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Running title: Dispersal and metacommunity structure

Summary

1. Tounderstandpecies losses from disturbed landscapes, it is important to distinguish the effects of
degraded environmental conditicinem those caused Wyarriers to disperséletween habitat
patchesTo assess the relative importance of these effeetdewelopeda new approachising
permutation and-association teapplied to rank abundandatg usingthe invertebrate fauna ofo
riversin two'seasons

2. Our study streams wekughes Creek and SevE@neeksin southeastern Australiavhich have
both been degraded by agricultimedlownstream sectiong/e collected benthic invertebratand
also dispersing individuals (drift, terrestrial adults) duting seasons iB007-2008.Studysites
spannedtrong environmentaradients as well abhe main dispersaloute(up- and downchannel)
Environmental data wenalysedo set uppermutation tests on rank abundan&svey and
disperser dataswere contrasted using contingency table analyses.

3. The resultsuggestlispersal playa strongole incommunity structureEnvironmental effects
were evident and strongest upstreant evidence of environmentlffectswas wealover much of
the gradientMany species had different distributions in different datawalspersers that were
abundant at locations distant from centres of bemlisicibution.

4. Our resultstdiffer frommanystudies but few have been able to evaludispersal effects directly
Our methodorovides a practical approach for evaluating the di$persal plays idriving species
abundance patterns across landscdpasbridging agap between theory and praeti

5. Synthesis’and applications. Managers typically use indices of ecosystem healthetfmtme
environmental conditions largely determpeciesliversity and abundancBispersabetween
habitat patcheis known to be importanbut there are neeliablemethodgo assesthe role dispersal
may play«=We provide an approach that allolathdispersal and environmental effeots species
distributionsto beevaluatedrom survey dataThismayopen the way fodispersalnformation to be
incorporated intananagement action&dditionally, the approackhouldallow improvedsiting of

restoration projectthatdepend greatly on successful dispersal of individuals for sifatesdcomes
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Key-words. combinatoricsdispersal, disturbancenvironmental gradientiand clearance,

restorationsoutheastern Australigspeciesliversity, stream invertebratgsgariation partitioning

Introduction

As human‘impacts on the environment continue to grow, rates of species extinction aedewpect

climb, butweyunderstand little about the direct causes of species losses when human impacts increase

gradually(Schefferst al. 2012. Losses could be due to a gradual degradation of environmental
conditions (exg=increased edge effects as habitat patches shrink in size betcause dispersal of
individuals is slowly cut dfas patches become increasingly isolated in a matrix of disturbed
environmen{Fahrig 2007. It isimperativeto distinguish between these two causgsmanagers
typically have litte information about dispersal of species across landsddpssindices of
ecosystenihealthi are derived from variables measuriegvironmental conditignwhichareusedas
asurrogate for biological diversitfe.g.Kwok, Eldridge & Oliver 2011Rodgerst al. 2012 Dobbie
& Cllifford 2015). The strength of thealationsbetween environmental condition and species
abundancgcan be tested using basic survey dsitgs X species abundances X environmental
variables: e.g. Kwok, Eldridge &liver 2011 but there are fewvays for highlighting the role that
dispersamay be playingrom such basic survey data

One undeiused framework for addressing these two prospective causal explanations for species
losses is that ofsmetacommunity dynan{igntoya, Rogers & Memmott 20).2The
metacommunity approach recognises that communities occur in patches of suitdhtelisibhbuted
across landscapes. Bronmental conditions vary between places and have a strong impact on local
species composition, but dispersal of individuals between communities is a key gspaets $at
are good dispersers can theoretically remain extant regionally even if thesriadically excluded
from some'communities or are disadvantaged in some localities but sustainel iatdsgpf
immigration from.patches elsewhere. Thus, a metacommunity framework apphedciontext of
landscapes disturbed by human activitiestogp with identifying management actiofBengtsson
2010.

