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ABSTRACT:
Ecosystems vary widely in their respongebiodiversitychangewith some losing function
dramaticallywhile others ardighly resilient. However, generalizations about hepeciesand
communitydevelpropertiedeterminghese divergent ecosystem resporsasebeen elusive
because potential sources of variation (e.g., trophic structure, compensatioonalricit
diversity) are rarelyevaluated in conjunctiorEcosystem vulnerabilifyor the likely change in
ecosystem functiofollowing biodiversity changes influenced bytwo types of species traits:
response traits thatdeterminespeciesindividual sensitivities to environmental change, and
effect traitsthat'deterrme a species’ contribution to ecosystem functiderewe extend the
responseeffect traitframeworkto quantify ecosystem vulnerability and show how trophic
structure, ‘withirtrait variance and amondrait covarianceaffect ecosystem vulnerability by
linking extinction ordeland functional compensation. Usimgsilico trait-based simulations we
found that.ecesystem vulnerability increased wiesmponseandeffecttraits positively covaed,
but thisincreasevasattenuated by decreasing trait variar@entrary to expectations) these
communitiesyboth functional diversity and trophic structure increased ecosystenabilityer
In contrast, ecosystem functiowgreresilient wherresponse and effect traits coear
negatively:andvariance had a positive effect on resilienOyr results suggest that although
biodiversity.ess is often associated with decreases in ecosystem functions, such effects are
condtionaliontrophic structure, and thariation withinand covariation amongsponsand
effecttraits Taken togethethesethreefactorscan predict when ecosystems are poised to lose
or gain function with ongoingiodiversitychange.
Keywords: "biodiversity loss; compensation; disassembbgsystem function and services;
functional traits; functional diversity; vulnerability; resilience; resistance
INTRODUCTION

Biodiversitychanges acentral feature of the Anthropocene and is compromising the
magnitudeand stability ofmany ecosysterfunctions, threateningoth the systems themselves
and theessentiakerviceghey providgNaeem et al. 2012ppecies responses to extertiavers

(e.g.,climate change, ovezxploitation,habitat fragmentatiorgre mediated bgpecific traits
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such as body sizéjspersal abilityandthermaltolerancesand thus, to a degresre predictable
(Payne et al. 2016kn contrastecosystem responseshttiodiversityloss can vary widely, with

some functions changing dramatically, while others remain unaffecieen increas(Bunker

et al. 2005, Oliver et al. 2013} otential surces of this variation include how individual species
contribute to.functionthe identity of extinct species, communiitgphic structureand how
populationdluctuate with external driverdioweverthese factors are rarely explored in
traditionalbiodiversityecosystem function experimenespite the emerging scientific

consensus on‘the mechanisms underpinning the impacts of biodiversity on ecosystemgyropertie
linking species processes to the ecosystem scale to forecast how functions reafjteretito
biodiversityremains a challeng&€ardinale et al. 2012, Tilman et al. 2014).

Estimating the degree to which ecosystem function is likely to change due to tsigiver
loss, an ecosystem property which we teowsystem vulnerability, is critical for understanding
why ecosystems vary in their responsengoing environmental chandecosystem
vulnerability depends on the order which species are lost from a commurfitye.,
dissasembly;#lves and Cardinale 2004, Zavaleta et al. 2009), the functional camtobut
individual speciegSuding et al. 2008, Diaz et al. 201i8}raspecific variationandhow
remainingsspeciesm a communitynay compensate fdoiodiversitychange (Naeem 1998,
Thomsen.etal. 2017The reponseeffecttrait framework has been frequently usedind traits
that increase an individual species’ sensitivity to external drivers (response trads) tiosey
contribute to functio (effect traits;Lavorel and Garnier 2002Vhile response traits can be used
to predictthe"order of community disassembdytect traits can be used to predict the cleaniy
function asseciated witkpeciedoss or gain (Lavorel and Garnier 2002, Suding et al. 2008, Diaz
et al. 2013)As suchwhenresponse and effetraits covay positively, large decreases in
ecosystem functionan be expectedith ongoing biodiversity loss. Howevex central feature of
multitrophic.communities is their ability to compensate for changaorgposition, and extending
trait-based. frameworks tguantifyecosystem winerability alsorequirespredictinghow species
functional centributionschange in response to alterations in community composition (Connell
and Ghedinir2015, Thomsen et al. 2017).

