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Abstract

Changes in‘seilfertility during pedogenesis affectghantity and quality of resourcesteing the
belowground subsystem. Climate govepelogenesjsyet how climate modulategsponses of
soil food webs*tesoil agingremains unexploredecauseof the paucity of appropriate model
systems.We characterized soil food webs along eaclioaf retrogressivesoil chronosequences
situatedacross astrong regional climate gradiento show thatbelowground communities are
predominantly shaped lghanges in fertility rather thaglimate Basal consumers showed hump
shaped respoensesysto soil agimdiich were propagated to higherder consumersThere was a
shiftin dominanedrom bacterial to fungal energy chanselith increasing soil age, while the root
energy channel.was most importanintermediateaged soils. Our study highlights the overarching
importance okeilfertility in regulating soil food websndindicatesthat belowground food webs
will respond maere strongly to shifts in soil resources ttiamate change

INTRODUCTION

Local scale variation in soil fertility, notably the availability and supply of mfisieis a
fundamental driver of community and ecosystem properties (Grime 2001; Vitousek Bo0#)
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aboveground and belowground communities frequently show coordinated responses to spatial
variation in soil fertility, because fertility regulates the quantity and quality of -piemied
resources that enter the seihich in turn impacs the soil biotathatinfluence plant nutrition and
growth throughboth indirect and direct pathwayBerendse 1998; Wardig al. 2004a; van der
Puten et al. 2013) Soil age can be an important driver of this spatial variatdotably,
chronosequences that are of sufficient duration to include stages that have underggstenecos
retrogression (i.e., declines in ecosystem level processes including ptahictprity and
decomposition)due, to losses in soil nutrients owggolaical time scalespffer importantinsights
into the ecological effects of changes in soll fertifyalker & Syers 1976; Vitousek 2004; Wardle
et al. 2004b;sPeltzert al. 2010) Studies of longerm chronosequences have shown that soll
fertility and primary productivity initially increasgp to a peakluring the early ‘buileup’ phase of
ecoystem development due to increases in nitrogen (N) availability, but then graduéiig dee
to losesof rock-derived nutrients, notably phosphorus (Rlardle et al. 2004Reltzeret al. 2010,
Laliberté et al. 2012). Ganges in soil fertility durindongterm soil and ecosystem development
alter thefunctiomal"eomposition of the vegetation, the amount and quality of resources entering the
belowground=subsysteliRichardsoret al. 2004; Hayest al. 2014; Zemuniket al. 2015)and the
communities/of organisms that constitute 8wl food web and govern nutrient cyclinglant
nutrition and growtl{Williamsonet al. 2005; Doblasvirandaet al. 2008; Bokhorset al. 2017).

At largersspatial scales, macroclimate is also well recognized as regulating pedogenesis, the
nature of soil*nutrient limitation and nutrient supply for plant grogkttGroddy et al. 2004;
Huston 2012pnd feedbackbetwea plantsandthe belowground subsystegdefossezt al. 2011,
De Long et ‘a. 2015) However, largescale studies exploring these effects are frequently
confounded by.differences in parent material under different climatic regimes, and there is a dearth
of studies on_how macroclimate and soil fertility intérac their effects on aboveand
belowground«communities and ecosystem processes when parent material is held (tutstaat
Bokhorst et=al#=2017) Insights can potentially be derived from studies that eithgilore
interactions hetween parent material and clinfieayama & Aiba 2002)or interactions of soils
of different ages and climate within a single parent matékahyamaet al. 1997; Pordegt al.
2007) For example, Porder and Chadwi(2009) showed, using a matrix of sites in Hawaii
varying ingsoil age and climate, that ecosystem nutrient retention during pedsgeng®atest
when precipitation matches potential evapotranspiration. As such, the use eoferiong
chronogquences that encapsulate a wide range of soil fertilities across regional climate gradients
has considerable potential for advancing understanding of how climatic constnathésatethe
consequences of soil fertility for belowground community or ecosystem propétbesver to
our knowledge such a test has never been performed.
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The organisms in the belowground subsystem collectively comprise the soil food wel, whic
contains threebroadly-definedenergy channelsbacterialbased, fungabased and rodiased
(Moore & Hunt 1988; de Ruitegt al. 1995) The bacterialand fungalbased channels influence
plants indirectlyby regulating the release of nutrients from labile and more recalcitrant organic
matter respectively, whilethe rootbased channel involves mutualists (ermgycorrhizal fungi
nitrogenfixing bacterig, pathogens and herbivoresttiva@eract directly with plantéWardleet al.
2004a).The interactions of soil biota with plants regulate plant growth and vegetation diisge
Deyn et al, 2003; Kardolet al. 2006) and ecosystem processes both above afwvbground
(Berendse 1998; Sackedt al. 2010). Despite the key role of the soil food web in terrestrial
ecosystem functioning, we derstand lile about its response to largeale variation in soil
fertility outside=of agricultural systenfMulder et al. 2013) However, some insights have been
revealed from retrogressive chronosequences in which large declines in soil fertility over time can
lead to pronounced declines in densities of soil bj@fdliamson et al. 2005; DoblagMiranda et
al. 2008; Peltzeet al. 2010)and increasing domimae by the fungabased (versus the bacterial
based) energy-channdM/ardleet al. 2004a; Williamsoret al. 2005; Bokhorset al. 2017) How
these effects-ofsretrogression (and thus declining soil fertilgy, bottoraup control) on the soil
food web aremoderatedby climate remains unexploretiut addressing this would greatbid
understanohg of ‘how macroclimate drive ecosystemchange. More generally, studying the
interactive effects of soil fertility and climate is important because they represeabrthieant
abiotic factors*eontrolling the functioning of terrestrial ecosystems worldwide.