Most metacemmunity research fesoused basic survey data (i.e. sites X species abundances X
environmental variables) t@garat environmental from dispersal effects on natural communies
commonmethodisivariation partitioning, in wikh the collective effect of environmental variables on
species abundances is separated from “pure” spatial varat@rvariation that is related to
geographic location and independent of environmental conditions. Pure spatiabwasiatierprete
to reflect the effects of dispersal constraints on abundg@ogtenie 200p and hence the approach
contrasts the relative roles of dispersal and envirotahgradients in structuring communities.

However, variation partitioning is effectiveostly whenenvironmental and pure spatial variation are
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largely uncorrelatefLegendre & Legendre 20L2n many ecosystems (e.g. rivers, coastal marine
habitats, corridor vegetation across landscapes)dep®utes can be strongly directional. If
environmental conditions change along such dispersal routes, then environmental and plure spatia
variation will be correlated, in which case using variation partitioning to separate environnmehtal a
dispersal dectsis problematigsee also Gilbert & Bennett 20L@\nother approach uses
presence/absence data to test for patterns of distribution that are consistentevehtdiimmunity
models(e.g.Leibold & Mikkelson 2002Presley, Higgins & Willig 201pbut thesalo not
specificallystest for the effects of dispersal.

Here wepresent different analyticalapproachand ve illustrateit usinginvertebratespecis
inhabitingrivers that argartly degraded by human impaactghich may haveaused losssof species
in downstream areaMany riverineinvertebratesisestreamcurrentso disperse downstream (“the
drift”) and, while some species afglly aquatic,manyare insectshathave a terrestriglivinged adult,
meaning that'dispersal can also take place during thisylifle stageAlthough they may move
between catehmentsildt insects commonlyseriver corridorsfor dispersa(Lancaser & Downes
2013. Thusrenvironmental gradierafong channeland the effects ainydispersal constraints are
likely to be correlated.

We collected benthimvertebratess well as dispersing individuals (drifters amidgedterrestrial
adult9 from'multiple sites inwo riversandattwo timesand evaluated a set of predictidiable 1,
Fig. 1), as explained further belownlike most studieselying onsurvey data, owalternative
approactsuggestshatdispersal plagda prominent rolén determining the distributions of spegies

eventhoughenvironmental gradientsere strong.

Materials and methods

APPROACH FORTESTING HYPOTHESES

The firstlogical element of our approaalses survey data and focuses ughmse locations where
a species igelativelyabundant. Such locations sigitiad environments suitable for that specigs
whereas locations where a specialativelyuncommon provide ambiguous information
(uncommonness could be caused by either environmental unsuitability or dispasteintsnote
that we do not.consider naturally rare species that are uncommon evejy\Wisgrecies distributions
are largely,determined by environmental conditions, then we expect the highestalesridaoccur
in locations having similar environmentssing this logic, if we order sites by their relative
environmental similarity, we can use this order to arrange the rank abundances of $feeigsect
high ranks to cluster together when the environment determines distribulioaslternative
hypothesis is that species have relatively wide tolerances for environmental conditisns an
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distributiors arelargely determined bguccessful disperséle. dispersal where species are able to
establish. Because dispersal caary greatly in space and time, high abundamétéssometimes
occur inwell-separatedbcationshavingdissimilar envionmental conditionsThuswhen dispersal
plays a strong role, sites ordered by relative environmental simisudtyld sometimes haveghly
rankedspecies abundanctmat arewell-separated (“split”) or at least noustered.

Formulae from combinatosecan providdeststo detect whether such clustefsr splits) of high
ranks occumore or less often than expected by chaklege we consider only linear arrags
abundances becautbes informationis relevant to the data we have collected, but the legptained
below carbe extended to considgrid-based survegata (i.edata collecte@cross landscapes).

Combinatorics/provide the formulae for calculating the probability that nertanbers ozur
togeher (a “cluster”) by chancé@Allenby & Slomson 201)L If we have a linear array afitems ancc
of these items must occur adjacent to each dihiecan be in any order, the number of permutations
fulfilling this'requirement is:

(n—(c—-1)!c!
(Equation 1)
The total numberof possible permutations!i§hus, the probability of gaining a cluster of stzey

chance is

_(n=(c—=1)'c!