The ability of communities tauhctionaly compensate in responseltiodiversity change
is associated with community level compensatory dynamics, which can cause aggregate

community biomass or density to remain stable despite changes in community composition
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(Peres and Dolman 2000, Gonzalez and Loreau 2889%).process,ampensation isassociated
with a number of community properties, including hawhe differenceandcompetitive
interactionsare distributed across a communityes and Cardinale 2004). Trophic structcae
thus determine biomass compensation by limitiompetitive release associated with changing
community.eemposition to specific trophic levéonzalez and Loreau 2009Qimilarly,
functional ecompensation might bestricted in multitrophic communitiesresponse and effect
traits are clustered based on trophic level. For examplelévgth corsumers can be
characterized'by shared response traits (e.g., large body size) that are correlated with shared
effect traits(e.g., long distance ed dispersalPeres et al. 2016As a resultfunctions
associatedswith, specific trophic guildsght be irreplaceabley species in other trophic levels.
In contrastyif trophidevel is unrelated to how species contribute to function, trogtinicture
could have littlesimpact on ecosystem vulnerabliigynot restrictingunctional compensation to
specific guilds While the effectof compensatory dynamics on community properties has
received considerable attenti@@onzalez and Loreau 2009, Connell and Ghedini 2015,
Thomsen etaly 201 Arait-based approaches rarely consitheir role n maintaining ecosystem
function with‘engoing biodiversity change.

In“addition to trophic structure, the community-level frequency distribution of specie
traitshas.received little attention althougltduld stronglyaffect functional compensatiand
by extension, ecosystem vulnerability. Chasigh speciesompositioncanalterecosystem
functionevenif compensatory dynamics causéal biomasso remainstable, because of
functional trait'differences between specihen the contributions of speciesetmosystem
functionaredriven by dominance rather thhacause of their unique effect traltomass
compensatioshould mitigate thenpactof changing species composition @osystem
function (Davies et al. 2011, Pan et al. 20H§wever biomas compensatiowill not ensure
resilientecosystem functiswheneffecttraits betweeithe extinct and extaispeciesare
different(i.e., trait redundancy; Naeem 1998, Oliver et al. 20M%)ile traits are often assumed
to be normally or uniformly distributed within communiti@8iaz et al. 2016)alternatie
distributionsrare also common (e.g., lognormal; Savage et al. 2007). Thus, a comniraitity’s
frequencydistribution carhavestrongimplications forfunctional compensation and

consequently, ecosystem vulnerability.
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121 Beyond linking a speciesensitivity to chang# their contribution to function, the

122 covariation betweerespons@nd effect traitslsolinks extinction order and compensation. In
123 both plants and animals, trait tradeoffs are ubiquitaith, communityscale traicovariation
124  affecing a.number of community processegy(, assembly, successidMinemiller et al. 2015,
125 Diaz et al. 2016). However, how commundtyaletrait covariationaffects the response of

126 function tobiodiversity loss, by linking community processes (i.e., extinction and compansati
127 to ecosystem properties (i.e., ecosystem vulnerability), is underexdongitical evidence
128 suggests thatdits that make a species more sensitive to external dfeers body size) often
129 covary with traits that increase their contribution to func{mg., pollination ratesyutrient

130 excretion ragsplarsen etl. 2005, Mcintyre et al. 2007), but this covariation ako be

131 negativeornonkexistent resulting in alternatrelationships between specisange and

132 ecosystem responsesghich are rarely considered in conjunction with compensation. Exploring
133 the consequences of theliferent traitrelationships in conjunction with the distributiof traits
134 across multiple tnohic levelsis critical for gaining insight ito why some ecgstemfunctions
135 change sordrastically with biodiversity lpgghile others remain resilierdndmay facilitate

136 prediction of ecosystermesponseso environmental change.