A Dbetter understanding of the joint lménces of climate and soil age on ecosystem
development: can be achieved through comparative analgkismultiple retrogressive
chronosequences, that are similar in parent material and mode of formation @ustdhgly in
macroclimatgVitousek 2004) However, model systems that meet this strict requirementeaye
rare (but see=Kitayamaet al. 1997; Porder & Chadwick 2009Here, we use a recently
characterized 'soilsage x climate gradient in seutistern Australia consisting of four lotgrm
coastal dune chronosequen¢ésrneret al. 2017)to determine howvelimate modulates changes in
the soil food webythat occur during lotgrm pedogenesiand ecosystem development. This
guestionhasnot previously been explored in this way and can be addressed through our globally
unique study system of comparable longneoilaging chronosequences repeated across a strong
climatic gradient.The northernmost and driest of theur chronosequencddurien Bay) is well
characteried, and changes in soil and vegetation properties that occur during retrogr&ssjon a
this quencgLaliberté et al. 2012; Hayest al. 2014; Turner & Laliberté 2015re consistent
with those expected from the Walker and Sy@&76) model of longterm pedogenesis. For this
study, we sampled an additional three letegm dune chronosequences from Jurien Bay to the
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southern tip of soutlvestern Australighatshae the same mode of formation amthatively similar
parent material, but which differ strongly in climatee. increasing nafall and declining
temperature from north to south; Fig. 1; Tureeal. 2017).This network of chronosequences is
one of only two systems worldwide that enables the study of the joint influencésatechnd soil
age on ecosystem development, and the only one in a Mediterranean céigiateorwithin a
global biodiversity hotspdiHopper & Gioia 2004; Turner & Laliberté 2015; Turmerl. 2017).

For each'of the four sequence® characterized five stages tlaicompasdoth the buildap
and retrogressive phasefsecosystem developmeriior each stage we quantified vegetation cover,
plant root mass, soil abiotic properties, and key components of the soil food web {oegnmaps
of soil microbes, nematodes and microarthropods). These included groups of organisms in each of
the main energy“channels (bacterial, fungal, root) as well as upper ledatqgs where these
channels convergeBased on the rationale that soil food webs are often strongly bofiom
controlled Wardle and Yeates 1993, De Ruiter et al. 1995, expected these food web
components tincreasan biomassn the early stages of these chronosequences as organic matter
and Naccumulateand root biomass increasémit decreasaluring late-stage retrogressioas the
guality and quantity of resources entering the dettlines(thus yielding a humped response to
these companents over time). However, we predicted that climate waaldratesoil food web
development across the four chronosequences. Specifically, we tested two hypoirssese F
hypothesized«that responses of the main groups of soil biota to pedogenesis would yield stronger
humpbackedsrelationships under higher precipitation. This is because alleviatiavatef
limitation should increase the responsiveness of the soil biota to sdlityfednd because
pedogenic pracesses that drive solil fertility and lead to retrogression are expected to occur faster
under level higher levels of precipitatiofiPeltzer et al. 2010; Huston 2012). Second, we
hypothesized that/across each of the four chronosequences the bacterial energy cloaohels w
dominate earliertthan fungal chann@s fungal channels are more adapted to lower soil fertility
and more recaleitrant organic matter; Wargtlal. 2004a)and that there would be an increasingly
important role of the root chann@deause plant biomass allocation to roots is greater under low
nutrient availability; Brouwer 1963; Grime 2001yith these changes being more pronounced for
the wetter sequencdsor both hypotheses, wWertherexpected that tegdown control by predatory
organismsgcould be an additional driver of abundance of organisms at lower troglscoliethe
food web (Crowther et al. 2013; Kardolet al. 2016), especially during stages of ecosystem
development where soil fertility is high, i.e., in the absence of betiprmontrol(Crowtheret al.
2015) Suchtop-down control might be stronger undewer precipitation ashigherirophic level
organismsmight beless sensitivéo drought Finally, we explored how food web structure was
differentially affected by soil fertility across contrasting rainfall regimes, and usedusaiuc
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167 equation modelindSEM) to determine how these effects were propagated througdoilheod
168  web.

