrust communities; specificdtpse fronprevious climates

Information on climatic legacies could therefore, provide a useful way to improve our
capacity to predict the distribution of ecological assemblies of biocrusts across southern

Australia, but potentially somewhere else.

The contemporary distribution of bryophytes and lichens in soil anditsates thathey are
closelytiedrto/climate particularly rainfall and temperature. For exampiesastern

Australig the distribution of lichens is strongly driven by temperature and summer rainfall
with biocrust lichens and bryophytiesgely restricted to areas of winter raihf@ldridge

1996; Eldridge and Tozer 1996). Therefore, changes in precipitation and temperatune over t
last20k years might help explain the current distribution of mosses and lichen species today.
While we have.arelatively good knowledge of the current status of biocrusts oyeareas
(Weber et'al. 2016), we still lack a clear understanding of how they might have changed in
response to altered climatic conditions over the past 20k years and whetbahteges

have imposed-a legacy effect on the distribution of crusts that we see today. A knafledge
how climatic legaciesnight have affectecand continue to affecbiocrust distribution is

critical if we are to be able to separate changes resulting from huchaced impacts from

those that represent a legacy effgictormerclimates By climate legacyve mean the

difference between climatic conditions 20k years ago and current conditions. fFglexa
location would have a ‘positive temperature legacy’ if the temperature at that site is currently
greater than it was 20 k years ago. A knowledge ofatk legaciesould help to explain

why two locations with a similar current climate do not always support the sameuoaym
assemblyPredicting how the distribution of biocrusts might have changed and the likelihood
of recoverysunder current climates is critically important to allow us to allocate scarce
financial and’intellectual resources to those areas most at risk of degraddttorpanritise
restoration efforts with limited financebhis could include activities such as inoculation,

which is designed to promote biocrust establishment and associated ecosystem services

Here we usedetwork analyses and a regional survey including data on the distribution of

biocrust lichen and bryophyspecies acrogs6 million km? of eastern Australieo test the
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hypothesighatclimatic legacies (changestemperature and rainfall conditions experienced
about 20kyears agh can help explain theurrent distribtion ecological clusters formed by
biocrust species strongly @zcurring, and which might share environmental prefereifaes.
instancecertain species of mosses (gkgssidens spp.) and lichens (e.¥anthoparmelia

spp.) arerknoewn to prefer more mesic conditions. Our focus here was on biocrusioiagh, t
vascular plant clusters are also likely respond to climatic legacies.

Materialsand M ethods

The study area

The survey'was conducted over an area of about 0.6 niitiidin New South WalesAustraliaand
bounded by the Queensland Border in the north (-29.00@ South Australian bordén the west
(141.00), in the south by the Murray River, and in the east by longitude 14A&0ual rainfall

across the'survey area ranged from ~400 in the north-east to ~ 150 mm in the navigst (Fig.

1), andis spatially and temporally variable. Seasonal distribution of rainfall was mainly summer
domirmant in,the north-east to predominantly winter dominant (~30% more rainfall during the winte
months)iinthe souttvest. Diurnal temperatures are typically hot in summer fEyand mild in

winter (>10C)yand evaporation increases from south to northframal east to wesBureau of
Meteorology 2015).

Most of thesurvey area lies within the Murrdyarling Basin a depositional landscape overlain by a
mosaic of Quaternary aeolisediments, most of whidh characterised byigh pHsoils These
depositional landscapes ranged from level to sliginiyulating plains of Quaternary aeolian
sediments-and colluvial materials (Pickard and Norris 1984potslopes and ranges. Linear and
subjparabalic. dunes auperimposed upon broad sandetbecross the plainBlains of Quaternary
alluvium are*found on the Riverine Plain in the soedist and along the floodplains of the major
rivers particularly the DarlingMurrumbidgee and Murray Rivers which draixtensive areas of the
survey areaSoils across the survey area range from calcareous to neutral earths on theplains
shallow siliceous sands on the ranges to deep sands on the doma® detailed description of the
soils andandscapes is given keith (2017).

Vegetation across the survey area was highly variable but could broadly be describeeaaisl semi

woodlands dominated by eucalypts (€&gcalyptus populnea, Eucalyptus intertexta), white cypress
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166  pine (Callitris glaucophylla) or mulga Acacia aneura), with a grassyAustrostipa spp,

167  Austrodanthonia spp.) or shrubbyJodonaea, Eremophila andSenna spp.) understorey. Plains of
168  quaternary alluvium are dominated by shrubs of the family Chenopodiategéek, Maireana,

169  Eldridge et al. 2017), and sandplains and dunefields by assorted eucalypts (KeitTR617).

170  predominantiand use over much of the area is livestock grazing on native pagtbresaller

171  areas used for conservation (national parks) and forestry. With small areas of opporttopping
172  along the eastern margins and in the sougkst.