137 Wedevelop dramework forestimatingecosystem vulnerability based on linking

138 processes-across speei@ontribution to function andpecies vulnerabilities), community
139 (compensatory dynaes anddisassembly) and ecosystatales (ecosystem vulnerability)
140 Basedon this frameworkwe evaluate the relationship betweeaaodiversityand ecosystem

141 vulnerabilitybyndevelopng an “ecosystem stress t&sh silico trait-based simulations for

142 evaluatingthesoutcomes of different extinction scenarios on ecosystem fuketabnscenario
143 quantifies ecosystem vulnerability by identifying the number of species needed taimaint
144  ecosystem function above a set threshold. We then test the framework thnoulghans that
145 employ a range, aifommoncommunityscaletrait frequency distributions (normal, uniform, and
146 lognormal)as well as different degrees of covariation between responkedfecttraits

147 (positive, negative, and naxistent). Through these simulations, Wwedge across species,
148 community"and ecosystem scales, linking comsmeciedevel metricso ecosystem

149 vulnerability, and begin to decipher the implications of changdsadiversityfor maintaining
150 ecosystem functiarSpecifically,through our simulationse asked:

151 1) To what extent can compensati@uuce ecosystem vulnerability?
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2) How does trophic structure influence compensation outcomes, and consecpoastgiem
vulnerability?

3) What role doesommunitylevel covariancebetweernresponse andffecttraits play in
influencingecosystenvulnerability?

4) How does:the distribution dfait values within a communiigffect ecosystem vulnerability?

5) How well docommunityscalevulnerability propertiegsensu Weeks et al. 2016) predict
ecosystemvulnerability?

Biodiversity isoften assumed to increase the resistamckresiliencef ecosystem
functionto biodiversity losgOliver et al. 2015)However,increasingoiodiversitycanincrease
communityvulnerability sincanore speciose communities are likely to inclbaectionally
distinct and‘sensitive speci@douillot et al. 2013, Weeks et al. 2016). By examining how traits
mediate the interaction betweextinctionorderand functimal compensation, our framework
integrates the effect of resistance and resilience on ecosystem function in natural systems
Additionally, numerical models that input trait data to predict ecosystem vulnerability are often
difficult to apply across ecosystems. In contrast, we provide an unbiased mephedi¢othe
ability of ecosystems to provide services despite ongoing biodiversity los$, @d@n be
achieved empirically bgollecting relevaninformation onresponse and effect tratbgether
with community trophic structurdJltimately, scaling existing speciesised approaches to the
ecosystem level usine ecosystem stress tektvelopedan enable rapid assessments of the
impact of biodiversity change on the ability of ecosystems to maintain function and provide

services that'are central to human wellbeing.

METHODS
Contribution to function

We. assume that speciesontributes to a functioa (F,;) via aneffecttrait (E,;) and the
species’ biomas® the systenim;) (following Lavorel and Garnier 2002, Solan et al. 2004,
Bunker et .al#2005), such that the total functiby,in a communitywith Sspeciesis

Ty =%3F, (1)
where

Fai =mi Eaj (2)
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This approach assumes that for all speétgsis linearly related ton; andE,;, and yields units
related to the particular function (e.g., grams of carbon per unit rvgisgg. this approaclonly
considers mass ratio effe¢tensu Grime 1998), and thus does not explicitly account for the
impacts of species interactions on their contributions to function, it is #exilith the potential
to be expanded to include multiple functions.
Spoecies-level vulnerability index

Individual species vulnerabilitiegsere calculateds afunction ofeach specieg€xposure
to a thregtandthe speciespecificsensitivity.

Vik= ek Rik (3)
whereV;  is the,vulnerability of speciedo externaldriverk, ¢ is the exposure of speciet
driverk, andR;'is theresponserait of species associated with thériver k. Exposure varies
across landscapes, and thus vulnerabilities are expected to vary across arspgedsiis
equation assumes that all spe@es spatially bound in one community, and talispeciedace
the same exposure to a threat. However, spddies in their sensitivitiesandV;,x provides a
relativeextinetion probabilityfor al speciesvithin a community based on exposarel
sensitivity When evaluated at a communsiyale, these vulnerability indices provide a means
for developing probabilistic scenarios of species loss from a community.
Ecosystem:Stress Test