169 MATERIAL AND METHODS

170  Study area and site selection

171 The study wasseonducted along each of four coastal dune chronosecgitrategacross south

172 western Australia (Fig. 1). The four dune chronosequences are positioned along a-segienal

173  climate gradientin‘'which the northernmost chronosequence (Jurien Bay) is thestamohériest

174  and the southernmost one (Warren) is the wettest and coolest (HRechuse temperature and

175  precipitation arevery stronglycorrelated with each other assothese four sequences (Fig. 1), we
176  use annual water/balance (i.e. precipitatopotential evapotranspiration) as our main climate
177  variable, following Porder and Chadwi¢R009) Water balance is arguably the single best and
178 most ecologically important climatic variable in our study because it integrates both actual water
179  supply (i.e.| precipitation) as well as the driving force for water loss (i.e. potential
180 evapotranspiration). €ails on these four sequences arelabis in AppendixS1, Figure 1,and in

181  Turner et al(2017).

182 In each..chronosequence, we first selected five chronosequence stages that represented
183  increasing soil age and pedogenic development. In Jurien Bay, these five staggmuodrte the

184  same oneS deseribed and usedHayeset al. (2014) Delineation of chronosequence stages and
185 methods of site selection for the Jurien Bay chronosequkace beendescribed elsewhere

186  (Lalibertéet ali2014; Zemunilet al. 2015).Maps showing locations of each chronosequence stage
187  are availabledin Turner et §2017).In Jurien Bay, we randomly selected four existing ploesach

188  of the five chronosequence stagkesm anetwork of permanent plots used in previous studies
189  (Laliberté et fal. 2014; Zemuniket al. 2015, 2016). For the other three chronosequences
190  (Guilderton, Yalgorup, Warren; Fig. 1), we positioned four replicate sampling plotghnoéahe

191  five chronosequence stages at random positionssoedaorofile pits(Turneret al. 2017), ensuring

192  that replicate plots followed the same dune from which the profile pit was dug. PlotsOvere 1

193 10 m in size andspositioned along a nestluth axis. Replicate plots within each chronosequence
194  stage wer@lwayspositioned at least 50 m from each other, but ~100 m whenever possible. These
195  plots were used for all measurements and sample cotisctio
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L eaf areaindex

Leaf area index (LAI) was estimated in each mwér 1026 September 2013, using a portable
plant canopy imager (€110, CID BioScience, Camas, WA, USA). We took four canopy images
per plot and sampling points within each plot were separated by 7 m. Images wereithkibe
camera assclosaspossible to the ground surface to include lgimg vegetation. Images were
processed using the built software and LAl was calculataising the gaffraction methodBréda

2003).The four'lzAl'measurements per plot were averaged prior to statistical analysis.

Soil sampling and soil chemical analyses

To quantify changes in soil chemical properties, we sampled surface sbilsc(@ depth) in each
plot, 1026 September 2013Ve collected four soil samples using@mm diameter sand auger at
the same positions, where LAl measurements were made. Those foansois were bulked and
homogenied at the plot level and two fresh ssdimples were k&nfrom these for charactedation

of microbial and*nematode commuaggij respectively. These sshmples were stored in a portable
refrigerator and=maintained at 10 °C until further processing. The remaining Saatgieal was
air-dried forsoil'chemical analyses. Total carbon (C), organic C, carbonate content, tatiall IR, t
resinextractable P, pH, bulk density, and exchangeable cations were measured as described in
Turner and Lalibert§2015) In each plot, we also sampled foudl® cm deep, 1:@8m diameter
cores using.PVC pipe for extraction of soil microarthrop&@shPVC pipewascarefully inserted
into the soil and retrieved with a trowel. Cores waapped andnmediately transferred in a cooler

for transportation from field sites.