Fe n!

(Equation 2)
(seeAppendix.Sl.in Supporting Informatidar full explanatiof.

Because species abundanceasstes can be converted to ranEguation 2permits udo calculate
the probabilitythatthe highest ranks occur in a clustésizec by chance. The value ofis
determined byanalysingenvironmental dataisingtestsdesigneda priori to identify the cluster size
that capturesignificant differences in environmental conditid¢egplained further below)f there
areN speciesinsazdata set, theR, is theexpected number of species that are clustered by chance
The difference between expected and observed ngrobelusters can be tested using-square
(Sokal & Rohlf,299%. If we haveM multiple, independent data sets, we ataotest whether
individual speciesrare consistently clustered, as expected if thegtnang responses to
environmental.conditions. The probability that clustering occurs in multiple indepetatargetby
chances P.™ . The latterallows us to calculatthe expectechumber of species thaiill cluster
repeatediymindependent data sdig chance, which wean compare to observed numbessg chi
square.

Equation Zan also be used to calculate the probability that a cluster af ciwgainsoneor more
numbers but not others (Appendi%)Swvhich means we cagiso calculate the probability that the

highest ranks angot within acluster i.e. are'split’ (dispersal igrequent environmental effects are
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weal). The ability to calculate an expected probability of splits allows further Wstexpect the
frequency of splits to be significantly lower than expected by chance if envirtadreéfects
predominate and significantly greater if dispefsalommon

This approachliffers frommany othemethods (e.g. direct gradiesmalyselin whichrelations
between speciembundances and environmental variablesestedfirst. The effects of dispersal are
discerned secondarily from outcomes that have already largely been shaped by environment
abundance relationthistherefore seems likely toigilege theenvironmentakxplanatios. The
benefit ofour approach is tht environmental datare usedo set upseparatgredictions foreach
hypothesigi.e. predominantly environmemffects predominantlydispersakffecty. Eachset of
predictiorsis thenévaluated independentiyndwith potentially equal statistical poweklthough
variation partitioning evaluates environmental and dispersal effects simultaneesslits are
difficult to interpretif environmental and spatial variatiomerlapgreatly, i.e.are autocorrelated
(Legendrelslzegendre 201p For illustration, ve analysed our data with variation partitioning (see
Appendix 2).to.demonstrat¢hat, as expectedpatial and environmental variation were highly
overlappedMoreover, patially-structured environmental variatiovas higher than either spatial or
environmentakvariation, and this precludes a confident assessment of enviadrandrdispersal
effects on community dathegendre & Legendre 2012Note that there amaore complex methods
of analysighan'we used, such as Moran’s eigenvector maps (MBM)symmetric eigenvector maps
— although the latter can produce similar results to MEM: Legendre & deg@®123. However,
MEM have beenfound also to produsweliable estimatesf variation(Gilbert & Bennett 2011

A secondogical elementof our approach makes useinflividualssampledat each sitén the act
of dispersingThe ability to sampléispersersnaybe infeasible for some speciast is possible for
many, especiallysthose that dispeaskwectively (i.e. by wind or water currents), where nets or traps
can be spegifically deployed to capttilem Most studies demonstrate that many dispersers do not
travel far fromyeentres of high abundarfcewe & McPeek 201 Indeed, if environmental
conditions determine species abundances, we expect disgersersost abundaat the same sites
as settlediindividualbecause dispersal away from suitable environments would be maladaptive.
Thus the'classifications aboydustered, split, etc.) can be applied tordwekabundances of
dispersing individual<Classifications oflispersergan be compared to those of surveyed individuals
of the samé"speciesing contingency table analyqi6 or chisquare: Sokal & Rohlf 1995If
environmental conditions are key, we expispersersind surveyedpeciego be similarlyand
consistentlyclusteredi.e. classifications should be stgiy associatedAlternatively, f dispersal is
frequentthenwe expectismatchesanddispersing speciemay show different classifications in
different data sets.