We simulated communitieim whichwe variedthe community scaleait frequency
distributions together with the strength of covariation betwesponseand effe&t traits We
assumed that'there was only one steggbset the exposure atsiich that all species experience
the saméevel.of the threat. These simplifying assumptions allowed us to specificallyza the
role oftrophic structuretrait distribution and covarianan compensation outcomes, while
holding all. other, factors constarithus,relating vulnerability andontribution to function relied
on fitting the following relationship:

Ri k=00 Ejj (4)
wherea deseribes theorrelation betweeN; x andF,;, which in this case is directly determined
by the covariaton betweeasponse and effect traif’; ( andE,; respectively)We factorially
manipulated trait distribution@niform, normal, and lognormal) and covariatlmetween traits
(i.,e.,a =1, 0,-1) so thatc00simulated communities were created each of the nine different
trait scenaris. Subsequentlys; andV; were scaled so that all spechexd values between 0 and
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1 by dividing every species by the maximum value in each community. Additionally, in each of
the communities, allpecies were assigned@sgnary producer, herbivore or predator based on
the ratioof 7:2:1. This ratio was chosém maintain sufficient variability in trophistructure
while approximating arcosystendominated by lower trophic level$o explore how trophic
structure influences compensation outcomes, we assigned trophic idetttinandomly and
such that it wagositively related t&/;. Thevalues used in all simulations are detailedale
1.

Weapplied a ecosystemstress test to each of the communitiedegterminethe
ecosystens vulnerability,which wasquantitatively evaluateds the number of species needed
to maintaipfupetioning above a defined threshold (Fig. Wis traitbased simulation approach
relies on modeling species extinction scenarios such that the probability of a species being lost
from a community is directly proportional to the vulnerability of that spe@digs equation3).
At each time step, a species is first lost and the remaioiabfunction ,; equation 1) is
measuredwithout compensation. Subsequently, the remaining sp@ampensate for the lost
biomass associated with the extinct species basascomeplacement scenarios: random
replacement (iz€., all remaining species have same probability of replacing extinct spaties)
trophic guild replacement (i.e., only remaigispecies within the same trophic guild are able to
replace extinct specied)hese replacement rules assume that the biomass of an extinct species is
allocated tdhe compensatingpecies, and ithe scenariancluding trophic guild replacement
rules once.the last member of a trophic guild is extinct, the biomass in the systen{$®last
et al. 20044Bunker et al. 2005, Mclntyre et al. 2007). Finally, the number of species, as a
proportion-eftheotal initial species richnesseeded to maintailunctionabove a set threshold
of initial functionis evaluated. The choice of threshold can be manipulated, and this provides a
comparable measurement of vulnerability between different communitieshstichd higher the
number of species needed to maintain function above a threshdhifjilee theecosystem
vulnerability. To analyze and compare ecosystem vulnerability across a range of communities
(see below)ywe set the function threshol@%,50%and 25%(Sr=7s, Sr=50 andSr=25
respectively).
Analysis of relationship between community level properties and ecosystem vulnerability

We calculated the total community vulnerabilyror) by summing the vulnerabilities
of all species within each of the initial simulated communii¥eeks et al. 2016). Given tha
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these community vulnerabilities are not independent from functional divecsithatacterize
the variation in community vulnerability of the simulated communities, we usethtieasd
deviation of the whole community vulnerability4p) as well as the mean vulnerability in the
community ¥wvean). We fit linear models withhe different thresholds (e.@s=50) as the
response variable and eithéfor, Vsp or Vvean @s the predictor variabfer each replacement
scenarioThese relationships were analyzed for communities wigltige trait covariation (i.e.,
a = 1) to explore the relationships between vulnerability and function in comnsuthigie
always losfunction with decreasing biodiversitgll analyss and simulations/ere conducted

in R (R Care Team 201&eeDataS1 for simluation code).

RESULTS

Across all simulatedommunities, compensatioaducedecosystenvulnerability by
decreasinghe proportiorof species needdd retain thés0% ecosystem functioby an average
of 31.69specieg+1954 SD. Similar results hold for the other thresho{@ppendixS1), but for
simplicity werhereafter onlgresent only results f@r=so.