Microbial analyses

Community compositional dat@r soil microbes was obtained for a 1 g subsangbleach soll

sample, by measuring phospholipid fatty acids (PLFAs) using the method of Bligbyand

(1959) as modified by Whitet al. (1979) different PLFAs represent different subsets of the soil
microflora. Details @ microbial analyses are available in Appendix S1. Microbial biomass data are
reported both_per'g dry soil weight and per g organic C. We do not report results on a soil volume
(or areal) basis because differences in soil bulk density among chronosequences and stages are
small (Turner & Laliberté 2015; Turnest al. 2017)and analyses on a soil volume basis showed

gualitatively similar patternto those analyzed on a dry soil weight basis (results not shown).
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Nematodes

Nematodes were extracted from a 150 g-sample of each soil sample, using a sutgation
method(Jenkins 1964), for determinations of abundance and biomNassatodes were hekilled

and fixed usingl% (v/v) formaldehyde. At least 150 randomly selected individuals in each sample
were identified=to-family level. Nematodes were then allocated to five trophic groups based on
Yeateset al. (1993) Details on classification into feeding groupsd biomass estimation are

available in Appendix*S1.

Microarthropods

Within 72 hoursafter sampling,PCV cores containing soil samplegre transferred intdBerlese
funnels for microarthropod extraction (Southwood & Henderson 200@r a 72hr period
Microarthropod.wereidentified and courgd this data was used for determining abundance and
biomass Details_of the classificationnio different feeding groupg$Table S1), and biomass
estimaion, aremavailable in Appendix STount data from the four core samples per plot were
pooled togetherforthe purposes of analysis.

Roots

Once all microarthropods were extracted, we removeaails from soil cores, bulked them at the
plot level, ‘carefully: washed them over anin sieve, and ovedried them at 60°C for four days

before weighing.

Statistical analyses

Detailed explanatiorof the statistical analyses is preseniadAppendix S1Briefly, all response
variables wer@analyzedusing linear mixegeffect modelsWe treated chronosequence stage as a
fixed effectywith™random intercepts per chronosequence. To evaluate whether responses of
individual variables varied across stages amdmgrosequences, we compared this first model to
a second one that also considered random intercepts per stage nested within chronosegugence
likelihood ratio testgPinheiro & Bates 2000We tested for differences among stages upog)
hoc Tukey tests(Hothornet al. 2008).Theseanalyses wereonducted in RR Development Core
Team 2016)using the ‘nime’(Pinheiro et al. 2015) and ‘multcomp’ (Hothorn et al. 2008)
packages.

We usedgeneralized multilevel path modelShipley 2009)to test multivariate causal

hypotheses linkingclimate, pedogenesis,and their joint influence on soil food webs
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Chronosequence stage was treated ranked variable. We used water balance rfigan annual
precipitation minus nean annual potéial evapotranspiratignas a proxy for macroclimatic
variation across chronosequendesod web componentigere expressed on a biomass per dry soil
weight basis. Most variables were {/gnsformed to linearize relationships. We used secoder
polynomials of ‘chronosequence stage’ to maa@mnpedback relationships(Graceet al. 2007)

All variables'were centered on their means to facilitate interpretation of path coefficients and to
avoid multicdlinearity problems due to the inclusion of interactions and polynor(kaken &

West 1991) Path_models were fitted in RR Development Core Team 2016@)sing the
‘piecewiseSEM’ packag€@ efcheck 2016), while individual modeisere fitted using the ‘nlme’
packaggPinheiroetal. 2015).

RESULTS

Soil organic matter ‘and vegetation

Changes in| soil organic matter during lelegm ecosystem development varied among
chranosequences (Table SRig. 2a), but organic matter was lowest at the youngest stage for all
sequences and highest at the intermediate stages for all sequences except Yalgorup (Fig. 1a).
Changes in.LAllse variedamong chronosequences (Table S2, Fig. 2b); there were no differences

in LAl among stages in the driest chronosequefdtgien Bay), and a progressively stronger
humpedbackspattern with increasing rainfall for the other three (Fig. 2b). Oragwgeteaf area

index increased from drier to wetter climates (Fig. 2b). There were consistent increases in root
weight with increasing soil age across chronosequgfieadde S2 Fig. 2c¢), as indicated by a non
significant chironosequence x stage interacton significant overall differences among stages
(TableS2).