173

174  Field methods

175

176  We traversed the survey area ugiogds ananajortracksto form a regular grid of siteat distances
177  of 10-30 kmin order to provide a comprehenssurveyof the areaWe sampled a total of 282 sites,
178  chosen randomly based on maps of the study area (FigreBs Af particulainterest(e.g. longterm
179  grazing exclosuresailway corridors regeneratiosites national parks) were alsocluded.At each
180  site we used eandom process to select an area of 100 m by 30 m along which we centrally located
181 100 m transeet«The transect was placed at least 100 m from thentoadkr to avoid possible

182  disturbances. If @ randomly chosen site was too disturbed (e.g. a de)wesielected the next site
183  along the road at a predetermined distance from the original\kiteg each transeete placed ten
184  evenly spaced-0.5Tquadrats, which were used to collect data on biocrust composition,

185  groundstorey plant cover asdils.

186

187  Within each quadrat we assessed the total q@%gof biocrusts and the relative contribution of

188  three main types; lichenbryophytes and cyanobacteria (Fig.Qinly cyanobacteria that were

189  visible on the surface were assessed. We then collected sashpledifferent visible types of soil
190 crusts from each quadrat to obtain ten bags of composite crust samples. Sufficient samples were
191  collected.to provide voucher specimens for lodgement in herfBdgacommunity composition of
192  biocrust species'wadentified using keys in Filson (1988, 1992), Filson and Rogers (1979),

193  McCarthy (2991), Scott (1988nd Scott and Stone (1976% well as more recent generic revisions.
194  Nomenclature followed Buck and Vitt (2006) for mosd$édsCarthy (2006) for liverwortsMcCarthy
195  (2015) for lichensand where appropriatenore recent taxonomic revisigras well as more recent
196  generic revisionsSome taxaparticularly crustose lichepwere infertile and therefore could not be
197 identified (e.g. steriléecidea spp.,Cladonia spp). Two morphological type ofollema

198  coccophorumwere identified based on thallus shape, habit, and morphology or bissidia

199  (Eldridge 1996). Lichen nomenclature conforms with McCarthy (1991) or more raoengraphs.

This article is protected by copyright. All rights reserved



200 Voucher specimensere lodged with the National Herbarium of New South Wales (NSWthin
201  the same 10 quadrats we estimated the total agpmrend vegetation cover, and took a sample of the
202  top 2 cm of the surface from every second quadrat. These soils were hirkiad sieved to > 0.2
203 mmfor an assessment s6il organicC using the Walkel\Black oxidation method, and soil pH on a
204  1:5 soil waterextract.

205

206 Satistical analyses

207

208  We used correlation network (‘co-occurrence networks’) analysis to identfggcal

209 clusters (‘modules’) of strongly associated biocrust taxa accotaliDglgado-Baquerizo et

210 al. (2018).4n brief, w calculated all pairwise Spearmargs ank correlabns between all

211  taxa (% of coveér), focussing exclusively on positive correlations because they provide

212 information on species that may respond similarly to differentgaiht climatic, and

213 grazing conditions (Barberan et al. 2012). We consideredog@arence to be robust if the
214  Spearman’s correlation coefficient was > 0.25 Brrd0.01 (see Barberan et al. 2012 for a

215  similar appreaeh). This cut-off has a biological meanegause & only focus on taxa that

216  aresignificantly.strongly coeccurring whichare therefore more likely to interact with each
217  other within'a given plant community. The network was visualized with the interact

218  platformGephis(Bastian et al. 2009). We thendisefault parameters (network resolution =
219  2.0in all'’cases) from the interactive platfofdephi to identifyecological cluster of the most
220 strongly interacting biocrust taxa. We then computed the relative abundance of each

221  ecological clusteby averaginghe standardized relative abundanaescpres) of the taxa

222 from eachiecological clustestandardizing the data allowed us to exclude any effect of

223  merging data from different biocrust groups e.g. licbheemoss.

224

225  We then.used Structural Equation Modelling (SEM) to build a system-level unanstaf

226  the effects'of'paleoclimatiegacieson the composition of the two speciési ecological

227  clusters. Waleveloped am priori model of how we expected our biocrust system to behave
228  with changes in paleoclimatiegaciesover the pas?Ok years (Supporting Information

229  Appendix S1)aln this priori mode we predicted that paleoclimatic legac{ebanges in

230 temperature and rainfall over the pagk years)grazing (by cattle)differences in soilg¢pH

231 and total carbon), groundstorplant coverand location (latituddongitude) would have

232 direct effects on both biocrustological clustey, separatelyand that there would be a

233  number of indirect effectsnediated bysoils plants and grazing (Electrorippendix S1).
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Grazing has been shown to have indirect effestsoil crust composition by altering plant
cover (Eldridge and Koen 199Bit affecting soil surface stability and therefore sarbon

levels Eldridge et al2017). We also includecurrent climaten our models to account for
variation in any response due to current climatic conditions. Current and pakgactilata

were obtainedfrom the WorldClim database. Paleoclimaticfdatathe Last Glacial

Maximum (about 20 k years agegre downscaled from simulations using Global Climate
Models (CCSM4), and calibrated (bias corrected) using WorldClim 1.4 as thnbasel
‘current’ climate."WorldClim provides information on 19 climatic variables, but we only
used a subset of three of these (1) for simplicity (we kept the most comprehensive climatic
variables, which are largely used in the literature) and more importantly, (2) to avoid strong

multicollingarity issues in our models as mofkthe 19 variables are highly correlated.