Covariancebetweerresponsand effect traithad a strong effect arosystem
vulnerabihty(Fig. 2). Communitieswith positivecorrelations between response and effect traits
(o = 1) needed a averagef 58.14specieg+ 18.70 SD) to maintain functicabove the 50%
thresholdwhereagommunities withx = 0 needed 14.38pecieq+ 21.13 SD), and those with
=-1 needed 7.85pecies (+ 12.24 St the same thresho(#ig. 3, Appendix SFig $6-8).
Covariatiopalso had a strong impact on compensation outcomes (Fighi® communities
with a = 1 never recovered function to the initial level, communities with-1 always
overcompensated, with function commonly surpassing 100% in all replaceteeaios (Fig.

2). Incommunitieswith « =-1, only 1.14specieg* 0.51SD) wereneeded to maintain function
above the 50%.threshold with compensatiimilarly, in communities withn = 0,
compensatiotypically caused function to return to initial levels in all compensation scenarios
(meanSr=5=12.22+ 1.98 SD), but this pattern becamereasingly stochastic as more species
were lost (Fig..2Appendix S

The distribution ofesponsandeffecttraits in the community hadstrongeffecton
ecosystem vulnerabilitfFig. 2 and Fig. 3)Trait dstributioninteracted with covariance and
compensation taffect the shape of the relationship betwédengoportion of function
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275 remaining and the proportion of species lost (Fig. 2). Qualitatively, in communitles wil,

276 compensation caused the relationshipMeen the proportion of species lost and the proportion
277 of function remaining to be concave up when traits were lognormally distributed, and concave
278 down in communities with normally and uniformly distributed traits (Fig. 2). To maintai

279 function above th&0% threshold = 1 communities in which traits wetegnormally

280 distributedirequired 73.3%pecies (#9.69 SD)whereaommunities irwhich traits were

281 normaly‘distributed required3.06specieg+ 18.93 SD), andommunities in which traits were
282 uniformly distributed require88.01specieg+ 11.74 SD. In contrast, in communities with= -
283 1, lognormal trait distributionsaused higher gains in functitmcan communities with traits

284 normally or uniformally distribted.

285 Replacement scenarios also halrangeffect on ecosystem vulnerabilifizig. 2).

286 Comparing communities with the same distribution and the same trait covariance structure (i.e.,
287 a=1,a=0,0=-1)revealed that when trophic position was not correlated with extinction risk,
288 the mitigating effects of compensation were similar to random compensation (Figc@ptrast,
289 when trophiespositon was correlated with extinction risk, compensation resuttexte species
290 needed to'maintain function in all covariance and distribution scenarios (Fig 2. a8l Fig

291 VrerandVyvean Were bothassociated with fewespecies needed to maintain function

292 across alldistributions in communities wghstive trait covariation Fig. 3). In contrast, the

293 higherVsp, the more species were needed to maintain function across all distributions in

294 communities with positive trait variatidfrig. 3). These relationships did not hold for ecosystem
295 functionsinsFeommunities whreo = 0 anda = -1, sincefor most of these communities, function

296 usually recoveredbove allthreshold (Appendix S1).

297
298 DISCUSSION
299 Ourtstudylinks species traifcommunity processesd ecosystem propertiesitintify

300 key factors that determirtke vulnerability ofecosystem functions to biodiversity losairther,
301 our framewerk provides a means &@sessingvhen disassembly and compensation will affect
302 the ability ofilecosystems to maintain function. We report fioajor findings First, despitehe
303 role of compensatig the covariance betweeasponse andffect traits, which affects the

304 relationship between individual species’ probabilities of extinction anddbetributions to

305 ecosystem functioning (i.ev; andF;), predictswhether an egystem loses or gains function as
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species are losGiven the ubiquity of trait trade-offs in animals and plédWsemiller et al.
2015, Diaz et al. 2016)e expect covariance between resparsieffecttraits to becommon
features of natural communitieSecondlytrophic structure restricts the degree to which
remaining_species can compensate fardpgcies. Consequently, trophic structa@eases
ecosystem.vulnerability wheesponse and effetrits @vary positivdy, and decreases
resiliene@ whenresponse and effettits covary negatively. Thirdlwyhile some species within
communitiesnay compensate fathe loss of functiomssociated witcommunitydisassembly
the communityscaletrait frequencydistribution affectshe degree to which functional
compensation mitigates the impacts of changing composkinally, while the positive
relationship betweernuhctional diversity anécosystem function is well establishaa show
that increasing‘traitariancealso increases ecosystem vulnerabiityenresponsandeffect
traits covary positivelya counterintuitive pattern with some empirical supfeeks et al.
2016).Given current rates of biodiversithangethe need to quantify ecosystem vulnerability
hasreceived conderable attention. Our findings suggekntifying relevantresponsendeffect
traits,and analyzingheir covariatiorand frequency distribution imultitrophiccommunities
may be key t@redicing the ability of ecosystems to maintdimction and associated services
despitebiodiversity loss.