Microor ganisms

Changes in bacterial and fungal biomass, and the ratio of fungal to fungal plus bhiaTéss
during ecosystem developmentiried among chronosequences. Furljamass per g soil was
alwayslowest'in the youngest stage, but never differed significantly among the other four stages
although the relationship was most husi@aped for the wettest sequence which also showed
significantly P < 0.004, following post hoc tests) highefungal biomass than the two driest ones
(Fig. 3a). When expressed per g soil C, fungal biomass was much higher for the wettesteseque
than for the other three sequences, but with the exception of Guilderton (which haa bitonass

in stage 1 than in stages 2 andi#glid not change during ecosystem development (Fig. S1a).
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Across the four chronosequenceactierial biomass per g sgiénerally showed a hurghaped
relationship with peak biomass at intermediate stage, but the-bluage was most pronounced for
the two driest sequences (Fig. 3b). When expressed per g soil C, theshapegl relationships
disappeared and instead bactebi@mass decreased with soil aging @uilderton and Yalgap
(Fig. S1b). Actinomycetes, and branched and cyclic bacterial PLFAs, showeal sesponses to
total bacteria, both when expressed per g soil and per g soil C (Table S2; data ntggyrese
The ratio of fungal to bacterial biomass showed-shdped relationship with stage for the driest
chronosequence. and increased at later stages for the second driest sequesaseygsponsive

for the other twasequences (Fig. 3c).

Nematodes

Responses a@ll nematode groups except omnivores to ecosystem development were consistent
across th four chronosequences (Table S2). Fufigadling nematodes increased with soil age
when expressed per g soil (Fig. 4a), but showedshaped response when expressadgpsoil C

(Fig. S2a). Bacteriaffeeding nematodes were greatest at intermediate stages when expressed per g
soil (Fig. 4b), and ,decreased with soil age when expressed per g soil C2higTRe ratio of
fungalfeeding to fungafeeding plus bacterideeding nematodes was significantly greater at the
oldest stagesthansat the other four stages (Fig. 4c). Across chronosequences,obsriplant

feeding + rootassociated) nematodes were highest at an intermediate stage when expressed per g
soil (Fig. 4d;=and= at the first three stages when expressed pdarg root (Fig. S&). For
omnivorous nematodes per g soil, patterns vaa@dss chronosequences (Table Bg. 4e) with
significant humpedack patternonly for the two driest sequences. There waee significant
differences in the biomass of carnivorous nematodes across chronosequences or stages (Table S2

data not presentgd

Microarthropods

For all three groups of microarthropods (funfgding Collembola, fungdeeding mites and
predatory mitg), responses to soil aging differachong chronosequences (Table S2, Figvtign
expressedper g soCollembola generally showed no significant respotsesil aging, excedor
Yalgorup (seconavettest sequence) where biomass declined from the first to the second stage (Fig.
5a). Fungafeeding mites increased in abundance with soil aging in the selcmsd and wettest
chronosequence, but not in the other two (Fig. Bpmassof predatory mites increased with soil

age in the secondriest sequence, but did not differ among stages in the other three sequinces (F

5c). When expresseger gsoil C, biomass of fungdleeding mites wasowest in intermediate
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318 stagesin the two drest chronosequences, but did not vary among stages in the two wettest
319 sequences (Fig.3} it was alsasignificantly higher (Table S2 = 0.001, followingpost hoc tests)
320 in the wettest sequenc®eanwhile Collembola biomass per g soil did not vary across

321 chronosequence stages (Table &#a not presented).

322  Structural equation modeling

323  Our multivariateseausahodel linking climate, longermsoil developmentand soil food wbs was

324  supported by the data’(= 90.7, df = 74P = 0.091; Fig. 6)Specifically,it showedthatsoil aging

325 had large effects on basal resources (s@il, organic C and root biomgswhile climate did not

326  (Fig. 6). Of the basal resourcasot biomass increased with soil age while soil organic C showed a
327 humpshaped.el@gnship @s revealed by the importance of including ‘stage’ as a quadratic term
328 Fig. 6) Thesesbasal resources in turn tsaidbngdirect positive effects onidamass of firstorder

329 consumergi.e., bacteria, fungi ankderbivorous nematodebig. 6. However effectsof soil aging

330 on firstorder consumersvere not only manifested indiret¢ via the quantity of thesdasal

331  resourcesbut also directlyThese direct responses of consumers to stage lweng-shapednd

332 couldreflect differences in resource qualifyig. 6).In addition, lomasse®f bacteria and fungi
333 were correlated with each otheven after taking into account their respective common drivers
334 (Fig. 6), suggestinthatthe two groups may be respondsigilarly to variablesot included in the

335 model.

336 Biomassesof=second and thirdorder consumer except for fungafeeding mites and
337 Collembola,were directly influenced by their preyithin each of the different energy channels
338 (Fig. 6). Bacterialifeeding nematodegrimarily increased with bacterial biomass, and fungal
339 feeding nematodegprimarily increased with fungal biomass (Fig. 6). Finally, biomass of
340 omnivorous and“carnivorous nematodes increased with that of baf#edalg nematodes, while
341 biomass bpredatory mitesncreagd with that of fungafeeding mitegFig. 6).