Hypothesized pathways in oaipriori model were compared with the variarcmariance
matrix of our data in order to calculate an overall goodnégis-using they” statistic.The
goodness of fit test estimates the likelihood of the observed data giveeprilbe model
structure. Thus;high probability values indicate that models are highly plausiisial c
structures‘underlying the observed correlati@eforefitting empirical data to oua priori
modelswe examined the univariate correlations among all variables and standardized (z
transformed).the data. The stability of the resultant models was evaluated as described in
Reisner et al. (2013). Analyses were performed using the AMOS 22 (IBM, Chicago,
USA) software After fitting our empirical data to thepriori model (Fig. S1), we interpreted
a good model fit as one with a low ¥, high Goodness of Fit Index [GFI] and high Normal Fit
Index [NFI]).

For our dataset we found some gaps (~ 2%) in oupsbéind Cdata due to loss of
laboratory'samples. To overcome this, we obtained soil pH data from Hengl et al, (2017)
who present-glabal maps of multiple soil properties at a resolution of 28i3sing soil C

data wereobtaired similarly. We found a strong positive and significant correlation between
the observediand predicted pH (p = 0.46; P <0.0001) and soil C (p = 0.55; P < 0.0001) For
each of oursites we estimated the density of cattle using data from Robinsq2@14) that
are based on 1 km resolution global maps. A demonstration of the validity of plexdittte
density, soil C and plfbr the NSW region and Australia presenteth DelgadoBaquerizo

et al. (2018).

This article is protected by copyright. All rights reserved



268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301

Results

We recorded 120 lichen, moss and liverwort taxa across the studivassses accounted for
46% of all taxa, and crustose (18%) and squamulose (15%) forms were the most common
lichens Ournetwork analysis discriminatst ecological clustes, two of which had 87% of

all taxa. Theséwo mainecological clusterscluded 41 (Cluster Aand 52 (ClusteB) taxa.
Theadditional foursmall clustergomprising between 2 and 13 taxa (Fig. ZdustersA and

B had a similar richness of mosskshens and liverworts (Electronic Appendix)S8ome
biocrust taxa were strongly indicative of the two major clusters. For exaagdefrom the
lichen families Peltulaceae and Teloschistaceae wstiected to Cluster Awhile
Cladoniacead.ecideaceae and Thelotremataceae were resttwi€tlister B For the
mossesBryaceae were dominant in Cluster A and there was slightly greater abundance of

Pottiaceae in Cluster @ig. 2b).

Our SEM provided a systefavel understanding on the role of multiple ecological attributes
in predicting.the'distribution of biocrust communitigerestingly we found that climatic
legacieshave ‘an important influence on treativeabundance of thievo major ecological
clustershuthad no significaneffects on theemainingclustes. Specifically steswith the
greatest increases iemperaturever the last 20k yeafpositive temperature legaciesgre
associated with reductions in the relative abundan@usterA taxa(Fig. 3),while sites
where pregipitation has increased over the past 20k @astive precipitation legacyyere
associated with increasesthre relative abundance GfusterB (Fig. 4).Climatic legacies
alsoinfluenced other ecological attributes. For examgitles where¢hetemperature has
declinedover the past 20years(negative temperature legadygd less groundstorey plant
cover, but'highelevels of soil pHand sitesvhere precipitatiomas increasefpositive
precipitation legacy) compared with current lexad® had lower levels of soil pfWe also
found somerindirect effects climatic legacie®n the relative abundance©lusterB. Sites
exhibiting thesgreatest increases in tempaes in the past 20k yeagppressed the negative
effect of plant cover on the relative abundance of Cluster B by reducing plant cover.
Similarly, increased intensity of grazing suppressed the negative effect of pH, and the
positive effect of soil carbon, on the relative abundance of Cluster B. Finally,smgyea

temperature and precipitation legacies reduced the negative effect of soil pH on Cluster B

(Fig. 4).
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302  Of course, otheenvironmental variables were also important predictors of the relative
303 abundance of ecological clusters of biocr(btg. 4). For examplesites with greater current
304 precipitation had a gréar relative abundance of bothuStersA and B, andsites with greater
305 radiation were associated with increases in Cluigt€onversely, locations of greater

306 contemporaryemperature was associated with declines in Clis{€ig. 4).Increases in the
307 relative abundance etological ClusteB were associated witlbwer levels of soil carbgn
308 butless plant cover aridwer soil pH.Unlike Cluster B however, we found no direct effects
309 of soils orplants othe relative abundance GlusterA.