In athird logical elementoutcomes for testsre compiled for each specidhose taxdor which

distributions are largely determined by environmental condiioa®xpected to be consistently
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clustered and to have disperser distributions that consistently match those oédwpegies. Those
taxa wheralispersabtrongly affects distrilstions should not be clustered, have inconsistent
distributions in different data sets and mismatches between surveyed and dispeilsetiains.

We used the above reasoning to produsetaf specific hypotheses (TableFlg. J) to test for
samplesollected fromour two riversas described below. The dispersal of stream organisms in a
downstream direction using stream currents (the drift) and the fact thabahadnd adult stages
can disperse allowed us to erect some predictions that were specific for flowing watameents.

The practical steps followed during numerical analyses are outlined in Table 2 arsdeliscalow.

STUDY SITES AND ENVIRONMENTAL MEASURES

We usedwo rivers Hughes Creek and Seven Creeks, located within an agricutgrah of
southeastern Ausélia (Downeset al. 2011). Both creeksarise on Strathbogie Range but flow in
different directiongtheir closest headwaters are-8 Km apart, a distance that is traversable by adult
insects: unpublished data, Lancaster & Downes Pai8 both haveandy besd. Sand in lhe creek
beds is sourcedfrom erosion caused by natural events (e.g. bushfires) and by widesnaactabf
catchmenvegetationDeposition of sand causans unstable bed aradloss of habitagtructureas
wood, barkandleavdthe primary source of hard substrate and food in the systems: Lancaster &
Downes 2024paresmotheredRiparian vegetationnjostly Eucalyptus camaldulensis) is continuous
along both-bankbutis sparse imlownstream locations due to stock access, reducing contributions of
detritusto the stream channel and further exacerbating deariasstreanresources of food and
living space(Reidet al. 2009.

The environmental gradi¢ along each creek was characterigsitigeight randomly choseA0 m
long sites(AppendixS3) from sections of each creek that weopographicallyaccessibleThese sites
span strongfenvironmental gradiefgse Results). We deliberately sammegamsvith two sites
located in upstream areas, two located in downstream amddsursitesin-between, with an
expectation‘that the latter would reflect condisitimat wereintermediate between these starkly
differentrenvironmentDensities of dettusin the channefleaves, bark, twigsyjere measuredt
each sitdAppendixS3)on each streamuring summerandin spring inHughes CreekAdditionally,
in summer,fhe total surface areas of wood and bark at each site were me&uwgte Earth
photographsvereusedto estimate riparian width and tree cover (AppergB). We took spot
measures.ofwater quality (pH, conductivity, dissolved oxygen, turhidityg a Multi 340i WTW
82362; Multikine, Weilheim, Germanyand measured channel widtmslavater depthen summer
dates Regular measures of water and air temperatures were coflented008to 2009using data
loggers(TruTrack Loggers, Model WFHR). Discharge datavereobtainedfrom government sources;

discharges were simildretweerthe twostudyyears(Appendix ). Collectively these variables span

This article is protected by copyright. All rights reserved
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230 the range ofMmajorenvironmentalariation that affects the distribution and abundancsreaim
231 invertebrategHynes 1970

232  INVERTEBRATE SAMPLING AND IDENTIFICATION

233 Benthic invertebrates at all sites both creeksere sampled isummer iR007, and Hughes

234  Creek sites were sampladainin spring of 2007The benthic data comprise mostly larval stages and
235 form the survey data on species distributions. The sampling protocols have bedrededsawhere
236 (Downeset al. 2011) (Appendix S). Prospective dispersersrifting invertebratesterrestrial adult

237 insect$ were sampled at pairs of locations on each creek near the ends of environmentabkgradien
238 only (species that occurresblelyin the middle othegradient proved uncommeorseeResulty.