342 A revised,modethat inclugd soil N and P concentrations (Figd)Svas qualitatively similar

343 but adding these. variables as potential indicators of resource quality daksiet interpretation
344  because direct paths between stage and basal resources (i.e. soil organic C, root biomass) and base
345 consumers (i.e<bacteria, fungi, and reeding nematacel remainedsignificantin the model (Fig.

346  S4).

347 DISCUSSION

348  Our study of belowground food webs across four {1y retrogressive soil chronosequences

349 along a regional climatgradient highlightshe overarching importance of soil fertility in regulating
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the bottoraup control offood webs, relative to climaté&asal consumers showed husimaped
responses to soil aging, which were propagated to hmder consumerOur study provides
further support for a generahift from dominance by the bacterial ttte fungal energyhannel
with increasing soil agéBokharstet al. 2017).

We found partial support foruo first hypothesis thathe basal resourcesupportingthe soill
food web, as well as the different food web components themselves, would showslamep
responses ta soil ‘aginduring longterm ecosystem developmeriior basal resourcesfump
shaped responses. were observed for soil organic madiarot for root biomassvhich increased
steadilyas soilsaged This increase in root biomasi&kely reflects greateplantallocationto roots
assoil nutrientavailabilitydeclineg(Brouwer 1963; Grime 2001), given theil aging across these
chronosequeneas associated with declining soil fertilifurner & Laliberté 2015; Turnest al.
2017). Basal consumers (i.e. bacteria, fungi, and herbivorous nematofies)showedhump
shaped relationshipwith soil aging However, thehigher-orderconsumersdid not with the
excepion of omnivarous nematodes in the two driest chronosequenhiescould be because prey
abundance does=not explain all of the variation in highée consumers; other sources of
variation can=‘mask’ the hurrghaped signal of prey abundantestead our multivariate causal
model showed thahigherorder consumers (ando a lesser extent, basal consumers) were
controlled primarily by the abundancetbeir prey suggesting primarilyanindirect effect ofsoil
age. Overall™our_results are consistent with soil aging havsigong direct effects on basal
resourcesandwith these effects beingropagated through the soil food w@lilliamson et al.
2005; Doblagvlirandaet al. 2008; Bokhorskt al. 2017).

Hump-shaped responses of bacteria and fungi to soil agangprimarily driven by changes in
soil organic matter quantityather thanquality. Indeed, once bacterial and fungal biomass
expressed on.a soil organic C bgsis opposed to on a soil whtgbasis)to account fompotential
differences in“resource quiity, the humpshaped responsad these organisms to soil agin
largely disappearedHowever even though bacteria and fungi were mostly driven by soil organic
matter quantity, our multariate causal model showeadditionaldirect effects of soil aging, which
could be reflective,othanges in resource qualityurther,humpshaped response of herbivorous
nematodegper g sail)to soil aging, whictare in line withprevious studiegDoblasMirandaet al.
2008),wasrreflective oboth changes in resource quantity (i.e. root biomass increasing from stage 1
to 3) and resourcetquality (i.e. lowleerbivorousnematode biomass per unit root mass in stages 4
and 5. Although we did not measure root quality in our study, foliar and fine noatrient
concentrationsare generallycorrelated(Freschetet al. 2010; Reich 2014), and previous studies

along the Jurien Bay chronosequentave shownstrong declines in foliamutrients during

This article is protected by copyright. All rights reserved



384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418

retrogressior{fHayeset al. 2014) Therefore, declines in root nutrient concentrationght explain
the decline in herbivorous nematodes from stages 3 to 5, despite higher root masssailthes

We found equivocalsupport forour hypothesisthat macroclimatenoderatessoil food web
responses to soil agin@n one hand, individual analyses of responses of soil microbiota (bacteria
and fungi) andmicroarthropod®ften showed variable respongessoil agingacross the different
chronosequences.or example, humghaped responses of leaf area index (which influences the
amount of leaf litter entering the soil) and fungal biomass to soil aging benaregyronounced in
wetter climatesvhich was in linewith our hypothesis; thehanges in fungal biomasse likely to
be reflective othe importance of bottomp regulation for fung{Wardle & Yeates 1993; de Ruiter
et al. 1995).0n the, other hand, responses to soil agingpot biomass, as well dsomass ofall
nematode groupsxcept omnivoresvere not influenced by climate and weansistent acroghe
four chronosequencen addition, our multivariate causal model showed that soil aging, but not
macroclimate, had strong effects on basal resources, wieighpropagated through the food web
Overall, our structural equation modellingsults show thawhile climate moderatedesponses of
some food web=eomponenis the mannerpredicted by our hypothesisffects of climate were
frequently overridden by those of soil aging.