Covariance betweemsponse aneffecttraits was the primary factaffecing whether
ecosysters lost or gained function with ongoing dissasembly amdpensaon (Fig. 2). In
communities whereesponsandeffecttraits positively covariedecosystems invariably lost
function despitéhe mitigating impacts ofa@npensationThis is kecause th higheffect trait
values of theamost sensitive speatesild not be replaced by other speciesdasystem
which functions are driven by vulnerable species with ungfigettraits,changing composition
affects ecosystem functiodespitethe maintenance dfiomasghrough compensatiofsolan et
al. 2004, Mclntyre et al. 2007n contrastcommunities with no covariantetween response
andeffecttraits resembled unordetextinctions(lves and Cardinale 2004h such cases,
functionremainedrelatively unchanged at low levels of extinctibfowever, as theumberof
remaining species decreas#te proportion of function remaining testko become increasingly
stochastisincethe remaining poabf effecttraitswas a randorsamplefrom the community.
Finally, ommunities withnegatively covarying traitended toexperience increases in function
with disassemblypecausehe biomass aspeciesvith high responsgait values (i.e. the most
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vulnerable)wvas allocated tgpecies withhighereffecttrait values thus increasingptal function
While examples of extinction increasing function ke&ss ommon, the importance of rare
speciess often attributed to theability to increase resilienayrrough compensatiaidain et al.
2014, Leitao et al. 2016%imilarly, invulnerable speciesan play an insuring role in
compensating.loss function (Yachi and Loreau 1998)mately, if theserare or invulnerable
speciehavehigher effect trait valuesndcan compensate for extinct speciégit inclusion in
communities'shouldecrease ecosystemlnerability.

Examining the effects dfait distributiors on ecosystem vulnerability leads to two
relatedinsightsinto therole of furctionally distinct specieand communitytevel trait variance
First, as the distance in trait space betweemitbst vulnerable and functionally unique species
and the rest'ofithe community increafes, where a species falls dhe traitfrequency
distribution), the ability of theremainingcommunity to compensafer thelostspecies
decreased/Vhile thislow potential for functional compensation is often attributed to a lack of
community.redundancy, andasnsistent with studies that suggest aifpee relationship
between ecesystenulnerability and the presence of unique spe@wsuillot et al. 2013,

Ricotta et al. 2016), ouesultssuggest thatinique specieshould mainlyaffect ecosystem
vulnerabihty,when that species is ammong the most vulnerable. Further, while redundacy
often used-as agstimate of ecosystemulnerability (Ricotta et al. 2016), our results indicate that
ecosystem functiois particularly sensitive tavhich traits are considereteépone oreffect),

how they covary with other traitandthe inclusion obutlier speciesfactorswhichcanbe
obfuscatedy'ceammon redundancy metricBhus, collecting information on trait distributions
and covarianee, and evaluating communities ugimgcosystem stress testid improve
estimatedf ecosystem vulnerability.

Secondjncreasecommunityteveltrait variancencrease$oth functional diversity and
the vulnerability, of ecosystem functiovig is directly proportional to communifynctional
diversity, and.across distributionthe largeVs, the more species weneededo meet a set
thresholdoffunction (Fig. 3, Appendi$l). In contrastchanging composition inommunities
with low Vgrhada smallerinfluence orecosystenvulnerability becausédiomass effects
underlaythe relationship between biodiversity aswbsystem functianThus as trait variance
increases in a communjtihe mitigating effects of compensation decrsast®mwever, when