239 Drifterswere.collected usingrift nets andwere composited into a single sample for eachesite

240 time.At the'same/times and dates, adults were captured using light traps and sticldqppansiix

241 S3 andalsocompiled into a single, composited sample for eachasititime Drift numbers were

242  corrected by.the proportion of the cresctional area of sites that was intercepted by nets, which
243  estimates tetal'numbers of drifters moving hourly through &Gteper Downes & Lancaster 2010

244  Adult samples:were counted in entirety, whereas drift and benthic samples weeengled

245  (Appendix 3)uDrift and adults were sampled a year after benthic samgliivgn the environmental
246 gradientsassociated with Iagitudinal channel profileand discharge hydrographs do not vary greatly

247  betweenyears, sampling dispersers a year after benthic sampiéikaly to beproblematic.

248 DATA PREPARATION AND STATISTICAL ANALYSES

249  Environmental variation along channels (Table 2, Step 2)

250 Environmentalyvariablesollected at each site alohtyighes Ck and Seven Ckemlog-

251 transformedwhere necessamprmalised and converted taesimilaritymatrix using Euclidean

252  distancegusing,the statistical program PRIMER: Anderson, Gorley & Clarke 2008thenused

253 PRIMER tofcarry ouhonmetric, multtdimensional scaling\MDS) to display differences among
254  sites withsrespectitposition along each chann&tress scores were used to assess the number of axes
255 needed to'display the data adequafllyderson, Gorley & Clarke 2008As expected, sites that were
256 adjacent within creeks were environmentally similar and hence adjacent also witNiM g plot

257 (see Results).

258 We choser&luster sizéby groupingenvironmentally similasites(i.e. that were adjacent within
259 theNMDS plof) andtesing whethergroupsdiffered significantly. Thus, wérst put adjacent sites

260 into pairs (.e. site 1 and 2 formed the first pair, site 3 and 4 the second pdiraatt analysed the
261 differences between creeks ahd fourpairs(i.e. groupswith a factoriaPERMANOVA (Anderson,
262 Gorley & Clarke 2008with both factors fixedA priori contrasts compared adjacent pairs (i.es 2,

263 2vs3, 3vs4). Theanalysisand contraste/ererepeatedy creatinghreepairs ofsitesbeginning

This article is protected by copyright. All rights reserved
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264  fromsite 2and ending at site 7, for a total of five contrasts using pairs of éfeesthenrepeated his
265  procedurausingtwo trios of siteqi.e. groups of three), beginning with sitéi.e. sites 1, 2 and &4,
266 5 and 6), then from site 2, and then from site 3, producing three confé&stid not use cluster sizes
267  of four or higher given the tal number of sites was only eigdmid given our sampling desigrhe
268 proportionof significant contrasteasused to decide choice of cluster size. gither two or three
269 Cluster size is not a “definitive” measure of environmental variation to valigpeciesare expected
270 to respond. Rather, it groupsizeover whichenvironmens changesignificantlyand that should
271 therefore be associated with changpethe abundances of environmentally responsive species.
272  Different types of data may requiradferent approach to identifying cluster siZé&sble 2) and

273  choice of cluster size can affect hypothesis té4s discussheseissues more broadly in Appendix
274  S4 however.thesmost important point is that decision about cluster size must bendeguiEndently
275  of the abundance data.

276  Evaluating preédictions in Table 1

277 Benthic abundancedrift abundances and adult abundarafesach speciesere converted into
278 ranks acrossitesin each data set. The analyses for predictieAsu$el species as replicatesd for
279 some testxll'species in all data seieere combinedThusthe same speciesuld potentially appear
280 multiple times andwe addresbelowwhether thioccurredand affectedhe results.

281 Following'Step 3 (Table 2) and usiagluster size of three (see Regukpecies in the benthic
282 data were classified as clustered, spkither (distributions did not fit either of these extrenues)
283 uncommon(oceurred at only one site)axa were classified as “split” if the two highedundances
284  were splitbetween the four most upstream sites and four most downstreaandsitese not

285 adjacent. This definition of split represents an extreme difference in the foohtiigh abundanesg
286 and presentsstrongtest for this patternlo test prediction 1 henumbersf taxain each of the three
287 datasetshat'wereclassified as clustered or sphitre compared to theumbersexpectedy chance
288 using a chisquare tesfSokal & Rohlf 1995.