Therelatiyely modst effect of climate, and the consistent responses of root biomass and most
nematode groups-to soil agingasunexpected given thargedifferences in macroclimate across
the four dunesehronosequences (i.e. annual water balan@slfeorg 900 mm deficit in Jurien Bay
to 52 mm_excess in Warrgmas well as the knowimportance of precipitation as driver of
nematode communities at both lo¢lardol et al. 2010)and regionalChenet al. 2015)scales
This suggests that nutrient limitation during pedogenesis has stronger effectsfoodsabs than
do largedifferenees in climategdowever,the importance of soil fertility in our study might in part
reflect the fact thatdifferences in soil nutrientsacross each ofthese four longerm
chronosequences am@ativelylarge.For example, the-60fold range in total soil [P] in Jurien Bay
is comparable‘tehat found across all ecosystems worldwiahkaking it one of the strongest natural
soil fertility gradientscharacterizedo date(Turner & Laliberté 2015).

We foundpartialevidence folour second hypothesis predictiaghift from the bacterial to the
fungal energy channel with soil agi notablythe ratio of fungafeeding nematodes to fungal +
bacterialfeeding nematodes wansistently greatesh the oldestsoils. Our finding that the
response of this ratio to soil aging was invariant across the four chronosexjiseritavever,
contrary to our hypothesis thiatwould be more pronounced in wetter climafBise consistencin
this responsesuggests thathe greater relative importancef fungal (versus bacterialgnergy
channel with declining soil fertilityWardleet al. 2004a; Williamsoret al. 2005; DoblasMiranda
et al. 2008; Bokhorstet al. 2017) may be a widespread pattern across contrasting climates
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419  However, contrary to nematodéscreases in fungdliomasgelative to bacterial biomass with soil
420 agingwere only observed for one of the four chronoseque(@Geilderton) which may be dueto
421  differentialimportance otop-down regulation of fungal and bacterial biomass by their coasu
422  (Wardle & Yeates 1993; de Ruiteral. 1995; Mooreet al. 2003).But, contrary taur expectation
423 thesedata did not indicate that the strength of-tlqevn control incrased in drier climates, further
424  supporting our finding that bottoop control through nutri@ limitation is the main driver of soil
425 food web developmenduring longterm ecosystem developmenkurther, ar hypothesis
426  predicting that therelative importance of theoot energy channdbr the soil food webwould
427  increase with'soil agingzas not supported. Indeed, even though root biomass showed a consistent
428 increase with/Soil'aging across all four chronosequetivesesponsef herbivorous nematodés
429  soil agingwas humpshaped, suggesting that declinesdat qualityduring retrogressiodiminish
430 the importance /othe root energy channelhe importance of root quality driving densities of
431  root feeding organismsas also been suggested for shorter term successional seqirittesnp
432  etal. 2008).

433 By sampling=a regional soil age x climate gradient, we were #bleletermme how
434  macroclimate-meoderate®il food web responses to lotgym soil aging during both the builg
435 and retrogressive phases exfosystem developmerontrary to our hypothes, we foundthat
436 climate had relatively smalind oftenvariable effects on soil food webs compardd the large
437  effects of soilagingln fact, our results showezbnsistent responses to soil aging seveal food
438 web components (notably nematodemjross the four chronosequences, despitmportant
439 differences in climateThis result was unexpecteiiven thestrong roleof climatein pedogenesis
440 (Porder & Chadwick 2009; Huston 201Zpur use of structural equation modeling provided
441  additional insights abouhe cascading effectsf soil aging on soil food welthrough effects on
442  basal resourcesighlighting the importance of bottomap controls within the different energy
443  channelsWe note;"however, that for quantitative insights on flux rates across trigveis of the
444  soil food web other methods would be needed (e.g., isotopic tracers) (Rouskl2@bsiclusion
445  our studyhighlights some consistencies regarding the role of soil agingamssdciatechutrient
446 limitation in regulatingsoil food websacross contrasting climatic conditigrexdin how changes
447 in basal resources with soil agee propagated to higher trophic levéWardle et al. 2004a;
448  Williamsonet al. 2005; DoblagMirandaet al. 2008).0ur finding thateffects ofnutrient limitation
449  on belowground food weltsserwhelm thosef climate suggests that global environmental changes
450 that directly or indirectly affed soil nutrient availability should have stronger impacts on
451  belowground communities than changes in climatese insights are important in our thimdgi