310

311  Discussion

312

313  Our study providesmpiricalevidence that climatic legacies can influence the current

314  distribution of major ecological clusters of biocrust speciisnatic legaciedad different
315  effects on the relative abundance of different ecological assemblies of biocrust organisms
316  with significanteffects on twmf the sixecological clusterthat together comprige78% of
317  all lichen and-bryophyte taxfaund across ~ 0.6 million kihof eastern AustraliaThus

318  precipitation andemperature legaciegere associatedith the relative abundance of

319 ecological clusters A and B, respectiveDur resultscould help to explain whigiocrusts are
320 absent fronparticularlocations wherg¢hey would be expected to thrivelternatively,our

321 results could also shed light amy some speciesccur in areas where they aret predicted
322 to occur under current climates, such as the cadelfose lichens irareas of summer

323 rainfall in central Australiagldridge 1996). Our work is important for two reasons. Hirst,
324  provides insights into why species are absent from the areas that have not been impacted by
325 humaninduced disturbance erce versa. Second, a understang that climatdegacies can
326  explain part of the current distribution of brass safeguard usagainst unreasonable

327  expectations.that species can be predicted from distribution models basedumahe

328 known distributions. Third, omesearchmproves our understandirg the effects of long
329 term changes:in climate on organisms that have been little studiede believed to be

330 relatively resilient to changes in climat@verall, a knowledge of the importance of climate
331 legacies helpsyus taoderate our decisions abaovesting in landscape restoratibased on
332 alack of knowledge of the true drivers.

333

334  Our structural equation models provide evidence of the negative correlation between

335 increasing temperature legacies and the relative abundateoa in Cluster A. In other
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words, aixa in ecological Cluster were associated with the smallest increase in temperature
over the paskOk yearsThis cluster wadominatedargelyby mosse$rom the family

Bryaceae (e.gRosulabryum spp.; Fig. 2B)Dominant biocrust traits for the species within

this cluster could help explain this result. For examplelagjicalclusterA mossspecies

such agGeniemitrium acuminatum andAcaulon integrifolium have ‘annual shuttle’
strategiesmaintaining a high repductive effort bymaintaining a short life span and
producing‘a fewelativelylarge spores (Kurschner and Frey 2012). Although they can
withstand high temperatures, their photosynthetic optimum is between 10° and 28°C (Lange
et al. 1999),.and higher temperatures for prolonged periods may compromise thgitaabili
regenerate,(Stark and McLetch&906). This could account for the fact that sites with the
lowest increas in temperature over the past 20k years are closer to the photasyophieta

for Cluster A'mosses.ichen taxa in Ecological Cluster A includ&dnthoparmelia

semiviridis (syn.Chondropsis semiviridis), which is known to be strongly influenced by
changes in diurnal summer temperatures (Rogers 1972). Photosynthesis lx¢lseamsecan

be suppressed when high summer temperatures, particularly when the thallus isrhydrati
(Lange et al:2001 Xanthoparmelia semiviridisis a sessile lichen that cannot maintain gas
exchange ‘after.exposure to temperatures of only 55°C for 30 mins (Rogers 1972). Thus,
locations with the largest increases in temperature over the lastez@swould likely have
resulted in a lewer relative abundance of this species.

Increasing precipitation legacy was positively related to the relative abundabcelajical
Cluster Btaxa Again, functional traits associated to the species within this cluster might help
explain this result. For example, cluster B contained theog®llverwortsAsterella

drumondii, Riccia lamellosa, R. limbata andR. nigrella, all of which require free water to
reproduce and maintain their osmotic balance (Sperry 2003). Studies in arid northern
Australia.have shown th&iccia spp. tend to occur iareas where water accumulates after
rainfall (Rogers:1994). Highly variable or erratic rainfall will limit the distribution of
liverworts (Seeott 1985), and in water-limited environments such addseirtsor cold

deserts sueh as Antarctjt¢heir distribution is likely to be restricted to areas receiving
supplementary.water in the form of snow melt (Kennedy 1995) or runoff water (Eldridge and
Tozer 1996, Eldridge 1998). Ecological Cluster B also contained the foliose and fruticose
lichens Kanthoparmelia spp.,Cladia spp.,Cladonia spp.,Heterodea spp.),consistent with

our models that indicate a significant positive relationship between thisrcéunsl the

contemporary distribution of rainfall (Fig). Our previous research has shown that
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Heterodea spp are more common in zones that intercept runoff (Eldridge)1998 extra
water may be necessary to support the larger thallus structure of theSentxefore,
locations with the largest increases in precipitation over th@@astyears might have

resulted in a larger relative abundance for this cluster.

We also found evidence for multiple indirect effects of climatic legaciexological tuster

B via changes iiplant cover and soil pH (Fig. 4). For examiges where temperature has
increasedithe most over the p2@tk yearswill likely be associated with a lower plant coyer
which was associated with an increase in the relative abundaeacelofical clusteB (Fig.

4) but no significant effect oacolayical clusterA (Fig. 3). Increasing plant cover is known

to suppress the cover of certain mosses and lichens speciea<ladonia sppin cluster B

(Allen 1929; Pharo and Beattie 1997) by occupying suitabledmdlraiches (Pharo and

Beattie 1997; Vanderpoorten and Engel 2003; Vanderpoetr&#n2005; Martinezt al.
2006).Grazing had an overall suppressive effect on Cluster B taxa (standardised total effects
[STE] =-0.17), and one potential mechanism wiasthe suppression of the positive effect of
carbon on Eelegical Cluster Baxa Carbon is a proxy for organic matter (Schmidt et al.
2011), so taxa.from Ecological Cluster A would be expected to prefer high fertitithtioms

or siteslof low soil pH. Sygrt for this comes from a study of the migwale distribution of
biocrust taxa.acroghree microhabitats within @allitris woodland. Te interception zone,

an areavhereachange in slope produces a series of alternating depressions, was dominated
by taxa fram Ecological Cluster B suchAgerella drummondii, Fossombronia spp., and the
thallose liverwortsRiccia spp.; Eldridge 1998 Thetendency of these species to occur in

areas of water and organic matter accumulation may be related to their preference for sites

with high levels of organic carbon.