289 To test prediction 2aka classifieds clustereaveredividedinto the location where the highest
290 abundances occurredpstream: wholly present in the four most upstream sites; downstreamy wholl
291 present inthe four most downstream sites; middle: clusters that straddleh#iigoin zondoetween
292 these two types of environments by occurring within the four middle-sgesAppendixS1). We
293 usedFishets exacttest(Sokal & Rohlf 199%to examine whether thiegequencyof clusterlocations
294  varied between the three data setdchi-square to tesvhether theyiffered fromthe frequencies
295 expected by chand@.33 for eachAppendixS1) We also used ckgquare to test whether species
296  were clustered in multiple data sets more often than expected by chienatky, weidentified species
297  occuring only within acluster and not at any other locations (“restricted’those wheréndividuals
298 occurred also aither locations along channels. We tested whether the frequency of restristeds

299 differed between locations usikishea’s exacttest.
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Following Step 4 (Table 2)pttestfor concordance between benthic and dfigtributions
(prediction 3)and betweeenthic and adult distributiorfprediction 4) we re-used the above
classifications, producing the following classRestricted upstreapmighest upstream (but occurred
downstream), restricted downstream, highest downstream (but occurred upstpdiar@)ustered
specieqother than those in the middle, which were excliaezte spread between the first four
classes depending on whether they were restricted dbpeaties that were neither split nor clustered
weremostly able to be classified into one of the first four clasHesse five classesere alsapplied
to the drft and adult datéo produce analogous classificatipalowingus toexamine whether
benthic and drift rank abundancgere concordardt gradientends as follows

We first determinedvhich benthic speciewerefound inthe drift(at comparablseasoni the
samecreeR andanalysed the resulting 2x5 contingency tdblestwhetherdrifting speciesvere
equally common.in each of the fibenthicclassifications.For specieshatdrifted, we testedor
congruencebetween théenthic and drifclassificatios (prediction 3) and, for thosevhere adults
were sampledsweested for congruence between larval and adult distribugesdiction 4) For
some of these"eontingency tables, expected numbers of species in some cells (5§ {oRich
violates arassumption underpinning confidence in probabilities associated witlgobreests.
However, infmost such tables, the effect on probabiliiehi-square testis minor and thus of
concern only:when probabilities arery neatthe sgnificance boundary (i.&2 =0.05)(Bradleyet al.
1979.

In the final step, weompiled resultsby speciedo identify thosefulfilling each of the predictions

in Table"1for'environmental effects or dispersal effects (prediction 5)

Results

ENVIRONMENTAL VARIATION

NMDS achieved a stress score of 0.08, which is an adequate representation of the ertéronmen
datain two dimensiongClarke & Warwick 2001 NMDS plots showed that both crediedstrong
environmental,gradients from u downstream (Fig. 2plthoughthe creeks differed from each
other (PERMANQVA:PseudeF = 6.33 P<0.0), the interactiorbetween creek and grow@as non
significantin all.analysegP >0.05, showing thathe envionmentalgradientwas similar betweethe
creeks.The,environmental gradients reflect chanigedetrital food resources, provision of hard
surfaces from wood and bark, channel morphology, and in water quantities andsyDeditital
densitydeclined dramatically downstream in accordance with an increasingly narrower et spar

riparian zongdAppendix ). Additionally, wide channels and shallow water depths meaittt b
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creeks often registered water temperatatetownstream locations of up to 36 °C dursngnmer,
which are extreme temperatures for most aquatic infemtsaster & Downes 2013

Contrasts between adjacent pairs of sites were significanP < 0.05)n only two of five tests,
whereas all three tests between trios of sites were significantly different. Thus, we chosr sizdust

of three

PREDICTIONS:1:AND=2: CLUSTERING OF TAXA ALONG CHANNELS

Numbersof clustered taxa werggnificantly higher than expectéd each data s€Table3a). Split
taxa(e.g. Fig. 3ess 3f) were significantly more common than expected in Hugheisi Gkmmeyand
were not different from expected in the other two data sets.