traits covary negativelyariance increases the resiliency of functisznaccordance with
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368 expected relationships between functional diversity and resiliency (Figivey @t al. 2015). In
369 addition to examining the influencé Vs, we expected to find a positive relationshipaeen
370  Vyor, Vmean @andecosystenvulnerability, butcommunities with overall higher trait values also
371 had higher trait varianc@lthough studies quantifying vulnerability properties beyond the
372 species scale,are rasmme evidence suggests a positive relationship betiwediversityand
373 total community vulnerabilitywhich could be mediated by increasing trait variaiheuillot et
374 al. 2013, Weeks et al. 2016). While we did explicitly examine the role afpecies richness
375 affecting ecosystem vulnerability, increasing functional diveesiy tait variances often

376 associated with increasing ecosystem funcéiodresistanceéo change due to increasing the
377 diversity ofspeciesesponseto external driverg¢Elmaqvist et al. 2003, Laliberté et al. 2010).
378 However, our resultsuggest that increasinigit varance isalsoexpected toricrease the

379 vulnerability ofecosystem functions response and effetrhits covary positivelypecause this
380 reduces the compensatory abilities of species by decreasing reduntfaneythis provides a
381 mechanistic explanatiodisentangling whether biodiversity jointly increage®system function
382 and ecosystem vulnerability is a paradox tleguiresfurtherempiricalevaluation.

383 While alarge body of work examingke effect of planbiodiversityon ecosystems

384 (Cardinale«et al. 2012, Tilman et al. 201y multitrophicmodek suggest thatingle trophic
385 studiesmayoverestimate ecosiemresiliency and underestimatee vulnerability of ecosystems
386 to biodiversity change in comparison to communities with one trophic level (Fig. 2).

387 communities wherspecies trophipositionwas related toesponse traits, arnrhit covariation
388 was positivetrophic structure increased ecosystem vulnerabiktyultingin abruptdeclinesin
389 function oncesthéeastsensitive species tnophiclevel went extinct.This suggests that

390 communities in whiclnigh effect trait values are uniquedgarticular trophidevel, functional
391 compensation by other tropHevelswill be restricted(e.g. longdistance seed dispersBeres et
392 al. 2016).Similarly, when responseffecttrait covariation was negative, trophic structure
393 decreasethe resiliency of functions associated with compensation. In these communities,
394 biomass of-the exting¢tophic levelwas not allocated to other trophic levels, restrictire

395 increase in“functioassociated witkompensation. In contrast to communities where trophic
396 position was related to extinction probabiligppmmunities wher&gophic position was

397 randomizedexhibited a lower ecosystem vulnerability when response and effect traits covaried
398 positively, and higher levels of functi@chievedwvhen traits covaried negativeljhe effects of
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compensation in these communities were indistinguishable from random compensadiithoisa
akin to communities with one trophic level. Extensions of work on biodiversity and ecosystem
function beyond singl&ophic levelsare rarebut given thatrophic positions associated with
increased _extinction risfPayne et al. 2016) our results suggest that trophic structure may be an
important, but.underestimated, contributor to ecosystem vulnerability.

Quattifying ecosystem vulnerabilitselies onpredicting how communities compensate
as constituenttaxa are lo$he dfferentcompensatioscenariosve modeledveremeant to
representthevariousplacement rels commonly employed (e.g., Solan et al. 2004, Bunker et
al. 2005).\However, a few potentially insightful replacement rules were not exfHmstd
compensatiopwaseated as a zero sum processthat total communitybiomass remained
constanthowever biomassunder- and over-compensation are common, and parameterizing
these processes will be important éonpirically estimatingecosystem vulnerabilityn nature
(Gonzalez and L oreau 2009). Additadly, species populations cahange in biorass but not
go extinct,.whiclcould be accommodated in our framework by changing biopassnetersor
individual species. Secondur approach considers only mass ratio type ef{setsu Grime
1998), whieh'excludes more complex abunddneoetion rehtionships, such as discontinuous
traitsor traits that do not directly contribute to functidmird, our modeling of trophic structure
scenariossrepresented boundary conditions wéignera whole trophic level werxtinct or
dissaembly was completely walated to trophic positon. Whitais left out anumber of
possibilities(e.g., trophic cascaddsgystone speciesmnivory), theframeworkis flexible and
can be expanded to accommodate more complex compensation scenarios with adequate natura
history knowledge of a specific systeRinally, the degree to whidbiodiversityis decreasing or
increasingis inconclusive (Vellend et al. 2013, Dornelas et al. 20¥)ile community trait
structure varies.across spatial and temporal scales, and response traits may also cause some
species to.increase in abundaraxg framework can also eemmodate lgernativebiodiversity
change scenarios. Despitese nuancescosystenstress testprovide dlexible frameworkfor
estimatingeeosystem vulnerabilitthat carbe easilyemployed and modified to guide future

