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Abstract

Dispersalmaysplay a strong role idriving species diversitgcross landscapes. Theoretically,
dispersal permits species to remain exteitiiin a metacommunityeven if they arg@eriodically
excluded from somecal communitiesHeld tess ofdispersal effectare difficult, and most
non-experimentatlata suggeshat environmental conditiongay the predominant role isetting
species diversityHowever, most sucstudiescannotdifferentiae betweerpatterns caused

primarily by dispersaktonstraints/s abiotic factors/sbiotic constraintge.g priority effects).In
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22 km of a sandbed streamn southeastern Australia, strong longitudinal geathi in the abiotic
environment and detritus densiti@ssourcesinean that downstream locations have abiotic
conditions that may be physiologically stresgstiolv resource densitieend low species
diversities. We experimentally increased the retention of detritus overstt@amlengths along
the gradientswith other sites acting as controldidpersal is constrainedr abioticor biotic
factorsprimarily control community steture, therwe predicted thahcreasing resourcegould
result infno'change in species composition. Alternatively, if dispersafimoa, we predicted
thatspecies‘diversityould increasat treatment sitethrough colonization bgpecies able to
tolerae abiotic conditionglownstream and able to invaestablished communities. Invertebrates
were sampledprior to manipulatiand then four times (1, 4, 9 and 12 months) following

manipulation. Detrital standing stocks increased by an order of magaitiidatment siteOver

one year, invertebrate densities and species richness also increased in treatment sites. Effect sizes

were strong in middle and downstream aredsch were colonized by upstream speci€bus,
faunal composition of the downstredaraatment sitebecame more similar to upstream locales
andp-diversityacross treatment sitdgclined asi-diversity increased. Out of 54 common taxa,
roughly half responded to the experiment; responders and non-respwsd sisilamproportions
of upstream,specialis@and of different functional feeding groups. Contrary to many non-
experimental studiesporesults demonstrate that extensive dispersal caeryemportantand,

for many speciegotentially more important than the abiotic environmerigiotic constraintsn

affecting community structure when adequate resources are available.

Key words:*eemmunity structure, dispersal, field experiment, invertebrates, rivers
INTRODUCTION

Central concepts in metapopulation and metacommunity ecologlyean®tions that local
communities.and populations are linked by dispeardlthatispersais essential for some
speciesd remain extant within a metammunity Species that are good dispersers can
theoreticallysremain extant regionaligven if theyare periodicaill excluded from some locations
(e.g. through colonizationempetition tradeoffs or temporal variation in resogréghesson
2000), or if low numbers in marginal locations are sustained bygnation from other locations
(e.g. sourcesink dynamics, mass effects, spatial storage effect: Chesson 20€&

metaommunitylevel, there is considerable interest in understanding how dispersal inBuence
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patterns of diversity or species richness in localroomties @-diversity) and the variability in
species composition among local communities (B-diversity), and the mechanisms that underlie
these patterngncreased rates of dispersal between looaimunitiesare expected tdecreas@-
diversity as average-diversity increasegprovided that local communities are not saturated
(Mouquet and.Loreau 2003, Cadotte 2006)contrast, stochastic dispersal cacrease-
diversityif productivity issufficiently high that multiple stable equilibria can occur within the
metacommunitfChase 2010 Understanding howaturaldispersal shapeasmmunities is
thereforeclearlyimportant to unravel the processes that underpin thetieasa community

structure and function across diverse ecosystems.

Despite intense intereglirect tests of these ideas natural systemgemainscarceThe
overwhelming majority of studies employ idlirectapproach involvingariation partitioningof
survey datad.g.species >site x environment matricg® disentangle the roles of dispergam
that of local.environmental conditions (review: Logue et al. 2011). However, thdsedsnetly
on an assymption thaistnce between sitésa proxy measure of dispersalen thoughew
studies have ‘empirical data on dispersal distances or frequérmies et al. 2011).
Complementing analyses withiformation on species traits or expected dispexsiities (e.qg.
Brown and*Swan 201@G6the et al2013) is also problematic because independent verification of
traits is rare andlleged traits may poorly forecast actual dispersal distdeagsLancaster et al.
2011). Additionally dispersal routeand some environmental variabbegoften strongly
correlatedormany ecosystems (e.g. coastal mahabitats, rivers, corridor vegetatiow)jich
prevents confident separation of spatial and environmental variation (GiflteBennett 2010,
Downes et al. in pressExperimentakests ofmetacommunity theorgccurbutmostinvolve
artificial arenas (e.g. microcosms mesocosnsinsular communities with disete boundaries
(e.g. phytotelmata), argimallbodied organisms (e.g. protists, bacteria, alga®)ews:Cadotte
2006, Logue.etral. 2011). Additionally mamperiments laclstrong environmental gradients —
even thoughimetacommunity theory predicts strong impacts of environmanionon
species diversity anduseartificial movement of individualas asurrogatdor natural dispersal
(e.g. sowing of seeds; translocation of plankton) (Cadotte 288& resultextrapolating from
mesocosm experiments to natural systems is difficult because sp#hidspersal constraints