Of those species that were clusterée, proportions of up, middle and downstream spetaesaot
vary betweerthe three data setverall there werenanymore upstream andanyfewer middleand
downstreanspecies than expectétiable3b). A few speciesvere clustered in two or more data sets,
andat afrequency significantly greater than expected by chance (H@ghasnmerandSeven Cks
summer: y* 2785167 P<0.001; HughesmmerandHughesspring: ¥* 105.1, P<0.001Nevertheless,
70% ofthe observations Table3b wereof differentspeciesSpecies richness wéar higherin
upstream locatiopsand wer 50%of species clustered upstream were restricted to that(eand-ig.
3avs Fig. 3By whereasll middleanddownstream speciexcurred upstream as wel in other
locations(e.g. Fig.3c, 9, astatistically significandifference(Table3c). Thus the incidence of

clustering wastrongestipstream anlecamenfrequentin a downstream direction.

PREDICTIONS 3 AND 4: BENTHIC CLASSIFICATIONS VS DRIFT AND ADULT CLASSIFICATIONS

Most species.were found in the drifyyt those absent from the drferedisproportionatelyikely
to be restricted upstreafable4), with a few having split distributions and virtually none in other
categoriesThe, 14 occurrences abn-driftersthat were restrictedpstreanwere produced across 12
taxa- i.e. only‘two'taxashowed the same pattern twice, whereas all other species showed different
patterngn.different datasets

Benthicand-driftclassificatiors were significantly associatexverall (Tablesa), but only two of
the categories (restricted upstream, highest downstrdativered this outcoméf the 20 cases of
concordancéorrestricted upstream tax@iableba), 19 werainiquespecies, andnly one species
producedworof these observationall other speciebaddifferent outcomes in different data sets.
Overall, drift'elassifications were nairictly concordant witlbenthic classificatiosin aboutone
third of casegTable5a).

Comparisons betweguavenileandadultclassificatiors showed a similar picture the drift data
(Table5b). Classifications were significantly associabedtaxarestricted upstrearwontributed

mostlyto this pattern.Approximately one third ofasesadadult distributions that weliacongruent
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with correspondindpenthicjuvenile distributions.Cautionis required howevdrecause the sample

size is small and therobability value of the cksquards relativelyclose to 0.05.

PREDICTION 5: CONSISTENCY OF SPECIES’ PATTERNS

Four of 43'species had distributionisat wereconsistentvith a strong effect of local environment
they were clustered, showed consistent patterns between at least two dataldes, concordance
between benthos and drift and betwkemaeand adults (Appendi$5). A further six species’
abundances were also strongly related to environmental conditions albeit witm$ommaiion
missirg. Alternatively, hree speciésabundancewere consistent with strong effects of dispershak
remainingtaxahada mix of outcomesuggesting both environmental and dispersal effecteglay

significantroles

Discussion

Separating the effects that environmental conditions and dispersal play in glkpeicies to
remain extant in altered landscapes is critically important. We develapedapproachhatuses
several lines of evidence to test hypothegssutenvironmental and dispersal effedtscontrast to
most otheccomparake researcl{Logueet al. 2011), our methodhighlighted the rolehat dispersal
playedin_setting distributionsas well as environmental conditionshich we discussirst. We then
consider howour, method mayen the way for disperseffects to bencorporated intananagement
decisionmaking

Environmental effects were signalled bgrsficant numbers oflusteed rank abundances, and
somespecieoccurred only within cluster§here were rare specieslustered in two or mordata
sets than expected, and several of tispeeiesad consistently concordant benthic and disperser
distributions. Tle resultssuggest thesgpecies are strongly affected by environmental conditions.
Interestinglythese speciesererestrictedalmost entirelyto upstream locationgound also by Brown
& Swan 2010. It has been hypothesized such patternslaectorelativelyfew driftersat upstream
locationsand because adults fly across catchment boundaries to other upstream locations, not
downstrean{Brown & Swan 201} In our data, species were much more likely to be absent from the
drift if they were present upstream, which is consistent with this model. Howdaéealy few
species were strict, upstream specialistany species that were clustered upstream in one data set
occurred-abtherlocations inanotherdata set. Thus the prevalence of environmental efé¢cts
upstream sitegppeared to ba feature othose locationsather than a result d¢iie identity of the
species that were present