Another interesting outcome from this study is that the dominant ecological clusters in

region included:a similar number wfossand lichen species. A priori, we might have

expected that-one cluster would be dominated by mosses and the other by lichens, based on
the notion.that mosses (and liverworts) would dominate areas where precipitation ha
increased overthe past 20k years while lichens would show the opposite response. This is
based on the perception that mosses prefer more mesic, and lichens more arid, environments.
However, this was not the case. Rather, both mosses and lichens species were well
represented in each cluster, indicating that no dichotomy between the two custers

suggesting that multiple mosses and lichen species can potentially share environmental
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preferences. Notwithstanding the effects of current climate and climate legacy, soll
chemistry, plant cover and grazing, the low explanatory power of our models (0.06 to 0.38)
indicates that other unmeasured factors could influence the different clusters. Nonetheless,
the aim of this study was to examine whether wedta@eéntify an association between

climatic legacies and contemporary distribution of biocrust taxa ateuating for well-

known ecalogical predictors of biocrust. Future modelling could include other potential
drivers flooding or fire, which were not modelled, to improve predictability. Biocausts

known to be killed by frequent fires (Eldridge and Bradstock 1994), the return interval for
fire in western NSW is relatively long (Leigh and Noble 1981).

Although climatic legacies and climate change are not directly comparable, mainly because
of their differenttemporal scales (centuries vs. thousands of years), we believe that our
results can still provide some potential insights to help understanding the fistuimition

of biocrusts species acrossga regions. For example, temperasuage predicted to rise by
1-5°C across Australia’drylands over the next 50 years, depending on location and
modelling seenario (Stokes et al. 2008). Climatic projections for much of our stady are
include aniincrease of up to 3°C in temperatwith the greatest increases in the npah
increase of 120% in summer rainfglbut sulstantial reductions (2800%) in winter

precipitation (Eldridge and Beecham 2017). This could mean a contraction of taxa in
EcologicalCluster A to areas experiencing lower rates of temperature incse@beas areas

in the south of the study aremd a ptential expansion of Ecologic@luster B species
northward into areas of increased rainfall. The management and ecological ionicet

these changes have not been adequately addressed. However, there are likely to be changes in
ecosystem functions ssciated withhiese changes. For example, the cyanolicigabiema
coccophorum andPeltula spp. (Ecological Cluster A), whichave cyanobacteria as their
phytobionts, mayetract to the soutlaltering the inputs of N into the soil (Belnap 2002). The
extent to whichithese potential changes lead to ecosygigenchanges in soil N pools is,

however, unknown.

Ourwork indicatesthat climatic legaciemfluencethe current distribution of biocrusts
ecological clusters of speciasross large spatial scaleformation on climatic legacies
couldtherefore provide a useful way tionprove our capacity to predict the distribution of
ecological assemblied biocrusts across southern Australia, but potentially somewhere else.

Given that biocrusts have suchtmead global distribution, we encourage others to use
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438  regional biocrust species databases to test whether clusters of similar species from other
439  drylands exhibit similar responsestbmse in our study. This knowledge can help us to
440  improve our predictions of how biocrust assemblies might respond to on-going global
441  environmental change associated with increasing land use intensificatioasingre

442  temperaturerand reduced rainfalith important implications for future sustainable

443  management and consergatipoliciesIt might also help us to prioritise activities such as
444  inoculationthat'is designed to promote the establishment of biocrusts and thegtads
445  ecosystem services

446

447  References

448

449  Barberan, A., Fernandez-Guerra, A., Bohannan, B.J. & Casanta@n(2012) Exploration
450  of community traits as ecological markers in microbial metagendvi@escular Ecology, 21,
451  1909-1917,

452

453  Bastian, MgsHeymann, S. & Jacomy, M. (2009) Gephi: An Open Source Software for
454  Exploring and\Manipulating Networks. In International AAAI conference on weblogs and
455  social media: San Jose, California.

456

457  Belnap. J. (2002) Nitrogen fixation in biological soil crusts from southeast Utah, US
458  Biology and Fertility of Soils, 35, 128—-135.

459

460 Bowker, M.A., Belnap, J., Budel, B., Sannier, C., Pietrasiak, N., Eldridge, Rivé&a

461  Aguilar, V. (2016) Controls on distribution patterns of biological saikts at micreto

462  global scalesBiological Soil Crusts: An Organizing Principle in Drylands. Ecological

463  Studies 226,.(eds B Weber, B. Budel & J. Belnap), pp. 1739@®ger, New York.

464

465 Buck, W.Re&Vitt, D.H. (2006) Key to the Genera of Australian Mos&éara of Australia
466  Volume 51 Australian Biolgical Resources Study, Canberra.

467

468  Bureau of Meteorology (2015) Bureau of Meteorology, Australian Government.

469  http://www.bom.gov.au/. Accessed 8 February 2018.