cannot be distinguished from thobatt cardisperse buare unable testallish atnew sites
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93 eitherbecause oénvironmental constrain{ge.g. abiotic conditionghatexceed physiological
94 tolerances) obiotic constraintge.g. priority effects, Belyea and Lancaster 1999, Fukami 2015).
95 These outcomes reflect different ecological proceddexe is clearly a need farorediverse
96 empirical approaches test metacommunityeoiies for which dispersal is an essential and
97 integral compenenideally innatural systems andcluding awider range osystems and
98 organism types.
99
100 In this study,"we present a largeale field experiment designed to test for changtein
101 diversity of streaminvertebrate that could be attributed unambiguouslgtccessful dispersal
102 using naturatemmunities and dispersal regim8gveralkharacteristicsf riverine environments
103 make themrideal for sudhsts.Streamshave marked environmental gradients that change with
104 altitude(temperaturechannelwidth andmorphology, etc.) and thate assoctad with, and
105 potential explanations fochanges in species composit@ong channels (e.g. Statzner and
106 Higler 1986).Stream corridors ammajor dispersal rouseSometaxamay use watecurrents to
107 disperse dewnstrearthg ‘drift’) and although it is unclear how often or how many telxé
108 long distaneesssuccessfu(lyancaster 2008the driftprovides a direct dispersal route along
109 channelsAdditionally, many stream invertebrates are insects that texvestrial adultsmany of
110 which fly.andoftendisperse along river corridors (flighver catchmenboundariess also
111 possible) (Hughes et al. 2008ecausalispersal along stream corridors is strongly directional,
112 localcommunities are directly linked by prospective dispersal rolites.maximizes the
113 possibility thatindividuals can locate all parts of the study area if there are no dispersal
114  constraintspand will colonize if local conditions are suitdbileally, the spatiakcaleof many
115 river systemss sufficiently smalkhat biogeographical processes are unlikelynfluence
116 distribution patternsvithin the metacommunity (Warren et al. 2014).
117
118 Oneway totestexperimentallywhetherdispersal or environmental constraidts/e spatial
119 variations_ insspecies diversity is to manipulate the suppanetsential resource
120 (HilleRisLambers et a012. A longitudinal gragentin detritusdensitiesn our study stream
121 (and typical oimany streams)yas thereforadvantageous in providing a means to test
122  hypothesesThe role of detritus as a key resource of rivers is well estabjide&ttusis
123 exploited in diverse ways by tlaguaticand terrestriastagef many invertebrates (e.g. as food,
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hard substrate to sit on, refuges from predation, etc). The dearth of detritusatrdam

locations in our study system afforded an opportunity tsbthe density of an essential resource
at locations with abiotic conditiorteat could be physiologically stressfaga wayof testing

how dispersal and environmental conditiaffectspecies diversity(e.g.HilleRisLambers et al.
2012), but withougltering majorabiotic gradientsin defining resources and abiotic variables,
we follow classical definitions that are based in ecological th@ogy Tilman 1982, Chesson
2008). Accordingly, resources are any substance or factor (e.g. food, space) that can be
consumed ormonopolized by organisms, potentially leading to competition and density-
dependent feedback loops on populations. In contrast, the abiotic environment mayussaéenfi
populationsfi eanditions are sufficiently extreme so as to exceed physiological toleramoss
processes arerdensity independ&htus,organisms can reaa temperature, but cannot control
temperature in any strong wayhereas detrituis a resource that can bensumed and
monopolized in direct relation nimaldensity regardless of whether detritus acts as a source of
food, living.space, predatoefuges, oviposition sites, etc

The experimental design entaile@atingresourcedich islandsalong a22 kmstreamength and
comparingsthem to control sites over one year. Previous, independent surveys of inveitebrates
the benthesand dispersinigrag this stream revealed longitudinal gradients in species richness
with some species apparently restricted to partidatations (e.g. by abiotiactorg, but also
suggested a strong rad¢ dispersal irthis metacommunityDownes et al. in preksStanding

stocks of detritugenerally declineavith distance downstream, dotal variations in detritus
abundanceralong that gradieverehigh (at scales of 100s%rand associated with smaitale
variations(in the ripaan zone and channedtention which can influence local assemblages
(Lancaster and Downes 2015 experimental sitespecieghatwereresource limitedvere
expected to.increase in dengigjative to control sitefRegarding species diversity and
composition, o alternative outcons®df the experimendére germane the context of
metacommunity theories, which require there to be significant amounts of successful dispersal
that changesspexs composition(1) If dispersal ratewere very low or iftheabioticenvironment

was the primary driver of community compositionifodispersers are unable to invade
established communitiethenin treatment sitewe predicedno change in species richness
(meana-diversity) or community composition, and hence no chandediversity. Additionally,
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no change waexpected in the distribution patteriiocation specialistéi.e. taxarestricted toor
with highest densities ingpticular locationssuch as upstream sitdsefore the manipulation(2)
Alternatively, if some taxaauld disperse and establish at new locations wheficgarit

resources werayailablejrrespective of the abiotic emenmentthen we predigdincreasd
species richnegse. a change in community compositian}l decreased -diversityat treatment
sites.Changes.in the distnittion of location specialists would suggest thair distributiors are
not determined by the abiotic environment. Ting outcome is consistent with the conclusions
of most metacommunity studies based on varigbartitioningof survey data; the second would

suggest a much more significant role for dispersal teanonstratedthitherto.

METHODS

Sudy site

The study was carried out ire2 km length of Hughes Creek, a sarmhd streantributary of the
Goulburn Rivelin central Victoria, soutleastern AustraliélLancaster et al. 200®ownes et al.
2011).Therepwere no major tributaries along this leragild, thus, all sample sites were on the
mainstem Sample site were in the upper reachelsHughes Ck (3659’ S; 145 21’ E) where

the streameruns off the grantiatholithof the Strathbogie Ranges. Stream gradient changed
along thesstudy length (Fig. 1) addwnstream sites had a gentlgadient than thodarther
upstream, but all sites were upstrean@otilburn River floodplain. Sand in tkereambed
(median grain size & -0.5 to -1, or 1.7 to 2.0 mnig sourcedrom erosiomand present naturally
but has ingreasedlith bushfires and vegetation clearance, laasl causedard slugs inocal
streamgDavis/and Finlayson 2000)\s a result of these changes, active channel width increases
greatly fromup- to downstream locations, as dtes wetted widthand this is associated with
decreasing average water depfhable 1) Heavy sand deposition causes an unstable stoedm
and a loss.of-habitat stiwre agdetritus(the primary source of hard substrate and an important

food resourcels buried (Downes et al. 2006).

Along the study. lengttherewerestrong longitudinagradients in the abiotic environment
(physicochemistry and channel morphology), resoustesding stocks of detritus in the
channel), and alsm benthic invertebratdiversity. Many of these gradients are associated

(directly or indirectly) with greater impacts of human activities (e.g. tree clearance) in
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186 downstreanthan upstream area&.brief summary of some environmental variables is provided
187 in Table 1; @tailed information is available elsewhéBownes et al. 2011, Downes et al. 2016,
188 in press). Miltivariate analysisiemonstrate thatthe collective effects dll these variables

189 produces a marked change in the environment of Hughes Ck from up- to downstream (Downes et
190 al.in press)a.brief description is asllows. Perhaps the moghysiologically importanabiotic

191 gradientfor.aquatic invertebratesas a longitudinal increase water temperature

192 accompanyingncreasng channel width, decreasing water depth and lack of shade from an
193 increasinglysparseaiparian zone. \@ter temperaturaa excess of 3W and up to 36°C were