452  about how global changempact on terrestrial ecosystems.
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615 Figurelegends

616

617  Figure 1. Climatic data and photos showing changes in vegetation during ecosystem development
618 for each of the four chronosequences. Age estimations are based on soil maps, soil characteristics
619 and degree of pedogenesis (ref). Climate data are from Tatnalr (2017) Photo credits: P.
620 Kardd, E. Laliberté; F. Teste, B. Turner and G. ZemuRIET = potential evapotranspiration

621

622 Figure 2. (a) Soil organic carbonpf leaf area index (LAI), andc) root weight (610 cm depth).

623  Bar heights represent meams=4) and error bars are 95% confidence intervals from linear mixed
624 effect models. Different letters indicate statistically significant differerees((05) among stages
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within each chronosequenddanear mixed effects model outputs fdhese data aregn in Table
S2 Root weight datareaveraged across all sequences because responses to chronosequence stage

did not differ among sequences.

Figure 3. (a) Fungal biomassb] bacterial biomass, and)(the ratio (fungal biomass)/(fungal +
bacterialbiomass) along the four chronosequences. Microbial biomass was calculated ffém PL
data and reported on a dry soil weight basis. Bar heights represent meatjsand error bars are
95% confidence_intervals from linear mixetfect models. Different l&trs indicate statistically
significant differencesR < 0.05) among stages within each chronosequence. Linear mixed effects

model outputs'forthese data are given in Table S2.

Figure 4. Nematode biomass along the four chronosequences categorised into different feeding
groups: &) fungal _feeders,h) bacterial feedersc) ratio of fungalfeeders to (fungal feeders +
bacterialfeeders), d) plant feeders and root associates, adnnivores. Bar heights represent
means 1§ = 4)=and error bars are 95% confidence intervals from linear naiffedt models.
Different letterssindicate statistically significant differencBs<(0.05) among stages within each
chronosequenced.inear mixed effectsmodel outputs fothese data are given in Table. $r

panels (a) to (d) da@reaveraged across all sequences because responses to chronosequence stage
did not differ"among sequences.

Figure 5. Microarthropod biomass along the four chronosequenegdurigatfeeding mites, )
predatory mites, and) fungalfeeding Collembola. Bar heights represent means4) and error
bars are 95%sueconfidence intervals from linear mig#dct models. Different letters indicate
statistically significant differense(P < 0.05) among stages within each chronosequence. Linear

mixed effectssmodel outputs forebe data are given in Table.S2

Figure 6. Generalized multilevel path model showing the direct and indirect pathwaygthrou
which longterm soil and ecosystedevelopment and climate together influence soil food webs.
Here, soil and ecosystem development is represented by chronosequence stage, while climate is
represented” by the water balance (= rainfajpotential evapotranspirationlhe model was
supportedby the data ¥° = 90.7, df = 74P = 0.091). Arrows represent the flow of causality.
Doubleheaded arrows represent correlated errors, with no hypothesized directed causal
relationship. Solid arrows represent statistically signific&t (0.05) relationships, while dashed

grey arrows represent naignificant relationships. Arrow width is proportional to the standardized

path coefficients. Unstandardized path coefficients associated with each solid arrow are shown.
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660 Stagé is a secondrder polynomial usedo model humpedtback responses to ecosystem
661 developmentTL = trophic level; Carniv. = carnivorous; Omniv. = omnivorctB.< 0.05, **P <
662 0.01, **P <0.001, ****P <0.0001.
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Figurel

Youngest (stage 1) Middle (stage 3) Oldest (stage 5)
Age: 10-100 years Age: Mid-Holocene Age: Early Pleistocene

Jurien Bay

e Latitude: 30°22'S

* Annual rainfall: 533 mm
¢ PET: 1433 mm

* Water balance: -900 mm
* Mean annual T: 19.0 °C

Guilderton

* Latitude: 31°38'S

* Annual rainfall: 653 mm
* Mean PET: 1403 mm

* Water balance: -750 mm
* Mean annual T: 18.4 °C

Yalgorup J

* Latitude: 32° 80'S

* Annual rainfall: 943 mm
* Mean PET: 1300 mm

* Water balance: -357 mm
* Mean annual T: 17.3 °C

Warren

* Latitude: 34°61'S

* Annual rainfall: 1185 mm
* Mean PET: 1133 mm

* Water balance: 52 mm

* Mean annual T: 15.2 °C
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