470

This article is protected by copyright. All rights reserved



471 Chamizo, S., Stevens, A., Canton, Miralles, I., Domingo, F. &/an WesemaeB. (2012)
472  Discriminating soil crust type, development stage and degree of disturbanceandgemi

473 environments from their spectral characteristitsopean Journal of Soil Science, 63, 42-53.
474

475  Chiquoine, P Abella, S.R. & Bowker, M.A. (2016) Rapidly restoring biological soil crusts
476  and ecosystem functions in a severely disturbed desert ecoskstogical Applications,

477 26, 1260-1272.

478

479  DelgadeBaguerizo, M., Maestre, F.T., Eldridge, D.J., Bowker, M.A., Ochoa, V., Gozalo,
480 B....., Singh, B.K. (2016) Biocrugsbrming mosses mitigate the negative impacts of

481  increasingaridity on ecosystem functionality in drylamdisy Phytologist, 209, 1540-1552.
482

483  Delgado-Baquerizo, M., Bissett, A., Eldridge, D.J., Maestre, F.T., He, J-Z., Wang, J.T
484  Fierer, N.(2017) Palaeoclimate explains a unique proportion of the global variation in soil
485  bacterial communitiedNature Ecology & Evolution, 1, 1339-1347.

486

487 DelgadeBaquerizoM., Eldridge, D.J., Travers, S.K., Val, J., Oliver, | BSssett A. (2018)
488  Effects of.climate legacies on abewnd below-ground community assemigbjobal

489  Change Biology'https://doi.org/10.1111/9cb.14306

490

491  Eldridge, D.J. & Koen, T.B. (199&over and floristics of microphytic soil crusts in relation
492  to indices of landscape healflant Ecology, 137, 101-114.

493

494  Eldridge, D.J..(1998) Dynamics of mossid licherdominated soil crusts in a patterned

495  Callitris glaucophylla woodland in eastern Australidcta-Oecologica, 20, 159-170.

496

497  Eldridge, D:37& Tozer, M.E. (1996) Distribution and floristics of bryophytes in sasitsin
498  semtarid and-arid eastern Australiustralian Journal of Botany, 44, 223-247.

499

500 Eldridge, D.J(2996) Distribution and floristics of terricolous lichens in soil crusts in arid and
501 semtarid New South Wales, Australiaustralian Journal of Botany, 44, 581-599.

502

This article is protected by copyright. All rights reserved


https://doi.org/10.1111/gcb.14306�

503 Eldridge, D.J. & Beecham, G. (201The impact of climate variability on land use and

504 livelihoods in Australia’s rangelandSlimate Variability, Land-Use and Impact on

505 Livelihoodsinthe Arid Lands, (ed M.K. Gaur & V.R. Squires), pp. 293-315. Springer, New
506  York.

507

508 Eldridge, D.J. & Bradstock, R.A. (1994). The effect of time since fire on the cover and
509 composition of cryptogamic soil crusts on a eucalypt shrublandZmihinghamia 3, 521-

510 527.

511

512  Eldridge, D.J. & Ferris, J.M. (1999) Recovery of populations of the soil liPsera crenata
513  after disturbance in arid South Australlde Rangeland Journal, 21, 194-198.

514

515 Eldridge, D.J., Travers, S.K., Facelli, A.F., Facelli, J.M. & Keith, D.A. (2017) The Chenopod
516  ShrublandsAustralian Vegetation, 3¢ Edition, (ed. D.A. Keith), pp. 599-625. Cambridge
517  University Press, Cambridge.

518

519  Filson, R.Bx(1988) The lichen gendiiappia andPeltula in Australia.Muelleria, 6,495-517.
520

521  Filson, R.B. (1992Heterodeaceaé&lora of Australia. Vol. 54 (edA.S. George.), pp. 198-
522  200.AustralianGovernment Publishing Service, Canberra.

523

524  Filson R.B. & Rogers, R.W. (1979) Lichens of South Australia. Government Printer, South
525  Australia.

526

527  GarciaPichel, F., Loza, V., Marusenko, Y., Mateo, P. & Potrafka, R.M. (20&8&)perature
528 drives the/continentadcale distribution of key microbes in topsoil communiti&sence,

529 340, 1574+=1577;

530

531 Hengl, T.,.Mendesde Jesus]., Heuvelink, G.B.M.Ruiperez Gonzaled., Kilibarda, M.,

532  Blagoti¢, A., “.sKempen B. (2017) SoilGrids250m: Global gridded soil information based
533  on machine learnind’LoS 1 doi.org/10.1371/journal.pone.0169748

534

535  Keith, D.A. (2017)Australian Vegetation, 3 edn. Cambridge University Press, Cambridge.
536

This article is protected by copyright. All rights reserved



537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569

Kennedy, A.D. (1995) Antarctic terrestrial ecosystem response to global environmental
change Annual Review of Ecology & Systematics, 26, 683—704.

Kirschner, H. & Frey, W. (2012) Life strategies in bryophytaprime example for the
evolutionsoffunctional typedNova Hedwigia, 96, 83-116.

Kuske, C.R., Yeager, C.M., Johnson, S., Ticknor, L.@&nap J. (2012) Response and
resilience of soil biocrust bacterial communities to chronic physical disturbance in arid
shrublandsIhelSME Journal, 6, 886-897.