194 commonin downstream zonda summerwater temperatures >3Q are considered extreme for
195 most aquaticdnsects: Lancaster and Downes 2@h8l are coincident with low dissolved oxygen
196 concentrationsfin Hughes Creek at some locatiers <1 mg [!, Lancaster et al. 2009

197  Turbidity, conductivity angbH of the water also increased from tip downstream locations.

198 Otherstronggradients were associated with gugpply and retention afetritalresourcegsee

199 Results) which declined markedly downstream with an increasingly narrow and sparsaipari
200 zone and arloss of retentive structureghe channeglsuch as large woody debridiroughout the
201 stream, detrituss derived from riparian vegetatiowhich isprimarily River Red Gum trees

202 (Eucalyptuscamaldulensis), plus some other specieskifcalyptus andAcacia. Typical of many
203 Australiansstreams whekucalyptus spp. dominate the riparian zone, most barklaatifall

204  occurs in summer and, combined with seasonally low and stable flows, detnitihgtatocks in
205 Hughes Creek are highest in sumnioer, still very low in the downstream areasmpared to

206 many otherstream®ownes et al. 2011, Lancaster and Downes 2015). Low standing stocks of
207 detritus havesimplications fanacroinvertebrate density and diversity, because terrestrially
208 sourced detritus forms the main energy source for foodwebs in streams in this Regibet @al.
209 2008).

210

211  Experimental Design

212 We increasesdtanding stocks of detritus by increasing chanriehteveness dateatment sites

213 while leaving eontrol sites unchanged. In total, there werad®le sitesfour in each of three
214  zones (up-middle, dowmrstream) and, within each zone, control and manipulation sites were
215 allocated at rammin (Fig. 1).Zones reflect major shifts in emenmental conditions, which

216 change fairly abruptly rather than smoothly along the channel (Downes et alD20dries et al.
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217 in press)Siteswere 40 m channel lengths aselected to be relativeltraight,homogeneous

218 stretches with no bedrock outcrops, islands or braidihgstreamwise distance between sites
219 rangedirom 0.6to 3.7 km (neanl.6 km).

220

221 To increase,stream retentiveness in treatment sitesrly summer 2013y00den stakeddngth
222 120 an) were hammered into the stream bed in pait§ ¢m apart, perpendicular to the

223 direction of flow) Stakes protruded above the water surface throughout most discharges and
224  were fully 'submerged only rarely during winter flooBetritustransportedy water currents

225 became trapped and accumulated on these stakes, thereby increasing standing stocks of detritus in
226 thetreatment sites relative to the contrdike density of stake pairs ranged from 1:3imthe

227  upstream sites; which had some natural retentive structures, t& indme downstream sites,
228 which hadvirtually no natural retentionl o initiate detrital accumulatiomye collected leaves,

229 bark and small twigs from the riparian zoiiis materiawas placed itinen bags, submerged
230 in the stream for 48 hours to become water logged, and then released into treggsient

231 immediatelyafter stakesvereinstalledat the start of the experiment only (for a description of
232 amounts released s@ppendixS1). Some stakes were lost or partially buried by shifting sand
233  during winterspaes @ppendix S2) but>80% of the stakes in each site remained in situ

234  throughoutthe experimeritost stakes were replacadspringto maintain treatment effects.

235

236  Altering channeketention can also alter local hydraulics so we surveyedheshrelocitiesand
237 water deptlatithe enaf the experiment to characterise possiifterences between treatment
238 andcontrol'sitesThis survey revealed no changes in deptfiow that werdikely to be

239 ecologically significanor affect the experimental results or interpretation (for a full description,
240 seeAppendix S3.

241

242  All sites were . sampled for benthic invertebrates and detritus immediately befonguhation

243 (time O)andsat1, 4, 9, and 12 months post-manipulattmeach occasignve collected 10

244  Surber samples (0.09°m250 um mesh) per site (increased to 15 samples for 9 and 12 month
245 collections to ensure adequate sampling eftdterwinter spates: Appendix S2. Sanples were
246 located within the site according to a random stratified design, with roughly onercpfatte

247 samples located within ea@l® m segment of the 40 site Stream width was measured at 10 m
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248 intervals to estimate are@ites are replicates our statistical analysggaot individual samples),
249 so samples were composited to provide a single estimate of invertebrate densities per site.
250 Detritus greater than5 cm?® was removed from samples, air dried and weighed to estimate
251 standing stocks per site. Leafy and woody detritus were weighed separately, dtvthes

252 fractions shewed exactly the same patterns across sites and times, so only results for total detritus
253 arereportedComposited samples of invertebratesre split into 100 aliquots using a sample
254  splitter(Marchant 1988 and 20 aliquots were selected at random for enumei(@isomer

255 Downes etal’in prekdnvertebrates were sorted under a steiemacope and identified to the
256 lowest taxonomic levavhere possible: species for sidaxa; genus for most Chironomid&ee
257 Appendix $4 foialist of the majoitaxonomic references.

258

259 Numerical and statistical analyses

260 Spatial structure of the initial metacommunitgs described using preanipulation data to test
261 for longitudinal patterns in species richness (Spearman’s rank correlation) and nestedness of local
262 communitiesrinithe 12 sample siteediedness was measured usirgmetricNODF ard

263 calculatedoy Aninhado 3.0 Guimardes and Guimarades 2086neidaNeto et al. 2008)Sites

264  were ordered according to their position along the stream gra8iignificance oNODF was

265 determined by Monte Carlo tests (1000 permutations) using an equiprobable-equipnabable
266 model.