theoretcal,empiricalandapplied ecological investigations

CONCLUSION
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While biodiversitymayincrease theasistance and resilienoéecosystem function

(Oliver et al. 2015), our results suggest that this positive effect is conditional on the relationship

between trait covariance and distribution. Critically, the vulnerability of asystem’s

functions, and the services derived from them, is direetited tahe community’s species

composition.and functional diversitgt a minimum, how a biota will respond to environmental

change and how the altered community may maintain ecosystem fucentidre predicted with
knowledge of (1) the degree to which species can compensate for one another, (2) the degree
which trophie"position, responsandeffecttraits covary, and (3) the frequency distributions of
traits in a communityTogether, these three factors explain the variety of ecosystem responses to
biodiversity. change observed in nature. Additionally, by providing an unbiased estimate of
ecosystemwulnerability, our methodology can aid conservation and policy in identifying those
ecosystem functions and services that might be wbséerable to novel drivers of change.

Ultimately, gven that ecosystem vulnerability is directly related to the species found in an

ecosystem, changes in biodiversity affect not only the magnitude and variabadgdgsyfstem

functionbut-also the sensitivity acosystem functioto environmental change.
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TABLES

Table 1. Symbols and parameter values used in the simulation.
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Symbol Explanation Valuein the Simulation

Ta Total ecosysterfunctiona specified by equation 1
Contribution to functiora

Fai . Fai=m Eia
by species

S Numberof species S=100

m Mass of species mi =Fai/Eia

e Effect.trait linked to Eai ~ rnorm[0,1], runif[0,1],

* functiona of species rinorm[0,1]

Allocated eitherandomly to all
TG Trophic guild species in a community in the ratio
of 7:2:1, or correlated withV; x

Vulnerability of speciesto

Vik driverk Vik= e R
Exposure of specigdo

Eik : gik=1
driverk

Responsérait of species _
Rix : _ Rix = Eik, -Eik, runif[0,1]
linked"to driverk

FIGURE LEGENDS

Figure LaTheecosystem stress testgoantifyecosystem vulnerability. In the first step (&g
obtainthe“total*currenécosystem functigrand use thepecies vulnerabilities to seed the
probabilistic trakbased extinction scenarios. In the second stepa(Byess is applied whereby a
species is lost and the pesttinctionecosystem functiors measured without compensation. In
the third steC), biomass compensation is modeled by allocating thdiostass associated
with the extinct species to a remaining species based on replacement scenaeth(sise
Finally, dter all species are extin(D), the number of species needed to mairdawsystem
functionabove a set threshold is examined, and used as a ofetdosystenvulnerability.

Figure adpted fromBunker et al. (2005) and Peres et al. (2016).
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Figure 2. Effects ofresponsendeffecttrait covariation and digbiution on the relationship
betweerthe proportion of species lost and freportion of initialecosystem function
remaining Columns are different trait covariation scenarios while rows depict different trait
distributions. Each point is a result of aimulation, with colors representing the effects of
different compensation scenarios (black: no replacemeshitrandom replacement; green:
uncorrelated trophic-guild replacement; blaerrelated trophiguild replacement The lines are
the median‘value of each replacement simulation.

Figure 3. The“effect of trait distribution and compensation on the relationship betweah initi
community vulnerability propertie¥/{or: total initial community vulnerability: A, D, GV
initial communty trait standard deviation: B, E,;Nvean: initial mean community vulnerability:
C, F, I) andecosystenvulnerability, measured as the number of species needed to maintain
function above 50% of initial ecosystem functi@olors represent different rep&ament
scenarios (as. in Figure 2; ddethods).

FIGURES

Figurel
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