Lafuente, A, Berdugo, M., Ladron de Gueva\Vl., Gzalo, B. & Maestre, F.T. (2017)
Simulated climate change affects how biocrusts modulate water gains and desiccation

dynamics after rainfall event&cohydrology doi.org/10.1002/ec0.1935

Lange, O.L., Green, T.G.A. & Reichenberger, H. (1999) The response of lichen
photosynthesis.to external GOoncentration and its interaction with thallus wegetus.
Journal of Plant Physiology, 154, 157-166.

Lange, O.L.,.Green, T.G.A. & Heber, U. (2001) Hydratt@pendent photosynthetic
production of lichens: what do laboratory studies tell us about field performame®@l of
Experimental Botany, 52, 2033-2042.

Leigh, J.H. & Nable, J.C. (1981). The role of fire in the management of rangelands in
Australia.Fire and the Australian Biota, (ed A.M. McGill, R.H. Groves & I.R. Noble), pp.

471-495. Australian Academy of Sciences, Canberra.

LépezMerino; Ly, ColasRuiz, N.R., Adame, M., Serano, O., Martinez Cortizas, A. &
Mateo, M.A(2017) A six thousangkar record of climate and lan$e change from
Mediterranean seagrass matsurnal of Ecology, 105, 1267-1278.

Martinez, |., Escudero, A., Maestre, F.de la Cruz, A., Guerrero, C. & Rubio, A. (2006)

Smaltscale patterns of abundance of mosses and lichengg biological soil crusts in two

semiarid gypsum environment8ustralian Journal of Botany, 54, 339-348.

This article is protected by copyright. All rights reserved



570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

McCarthy, P.M. (1991) The lichen gen&sdocarpon Hedwig in AustraliaLichenologist,
23, 27-52.

McCarthyy PiM(2006) Checklist of Australian Liverworts and Hornworts. Australian
Biological Resources Study, Canberra. Viewed 06 March 2016.

http://www.anbg.gov.au/abrs/liverwortlist/liverworts_intro.html

McCarthy, P.M. (2015) Checklist of Australian Lichenicolous Fungi. Australian Biological
Resources Study, Canberra. Version 10 December 2015.

http://wwwianbgrgov.au/abrs/lichenlist/Lichenicolous Fungi.html

Parte] M., Chiarucci, A., Chytry, M. and Pillar, V.D. (2017). Mapping plant community
ecology.Journal of Vegetation Science, 26, 1-3

Pharg E.J. &Beattie A.J. (1997) Bryophyte and lichen diversity: A comparative study.
Australian Jeurnal of Ecology, 22, 151-162.

Pickard, J. &Nerris, E.H. (1994) The natural vegetation of naghktern New South Wales: notes to
accompany the 1:1 000 000 vegetation map sl@eininghamia, 3,423-464.

Reed S.C, Kog K., Sparks, J.P., Housman, D., Zelikova, T.B&énap J. (2012) Changes
to dryland rainfall result in rapid moss mortality and altered soil fertNagure Climate
Change, 2, 752-755.

Reisner,,M.D.,. Grace, J.B., Pyke, D.A. & Doescher, P.S. (2013) Conditions favouring
Bromus tectorumdominance of endangered sagebrush steppe ecosydoeinmsl of Applied
Ecology, 50;+:1:039-1049.

Robinson, T'P:Wint, J.R.W., Conchedd&;., Van BoeckelT.P.,Ercoli, V., PalamaraE., ...

Gilbert, M. (2014) Mapping the global distribution of livesto&k.oS One
doi.org/10.1371/journal.pone.0096084.

This article is protected by copyright. All rights reserved


http://www.anbg.gov.au/abrs/lichenlist/Lichenicolous_Fungi.html�

603  Rodriguez-Caballero, E., Belnap, J., Bidel, B., Crutzen, P.J., Andreae, M.O., Pogchl, U.
604  Weber, B. (2018) Dryland photoautotrophic soil surface communities endangered by global
605 changeNature Geoscience, 11, 185-189.

606

607 Rodriguez-Caballero, E., Escribano, P. & Canton, Y. (2014) Advanced image processing
608 methods as a tool to map and quantify different types of biological soil kngshational

609  Journal of Photogrammetry and Remote Sensing, 90, 59-67.

610

611  Rogers, R.W. (1972 oil surface lichens in arid and seamid southeastern Australia. Ill.

612  The relationship between distribution and environmudtralian Journal of Botany, 20,

613  301-316.

614

615 Rogers, R.W. (1994) Zonation of theerwort Riccia in atemporary watercourse in

616  subtropical, semarid Australia Australian Journal of Botany, 42, 657662

617

618 Rogers, R\W.(1971) Distribution of the lich€hondropsis semiviridisin relation to its heat
619 anddrought,reistanceNew Phytologist, 70, 1069-1077

620

621  Schmidt, M.Wal., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, |.A.,
622 Kleber, M. ....Trumbore, S.E. (2011) Persistence of soil organic matter as an ecosystem
623  property.Nature, 478, 49-56.