267

268 The experiment was designed to be analyzetthi®eway, repeated measuragsalysis of

269 varianclRMANOVA). Time was the repeated measaral there wer twofixed factors,

270 Treatmem(control vstreatmentandZone along the gradieup-, middle and dowrstream) In
271 this statistical model, the tesi§our hypotheses involvle Treatment Xime interaction term.
272  If significant,this would indicataresponse ttheincrease in detritus, and changes that became
273  more pronounced with increasing time since the manipulation. A significantvtiaree-

274  interaction(freatment x Zone Xime) would indicate that the magnitude or speed of response
275 varied spatialt,along the channeThis statisticalmodel was used for univariatariables

276 (detrital standing stock$axon richness, total invertetie density, densities of individual taxa)
277 and themultivariate dataset(multi-species assemblagebhivariate datavere log-transformed
278 before analyses to satisfy assumptions of homogeneity of varlorcedividual taxa that
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279 showed a significant treatment effect, planned contrasts were carrieddatétmine in which

280 time period the response first became signifidsluitivariate datavere analyzed using

281 PERMANOVA+ and PRIMER v§Clarke and Gorley 2006, Anderson et al. 2008), based on a
282 resemblance matrix constructed from foemtlot transformed species abundance data and-Bray
283  Curtis similarity coefficientsSignificance levels of all multivariate tests were determined by
284 9999 permutations. We used nowtric multidimensional scalindNMDS) solved in two

285 dimensionstodisplay differeas among the sites with respecZtime, Treatment andime. We
286 tested whetherpotential spatial autocorrelation between sites compromised statistical tests of the
287 experimental treatment in the multivari@&ANOVA (Underwood 1994)This test and its

288 outcomes arerdescrib@dAppendix S5 and indicated that such correlations di¢omipromise
289 tests of therhypotheses of interest

290

291 We quantifed -diversityas thevariability in species compositiamong sampling units

292 (Anderson.et al. 200&)y creating a dissimilarity matrixom the species abundance dasang

293 the Jaccard'measymhich usespecies presence/absedeta We used-tests(andP-values

294  created via'permutationgjithin PERMDISProutine of the PERMANOVA+ packade test

295 whetherthe.degree ofariability in species composition differed between treatment and control
296 replicatesat*each sampleme.

297

298 RESULTS

299 Premanipulation, detritus densities were an order of magnitude highes up#tream vs

300 downstream.zonesn average, densities were 98, 19 and 7 g dry fyiimup-, middle and

301 downstream zone sitegspectivelyExperimentally increasinghannel retentioproduceda

302 significant.increase in the standing stocks of detimwl treatment sitesncluding the upstream
303 zone which.had,the highest natural retention (Fig. 2a, TakigriificantTreatmemnx Time, non-
304 significant_Treatment x Zone x Timéljhe magnitude of theifference in detritus densities

305 Dbetween treatment and control sitesreased in @ownstreandirectionand, after 12 months,

306 detritus densities were roughly 3x, 19x and 42x high&eatment sitesn up-, middle and

307 downrstream zonegespectively Thus,after 12 months experimental sites attained approximately
308 the same average density of detrituall zonesThedetritusincrease after only 1 month (Fig.
309 2a)partlyreflects the experimental addition of detritus at the start ahdrepulation but natural
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310 accumulationgontributed significantly thiigh densities in the longer terffiable2: Treatmemx
311 Time). Observations suggested that detritus accumulation was dynamic, with cdisidera
312 turnover (continuous accumulation and loss) of individual pieces of detritus. Notable

313 accumulations of detritus occurred also on the stream bed betweenstekeseletritus traps
314 createcsome.areas dbw flows (Appendix S3.

315

316 Over the experiment, we recorded 260 taxa of benthic invertebrates, 96% of whicdquetie
317 insectsPremanipulation, there was a longitudinal decrease in taxon richness peg sit@.{4,
318 P =0.006) withe50% more species per site in upstream than downstream konas.

319 communities were significantly nested (NODB5.4,P < 0.00]) such that the species

320 compositions of downstream sites were proper, nestieslets o$ites further upstream.

321

322 Invertebratdaxon richnesgu-diversity) and totaldensitiesncreased significantlin treatment
323 sitesand inall zones (Fig. 2bc2Table2: significantTreatmenx Time, non-significant

324 TreatmentxZane x Timehn control sites, dspite an overall drop in taxeithness in winter
325 (month 9),"numbers of taxa in months 0 andsL&nmer)were similar for each zonén contrast,
326 taxon richness itreatment sitedid not decline buncreased noticeabipn all zones after nine
327 months,_Aifter 12 monthsaxon richness waapproximatelyl.3%, 1.% and 1.6x higher in

328 treatment than control site® up-, middle and downstream zonespetively The pattern for
329 total invertebrate densities was broadly similar to that for taxon richness: densities in treatment
330 sites wereigher than controls in all zones after only four months (autumrgasmhal density
331 decreases‘inwinter were mgne@nounced in control than treatment sites.

332

333 Multivariate analysis revealed significant effects of the experimental maniputetiemtire

334 invertebrate.assemblag@&able3: Treatmenx Time). The effects varied between zones and
335 overtime,as.evidenced lysignificant3-way interaction ternGTable3: Treatmehx Zone x
336 Time). Thereqwere insufficient unique permutations to allow-pase contrasts withithe three
337 way interactiopbut the multivariate patteriitustrated inNMDS plots (Fig. 3) show that

338 treatment effects were greater at middle and downstream sites than upstream sites, and that these
339 differences varied over timPairwise tests withimreatment Time indicated that treatment
340 effects first manifest after four months<1.6,P = 0.035) and remained significant in
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341 subsequent sample occasiosasonal changes in compositare illustrated by swings in the
342 temporal trajectoryf all sitesalong NVIDS axis 1; thesewings were most pronounced in the
343 control sites and the downstream s{éig. 3a, c, €)Axis 2 is associated with stream zone, with
344  highervalues for upstream than downstresitesat each sample tim8etween 0 and 12 months,
345 there was little .net directional chgain the upstream sites (Fig. 3b)cbmtrol sites othe

346 middleand.downstream zones, net directional change was in the same direction and of similar
347 magnitude“over'12 months (Figd,3), which may reflect inteannual variationln treatment

348 sites, he vectordirection of change was also similar in the middle andstoeanzones, but in
349 roughly the opasite direction to the control sitesiggesting a treatment effester and above
350 interannuakvariationThis vector direction indicates that communities in the middle and

351 downstream treatment sites became more git@laommunities in the upstream zone.

352

353 Analyses of3-diversity confirmedutcomes of the multivariate analyséseatment siterom all
354 three zoneb®ecame more similar to each othwrer time whereasontrol sites became less

355 similar, partlysdue to interannual variation (Fig. 4). Tifediversity declined across experimental
356 sites as downstream and middle sites acquired sgaeissnt irupstream locationsather than

357 species fram outside the species pool.

358

359 Univariate analyses @omnon taxaalso provided results consistent with the multivariate

360 analysesOf the 260 taxa, 54 were sufficiently abundant to permit RMANOVA of individual
361 species’ densitied.he number of taxa witand withoutTreatmet and DHne effects are

362 summariedkinsTablet and species namesAppendix S6 (for brevity, outcomes of the 54

363 analyses araot reported). Approximatelyalf the taxa weraot affected by the manipulation;
364 most of these occurred throughout the longitudinal gradient and\@s@bslocatiorspecialists

365 (mainly upstream specialistdll significant treatment effecisivolved higher densities in

366 treatmenthan @ntrol sitesFor location specialisthat responded to the manipulation, the zone
367 with highest:densities was typically the sametfeatment and control sitddowever, between
368 zone differences in density were reduced in treatment sitebeseltaxa were often absent from
369 controlsbut abundant in correspand treatment sitedVhentreatmeneffects first became

370 statistically sigrficantvaried among taxdl, 14, 7 and 4 taxa first showed significant treatment
371 effects after, 1, 4, 9 and 12 monthsspectivelyMost of the responding taxa occurred
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throughout the streagradient 38% of responders were location specialgts-manipulation,
but were present in new zones pogtnipulation Whether species responded to the treatment
was not obviously related to any functional traatisg species within the same genus @doul
respond differently. For example, among the predatory caddigftre@mus continentalis
responded bu. cygnitus did not; among filter-feeding blackfligsustrosimulium furiosum
respnded buSmulium ornatipes did not; mayfly gazer/scraper®Offadens sp. responded but
Tasmanacoenistillyardi did not; chironomidyrazer/scraper§hienemanniella sp. responded but

Corynoneura'sp.'did not.

DISCUSSION

Our landscapescale field experiment demonstrated that natural dispersal proeegsesa
metacommunity, caimcrease species richness in spepiesrsitesif essentl resources are
increased. Such increases are expected if species disperse frequently ambugeasitasable

to coloniz locations where resources aseially scarce or fully monopolizeduexperiment
encompassedsstrong environmental gradiemsresource-poosites occurred in places with
abiotic conditiens that may be physiologically stressful (shifting saadnwater, low dissolved
oxygen).Nevertheless, many specigdonizedthese sites once resources had been increased
and, after.only one year, the number of taxa nearly doubled in some treatmeW¥|siites.
species diversity may have been increased by vaaspescts ohigh detrituslevels (e.g. increase
in food, living space, refuge etcipterpretatiorof the resultsare not contingent upon identifying
which aspectdacilitated invasion.The resultslemonstrate an important role for dispersal in this

metacommunity.

The outcomesf this experimenhavetwo majorecological implicationsFirst,abiotic conditions
thatare often.assumed be physiologically stressful do nécessarilypreclude colonization by
manyspecies..Second, dispersalssuccessfueven with wellestablished communities present
suggestinghat priority effectg{e.g.Belyea and Lancaster 199ukami 2015) dmot necessarily
preventmany species from successfully invadesiablished localommurties Other research
usingretention traps to increase detrital resout@gerecordedonly small increases in species
diversity (e.g. Dobson and Hildrew 1992, Koljonen et al. 2012, Palmer et al. 2t4hose
studies were napecifically designed to test whether dispersal along river cosribn effect

This article is protected by copyright. All rights reserved



403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433

establishment of species at new locatj@rsl may have been unabbedetect dispersal from

distant locationge.g. study duration short relative to dispersal rateor distancgsOur results
corroborate indirect evidence from a previsusveyin this systen{Downes et al. in press) and
provide rare experimeaitevidenceof how dispersal drives diversity amologal communities at

landscape secales.

Unlike most'previous experimertesing ideas irmetacommunity ecologyhis studytested the
effects of natural dispersal raiesa natural systenThe manipulation increased detritus

markedly, andtanding stocks adetritus in treatment sitegere very similar across all zones by
the end of therexperiment, desmtstrong longitudinal gradient of resource density at the outset.
Additionallyybecause etritus was naturally sourcegbsourceaype and qualityverecomparable
atall sites Our experiment ran for sufficient time to include the effectasgatsal over different
spatial and temporal scalegygregation via shodistance movements (eg@awling, swimming)
and longemistance dispersal (e.g. drifgr by population growth due to recruitmeag(from

adults layingreggoften after adult dispersal by flight). Theoretically, movement and aggregation
of aquatic life'stages could occur rapidly and at any time of year for any species, but processes
involving-adult flight and population growth are likely to take longer and seagonally.
Responsesdtimesere speciespecifiG suggesting that all three types of dispersal were at play.
Treatment effects in the multivariate datare rapid an@pparenafteronly four months,
whereagesponses of some individual taxare not apparenintil nine or even 12 monthahich
likely reflects'speciespecific life histories and dispersal capabilitiesr example, some rapid
respondersiwer€hironomidae (midges), which can produce multiple generations per year and
could respond rapidly via population growth. In contrast, slow responders included some
Trichoptera (caddisflies), which produce only one or two generations a year in taim,syst
responses.via population growth may take lonigleist Plecoptera (stoneflies) this system

enter diapause/over summer amnd most abundant during spring, tmdy time thatreatment
effects weresapparefur stoneflies These variable responséigstrate the importance of
incorporatingnatural dispersal regimelife-history variability and seasonalitnto realistic

experimental tests

The B-diversity oftreatmensites declined as averageliversity increaseds predicted bgome
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models (Mouguet and Loreau 2003, Cadotte 2006). Taxa contributingréasd species

richness originated within the species poiolhe creeki.e. ‘new’ speciedid not originate

outside thenetacommunityand manycolonists of treatment sit@gere previouslyestricted to,

or most abundant in, upstream locatidhgstmanipulation, the faunalomposition é middle

and downstreartreatmensitesbecame mie similar tothat ofupstreaniocations. The pre-
manipulation pattern of nested communifi@shersuggest that upstreacationswere the
source of potentiatoloniss. Among speciespecific responsesoughly half of the common taxa
respondedtothe experiment and there were no obvious patterns in the taxonomy or functional
traits of species that did or did not respond. Approximately 8Ddxa werdocation specialists
(primarily upstream specialistbfore the experimenand oneeommoninterpretation osuch
restricted distributiopatterns is thaabioticconditions limit distributios. However, roughly half
these location specialisttanged distribution during the experimantl appearefibr the first

time and/or ahigh densities in treatment sitszones outside their ‘normal range’. Although we
observed changes in and B-diversity after one year, amportant question is whethtrese
changesvill"persistor decline as dispersallders strong competitors or predators to tnezt
sites(Mouquet-and Loreau 2003)iisis the subject of gaubsequent paper.