624

625  Scott G.AIM. (1985) Southern Australian Liverworts. Australian Government Publishing
626  Service, Canberra.

627

628  Sperry J.S..2003) Evolution of water transport and xylem structumernational Journal of
629  Plant Science;164, 115-127.

630

631  Stark L.R«&McLetchie,F.N. (2006) Gendespecific heashock tolerance of hydrated

632 leaves in the'desert moSgtrichia caninervis. Physiologia plantarum, 126, 187-195.

633

634  StevenB., GallegoSsravesL.V., Belnap, J. & Kuske, C.R. (201Byyland soil microbial

635 communities display spatial biogeographic patterns associated with soil depthl aadent
636 matrial. FEMSMicrobial Ecology, 86, 1-13.

This article is protected by copyright. All rights reserved



637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658

659
660
661
662
663
664
665
666
667
668
669

Stokes, C.JAsh, A. & Howden S.M. (2008)Climatechangampactson Australian
RangelandsRangelands, 30, 40-45.

Vanderpoorten;"A., Sotiaux, A. & Engels, P. (2005) A GIS-based survey for the conservation
of bryophytes atthe landscape sc8ielogical Conservation, 121, 189-194.

Vanderpoerten, A. & Engels, P. (2003) Patterns of bryophyte diversity and rarity at a regional
scale Biodiversity & Conservation, 12, 545-553.

Weber B.,Budel, B. & Belnap, J. (2018)jological Soil Crusts: An Organizing Principlein
Drylands. Ecolagical Studies 226, Springer, Amsterdam.

Weber, B., Wu, D., Tamm, A., Ruckteschler, N., Rodriguez-Caballero, E., Steinkamp, J., ...
Pdschl, U.(2015). Biological soil crusts accelerate the nitrogen cycle thremgghNO and
HONO emissiens in drylandBroceedings of the National Academy of Sciences of the

United States of America, 112, 15384-15389.

Weber, B., Olehowskid, C., Knerr, T., Hill, J., Deutschewitz, K., Wessels, C.J.... Budel, B.
(2008) A new approach for mapping of biological soil crusts in semidesert areas with

hyperspectral imagerrRemote Sensing of the Environment, 112, 2187-2201.

Captionsfor figures

Fig. 1. Distribution of the 282 sampling sites in eastern Australia (inset Australia) and some
typical soil crust taxa. (§anthoparmelia semiviridis (foliose lichen, Cluster A), (b)

scanning electron microscopy image of cyanobacterial filaments (cyanobactelisier €),

(c) Didymodon torquatus (moss, Cluster B), (dsterella drummondii (thallose liverwort,

Cluster B). Photographs: D.J. Eldridge

Fig. 2. Network diagram showing the location of the six clusters (A-F) and histograms

showing the abundance of different moss and lichen families in Clusters Aick&)

(yellow). Histograms on the lefitand side show that there is a greater abundance of mosses
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from the family Pottiacea in Cluster B, and liverworts, lichens (Family Verrucariaceae) and
mosses (Bryaceae) in Cluster A.

Fig. 3. Structural equation modeling of the direct and indirect effects of camdrialeo
climatic legacies (botmcluding mean annual temperature [MA& MAT | ], mean annual
precipitation [MAR: & MAP ], and radiation RAD), grazing (cattle grazing), soils (organic
carbon [C]'and pH), and groundstorey plants (cover) on Clust&ll sariables were

included agndependent observable variablesultiple path coefficients are presented on the
same arrow,inorder to reduce the number of boxes and the number of arrows, resulting in
considerable simplification of the model structure. Correlations among differeipsgobu
variables e'g/pH and C, or legacy MAT and legacy MAP, were allowed to covary.
Standardized path coefficients, superimposed on the arrows, are analogous to partial
correlation coefficients, and indicative of the effect size of the relationship. XZ =5.57,df =3,

P =0.134, GFIl = 0.996, RMSEA = 0.056, Bollen-Stine = 0.90. Only significant path
coefficients are shown. The proportion of variance explain@dabears below the three

soil health respense variables in the models. For pathway A in batblsn®ATc— pH (-
0.68), MAR:—.pH (-0.81), RAD— C (-0.60).

Fig. 4. Structural equation modeling of the direct and indirect effects of camdraleo
climatic'legacies (both including mean annual temperature [M&MAT ], mean annual
precipitation [MAR & MAP ], and radiation RAD), grazing (cattle grazing), soils (organic
carbon [C] and pH), and groundstorey plants (cover) on ClusteuBipM path coefficients

are presented on the same arrow in order to reduce the number of boxes and the number of
arrows, resulting irconsiderable simplification of the model structure. Correlations among
different groups of variables e.g. pH and C, or legacy MAT and legacy MAP, were allowed
to covary.'Standardized path coefficients, superimposed on the arrows, are analogous to
partial correlatiomcoefficients, and indicative of the effect size of the relationship. x> = 5.57,

df = 3,P =10:134, GFI = 0.996, RMSEA = 0.056, Bollen-Stine = 0.90. Only significant path
coefficientssafe shown. The proportion of variance erpli(R) appears below the three

soil health response variables in the models. For pathway A in both models;-MAH (-

0.68), MAR-— pH (-0.81), RAD— C (-0.60).
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