Alternativemodelspredicing increaseds-diversity with successful dispersalproductive
environments (e.g. Chase 2010) were not supported by our expelimtbese models
howeverdispersal is modelled as a largely stochastic evaetey relativelyfew successful
disperserproducealmostrandom changemmong replicatéocal communites (as demonstrated
using pond'mesocosniShase 2010, Steiner 2014). Subdelsmay not applyo natural, large
scalemetacommunitieqregardless of productivityyheredispersamay be strongly directional,
occurson a seasonal (@emiregular)basisandis therefore nostochasti¢l.owe and McPeek
2014), evensthoughbsolute numbers of dispersers can vary greatly between locatitles

patches of.suitable habitat withimeta&communities (e.g. Sams and Keough 2012).

Evidencethat upstream locations have reservoirs of species capable of living in a variety of
locations is of strong interest becansanyrestoration projectsely on dispersal from such
reservoirs for succegs.g. the Field of Dreams hypothesis: Palmer et al. 199anyMver

restoration projects have failed to deliver increases in biological divé@iPsityner et al. 2004
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465 and one concern is thgpecies in intact areashich are typically upstreaof areasdegraded by
466 human impacts, are incapable of inhabiting or reachirigrexssitesor may take many years to
467 do so (Parkyn and Smith 201Qur experiment demonstrates this may not always be the case
468 Dispersal clearly plays a significant role in the dynamfasoonmunities along Hughes Creek;
469 abiotic variables and priority effects did not block mapgcies from dispersing successfully and
470 establishing atnew locatioms our experiment.

471

472  Much of the'metacommunity literature suggests that environmental gradientslagdased

473 processes dictate species compositiblocal communities with dispersal playing onlg minor

474  role (e.g. Legue et al. 2011). Howevaerpstof this literatures based upon survelataand

475 indirect numericaiethoddo estimatevhetherdispersal is successfalmethodshatmay

476 underestimate true frequencafssuccessful dispers@.g. Gilbert and Bennett 200L®R\lthough

477 some experiments have successfhlhlighted theeffects of dispersamostlack realism(see

478 Introduction) largescalefield experimentsre rare and muahmeeded (Cadotte 2008imonis

479 and Ellis 2014):'W are unaware of arsfudiescomparabléo this largescale maniplation.

480 Some experiments do tdsdw boostingessential resourceffects species diversity, but the

481 majority have focused on planiadreasing nutrients, water or light: HilleRisLambers et al.

482 2012),ratherthan animasndacross multiple trophic levelStudies using natural dispersal rates
483 are common in marine studies of community assembly (e.g. Sams and Keough 2012) but usually
484  resourcegsanonly beincreased over small scalésn exception ishe creation oértificial reefs,

485 whichincreasenliving space for fish and invertebrakémwever, such reefs tend to be domsted
486 away from natural reefs gwiority effects cannot be assessaad the results are more akin to
487 examiningre-assembly of communities following disturbance (Schroeter et al. 2015).

488

489  An impottantgoal in community ecologig to link metacommunity or community assembly

490 modelswith thoseof species coexisten¢€hesson 2000, 200BijlleRisLambers et al. 20}2

491 Species coexistence modelgplain howspecies shamng similar resources and potentially the

492 samepredatorsare able to coexist in the face of competition that might otherwise drive some to
493 extinction(Chesson 2000, 2008)igh diversity within guilds is a major source of species

494  richness sainderstanding how guild members can coeastexplain differences in species

495  diversitybetween communitiedlodels that delier stable coexistence include traafés (e.qg.
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colonization/competition tradeff), mechanism@roducing spatiatiche differencesspatial
disturbance effects and othé@hesson 2008 first step in testing these models is to
demonstrad that species can disperse between lomaimunities anduccessfully establish at
locations that have a range of environmental conditions. We have demonsiissfiedspeciesn

a range of guildsivhich now paves the way for a more detailed examination of the mechanisms

underlying the.coexistence of species in fyistem

ACKNOWLEDGMENTS

This research was supportedDigcovery grants from thaustralian Researc@Bouncil

(DP0772854 and DP120103)4&warded to BJD and JL. We are grateful to local landholders for
allowing aceess to study sit&pecial thanks to Alena Glaister and William Bovill for heroic
efforts in the field and laboratory. Thanks also to the many people who helped in théokéald:
Grubb, Bronvyn Gwyther, Dean Hartwell, Steve Horn, AsjnMacqueen, Bobbi Peckarsky,

Jared Polkinghorn, Handoko Wahjudi, Julia White.

LITERATURECITED

Almeida-Neto, M., P. Guimarées, P. R. Guimaraes, R. D. Loyola, and W. Ulrich. 2008. A
consistent metric for nestedness analysis in ecological systems: reconciling concept and
measurement. Oikdsl7:1227-1239.

Anderson, M. J., R. N. Gorley, and K. R. Clarke. 2008. PERMANOVA+ for PRIMER: Guide to
Software and Statistical Methods. PRIRME Ltd, Plymouth, UK.

Belyea, L. R=and J. Lancaster. 1999. Assembly rules within a contingent ecology8&4is
417.

Brown, B. L. and C. M. Swan. 2010. Dendritic network structure constrains metacommunity
properties in riverine ecosystems. Journahonimal Ecology79:571-580.

Cadotte, M..W..2006. Dispersal and species diversity: A aeddysis. American Naturalist
167:913-924.

Chase, J. Mt 2010. Stochastic community assembly causes higher biodiversity in moreéveroduc
environments. Scien@28:1388-1391.

Chesson, P. 2000. Mechanisms of maintenance of species diversity. Annual Revielogy Ec
and Systematic31:343-366.

This article is protected by copyright. All rights reserved



527 Chesson, P. 2008. Quantifying and testing species coexistence mechanisms. Pagem1A.9-164

528 Valladares, A. Camacho, A. Elosegui, C. Gracia, M. Estrada, J. C. Senar, and J, M. Gill
529 editors. Unity in Diversity: Reflections on Ecology after the Legacy of Ramogalfr
530 Fundacion BBVA, Bilbao.

531 Clarke, K. Reand R. N. Gorley. 2006. PRIMER v6etUsanual/Tutorial. PRIMEFE Ltd.,
532 Plymouth.
533 Dauvis, J' and'B. L. Finlayson. 2000. Sand Slugs and Stream Degradation: the Case of the Granite

534 Creeks;"Nortreast Victoria. Technical Report 7/2000, Cooperative Research Centre for
535 Freshwater Ecology, Canberraystralia.

536 Dobson, M« Kesand A. G. Hildrew. 1992. A test of resource limitation among shredding

537 detritivores in low order streams in southern England. Journal of Animal Ecgilag@f¢

538 78.

539 Downes, B. J., P. S. Lake, A. Glaister, and N. R. Bond. 2006. Effects of sand sedimentation on

540 the macroinvertebrate fauna of lowland creeks: are the effects consistent? Freshwater
541 Biology®51:144-160.

542 Downes, B Jyd. Lancaster, A. Glaister, and W. Bovill. 2016. Data from: A fresh approach
543 reveals how dispersal shapes aseimmunity structure in a humaitered landscape. doi:
544 10.5061/dyrad.rt201, http://datadryad.org/.

545 Downes, B. J., J. Lancaster, A. Glaister, and W. Bovill. in press. A fresh approads hevea
546 dispersal shapes metacommunity structure in a htattaredlandscape. Journal of

547 Applied Ecology.

548 Downes, Budyd. Lancaster, R. Hale, A. Glaister, and W. Bovill. 2011. Plastic andictaie
549 responses of stream invertebrates to leaf pack patches acrosdstahed streams.
550 Marine and Freshwater Reseaf&h394-403.

551 Fukami, T,,2015. Historical contingency in community assembly: integrating nichegsspec

552 poals,.and priority effects. Annual Review of Ecology, Evolution and Systerdétits
553 23.

554  Gilbert, B."and.J. R. Bennett. 2010. Partitioning variation in ecological commudii¢ise

555 numbers add up? Journal of Applied Ecold@y1071-1082.

556 Gothe, E., D. G. Angeler, and L. Sandin. 2013. Metacommunity structure in a small boreal
557 stream network. Journal of Animal Ecolo88.449-458.

This article is protected by copyright. All rights reserved



558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588

Guimarées, P. R. and P. Guimaraes. 2006. Improving the analyses of nestednesssktslafge
matrices. Environmental Modelling and Softwafe1512-1513.

HilleRisLambers, J., P. B. Adler, W. S. Harpole, J. M. Levine, and M. M. Mayfield. 2012.
Rethinking community assembly through the lens of coexistence theory. Annual Review
of Ecelegy, Evolution and Systemati43:227-248.

Hughes, J.M.,D. J. Schmidt, and D. S. Finn. 2009. Genes in streams: Using DNA to understand
the'movement of freshwater fauna and their riverine habitatcigiose59:573-583.

Koljonen, S ;"PLouhi, A. Maki-Petays, A. Huusko, and T. Muotka. 2012. Quantifying the
effects of instream habitat structure and discharge on leaf retention: implications for
streamrestoration. Freshwater ScieBtd121-1130.

Lancaser, J¥2008. Movement and dispersion of insects in stream channels: What role does flow
play? Pages 13957in J. Lancaster and R. A. Briers, editors. Aquatic Insects: Challenges
to Populations. CAB International, Wallingford, UK.

Lancaster,.J. and B. Jolnes. 2013. Aquatic Entomology. Oxford University Press, UK.

Lancastergdwand B. J. Downes. 2015. Population densities and @eaaitglationships in a
community with advective dispersal and variable mosaics of resource patches. Oecologia
176:985-996.

LancasteryJ7, B. J. Downes, and A. Arnold. 2011. Lasting effects of maternal behaviour on the
distribution of a dispersive stream insect. Journal of Animal Eca0dy061-1069.

Lancaster,J., B. J. Downes, and A. Glaister. 2009. Interacting envirohgeatiznts, tradeffs
andsreversals in the abundance—environment relationships of stream insectdowlien f
unimpertant. Marine and Freshwater Rese&@R59-270.

Logue, J. B., N. Mouquet, H. Peter, H. Hildebrand, and T. M. W. Group. 2011. Empirical
approaches to metacommunities: a review and comparison with theory. Trend®myEc
and_Evolution26:482-491.

Lowe, W. H..and M. A. McPeek. 2014. Is dispersal neutral? Trends in Ecology and Evolution
29:444-450.

Marchant, R.1988. A subsampler for samples of benthic invertebrates. Bulletinfafstinglian
Society for Limnologyl2:49-52.

Mouquet, N. and M. Loreau. 2003. Community patterns in source-sink metacommunities.
American Naturalisi162:544-557.

This article is protected by copyright. All rights reserved



589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617

Palmer, M. A., R. F. Ambrose, and N. L. Poff. 1997. Ecological theory and community
restoration ecology. Restoration Ecoldg291-300.

Palmer, M. A., K. L. Hondula, and B. J. Koch. 2014. Ecological restoration of streams and rivers:
Shifting strategies ahshifting goals. Annual Review of Ecology, Evolution and
Systematicgl5:247-269.

Parkyn, S;\M. and B. J. Smith. 2011. Dispersal constraints for stream invertebettieg: S
realistic'timescales for biodiversity restoration. Environmental Managet8&i2-614.

Reid, D. J5;'G"P. Quinn, P. S. Lake, and P. Reich. 2008. Terrestrial detritus supports the food
webs in lowland intermittent streams of secetistern Australia: a stable isotope study.
Freshwater Biolog¥3:2036-2050.

Sams, M. Ai'and M. J. Keough. 2012. Contrasting effects of variable species recraoitment
marine sessile communities. Ecold@1153-1163.

Schroeter, S. C., D. C. Reed, and P. T. Raimondi. 2015. Effects of reef physical structure on
development of bentbireef community: a largscale artificial reef experiment. Marine
EcoloegyiProgress Seri&d0:43-55.

Simonis, J. . ‘and J. C. Ellis. 2014. Bathing birds bias B-diversity: Frequent dispersal by gulls
homegenizes fauna in a rock-pool metacommunity. Ecaddghs545-1555.

Statzner,.Band B. Higler. 1986. Stream hydraulics as a major determinant of benthic
invertebrate zonation patterns. Freshwater Biolbg§27-139.

Steiner, C.\F. 2014. Stochastic sequential dispersal and nutrient enrichment drivedrsty oh
spaceand time. Ecolo@p:2603-2612.

Tilman, D."1982. Resource competition and community structure. Princeton Universgy Pres

Underwoad, A. J. 1994. Spatial and temporal problems with monitoring. Pages 101P123
Calow and G. E. Petts, editors. The Rivers Handbook, Volume 2. Blackwell Scientifi
Publications, Oxford.

Warren, D. L., M. Cardillo, D. F. Rosauer, and D. I. Bolnick. 2014. Mistaking geography for
biology: inferring processes from species distributions. Trends in Ecology andi&nol
29:572-580.

This article is protected by copyright. All rights reserved



618 Tablel Summary of some environmental variables (mean values) characterizing upper,
619 middle and lower sections of the study length in summer. NB: temperature loggers
620 were deployed in upper and lower reaches only; data are not available for middle
621 sections. Data @m (Downes et al. 2016, in presseeDownes et al(2016, in press)
622 for.details of instrumentation and collection methods; see DownegiripagssYor
623 statistical analyses.
624
Variable Upper Middle Lower
Active channel width (m) 6.7 8.8 25
Wetted channel width (m) 2.7 4.8 5.3
Water depth (m) 0.53 0.27 0.08
Riparian width (m) 89 39 45
Tree coveln riparian zone (%) 90 50 20
Air temperature’C): daytime, night time (range) 21.8,15.8 NA 23.4,16.1
(3-45) (2 - 46)
Water temperaturé(): daytime, night time 18.8, 18.4 NA 21.7,19.0
(range) (13- 29) (11 - 36)
Water temperature (% of timemperatures 0 NA 7.11
exceeded 29 °C)
Conductivity (S crif at 25C) 177 265 307
Turbidity (NTU) 5 5 11
pH 7.11 7.30 7.42

625
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626 Table2 Summary of RMANOVAcomparing standing stocks of detritus, taxon richness and total invertebrate densities between treatments in

627 different zones on the stream gradient and over Bubjects in these analyses are sites. See Fidguoraltlistration.
628
Detritus standing stock Taxon richness Total density
Source df MS F P MS F P MS F P
Between subjects
Treatment 1 121 89.1 0.001 1206 5.221 0.062 1.678 41.25 <0.001
Zone 2 2.37 17.4 0.003 879 3.805 0.086 0.1879 4.618 0.061
Trt*Zone 2 0558 4.09 0.076 70.1 0.3035 0.749 0.1576 3.873 0.083
Subject 6 0.136 231 0.0407
Within subjects
Time 4 0970 9.81 <0.001 708 12.28 <0.001 1.785 70.04 <0.001
Trt*Time 4 0.748 7.56 <0.001 398 6.894 <0.001 0.1330 5.217 0.004
Zone*Time 8 0122 123 0.322 33.33 0.5777 0.786 0.1621 6.361 <0.001
Trt*Zone*Time 8 0.0694 0.701 0.687 36.41 0.6312 0.744 0.0437 1.714 0.146

Error 24 0.0989 57.68 0.0255
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Table3 Summary of PERMANOVA comparing invertebrate assemblages between

treatments in different zones on the stream gradient and oveStirnects in these

analyses are siteSee Figure 2or illustration

Source

df MS Pseudd~ P

Between subjects
Treatment
Zone

Trt*Zone
Subject

Within subjects
Time

Trt*Time
Zone*Time
Trt*Zone*Time

Error

1 3474 2.446 0.043
2 5957 4.194 0.013
2 974.0 0.6858 0.752
6 1420

4 5434 10.59 <0.001

4 1356 2.644 <0.001

8 926.0 1.805 <0.001

8 643.4 1.254 0.031
24 513.0

Table4 'Summary of univariate responses8y RMANOVA) for 54 taxa, showing the

number-and percent (in brackets) of taxa with significant (siganfl)nonsignificant

(ns)treatment and zoreffects, and the zone where densities were higlhaga with

significant treatment effect (TR Time or Tit X Time x Zone) were pooled; all

treatment effects were positive, i.e. increased density in manipulation sites compared

with controls.SeeAppendixS6for species names.

Highest densities

Treatment effect Zone effect Up Mid Down
ns 28(52%) ns 21 (39%)

signif. 7 (13%) 5 0 2
signif.  26(48%) ns 16 (30%)

signif. 10 (18%) 5 4 1

Figure legends
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644
645 Figure 1 Altitudinal profile of the study stream showing locations of control and treatment
646 sites in each of the three zones (upstream, middle, downstream).

647 Figure 2 Summary of (a) standing stock densities of detritus, (b) taxon richngs$ tal

648 invertebrate densities per s{teean £SE), in control and treatment sites (stippled
649 and solid bars, respectively) in relation to stream zone (up, middle, down) and time
650 since the'manipulation started (time @re-manipulation). See Tabldd@

651 summary of statistical analyses.

652 Figure 3 Non-metric multtdimensional scaling (NMDS) ordination of sites at different

653 times./For convenience, the three zones are shown in separate panels with the same
654 scales) (a) & (b) upstream, (c) & (d) middle and (e) & (f) downstream, although all
655 sites andimes were included in the ordination (stress for 2D configuration = 0.17,
656 indicating a good fit to the data). Different sites are indicated by differerdiatym

657 (circles, squares): open symbols indicate control sites, solid symbols treatment

658 sites; symbols with crosses indicate-pranipulation samples. (a), (c) & (e) show

659 allsites) and times with lines connecting samples from the same site over the

660 temporal trajectory. (b), (d) & (f) show only the pr&anipulation and final, 12-

661 month'samples. Arrows with open and closed heads indicate the average direction
662 and.magnitude of change in ordination space for control and manipulation sites,
663 respectively. Start and end of each arrow was calculated as the mid point in

664 ordination space between replicate contrareatment sites.

665 Figure 4 p-diversity as described by mean (£ SE) dissimilarity among replicateotantl

666 treatment sites (stippled and solid bars, respectively) in relation to time since the
667 manipulation started (time O = preanipulation). This mease of dissimilarity

668 (Jaccard's index x 100) can be interpreted directly as the percent of unshared
669 species. * indicates bars that are significantly differeRt<0.05.
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