In contrastdispersal clearljhadpervasive effectalong the whole environmental gradie8plit
distributions were not fewer than expected by chance in two dat@nsetsore frequent than
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expected in one. Clusters wemry uncommon at middle and downstream locations rather than being
equally prevalent along the entire gradidritis pattern occurred becausmecieghat toleratd harsh
downstreantonditions also inaibited upstream locatioasmdtherefore hadvide distributionsThus,
environmental conditionat middle and downstream sites resulted in few clustel®selocations

this patternis expected alsd there isfrequent driftalong channeléPrediction 2 in Table 2, also

found by Brown & Swan 20)0Moreover, nany taxa hadghconsistentdistributionsandlacked

consistent concordance between benthicdisigersedistributions These resulthighlight the
influencedispersahas on thelistributionsof many speciem these riversOur findings are unusual,

but mostcomparablestudies have relied on indirect estimates (using variance partitioning) and
dispersal effectmmay have been underestimat@slilbert & Bennett 201

The variablesoutcomes fonanyspeciesuggesthata traitbased approachin which we seek
species characteristics associated with either a strong environmental or dispersal=tielitely to
result in usefulprediction§pecies traithave been used to providesecond line of evidence about
dispersal effeetée.g. Brown & Swan 200)0butsuch traits are rarely independently tegtéerberk,
van Noordwijk’& Hildrew 2013and areoftenappliedat coarseaxonomic levels (e.genera,
families or orders). For example, larvae of the maRfigtis areinvariably classified as “good
disperses’ butlarvae do not drift away from natal sites in some stu@igs Lancaster & Downes
20143. In contrasto these indirect methogddispersedata permit direct test@hile thelinear nature
of riversimakes capturing dispersers relatively straightforward, there are mangatBystems in
which dispersalis also highly directior{tdrrestrial systems affected by prevailing winds Gillespie
al. 2012 'e.g-"coastal emystems affected by currents Mordzal. 2013 and methods are available to
sample themtHaving dspersal data means that species absences caudiphénsal constraintsan
be distinguishedsfroran incapacity of dispersers to colonise new locatiolh@wving arrival In the
latter situation, we expect to capture high numbers of dispersers in locations where #wispeci
uncommon; insthe former we do not expect to capture many disperdingluals where a species is
uncommon¢ These two hypotheses reflect different community madéleave different implications
for managingbiological diversityut are rarelyevaluatedLogueet al. 2017).

Species interactions also determitigtribution and abundandeut effects ofinteractions cannot
be identifiedusing,onlysurvey dataThus, in variation partitioningatternscaused by interactions
may contributespuriously taeenvironmentabr pure spatial variatiodepending upowhetheror not
effects ofinteractionsare correlate with particularenvironmental or spatiaiariablesLikewise, n
our methodspegiesdistributions determined by interactiomay have contributed spuriously to
detecting patterns associated with environmental or dispersal efféatsethods using survey data
have to assume that species distributions are largely independent of eaakvethérough it is well

known that species interactiooanplay strong rolein affecting abundances
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This shoricoming notwithstanding,us approactprovides apracticalway of assessindispersal
effectsthat may deliver benefits for managemdénanagersisuallyrely on indicators of ecosystem
healththat arebasedalmost entirelyon measures of environmental conditi@ur approach would
allow dispersal effects to lnsideredyjiven that they can be derived from the same kind of data that
are typically used to assess the worth of ecosytagal indices(basic survey data that help verify
whether species abundances correlate with environmental variables used to quantify etesfdiem
e.g. Kwok, Eldridge & Oliver 2001 A benefit of our method is that it is simpler to apply than many
multivariate;analyses that rely on advanced statistical expertise to test hypothasesoAptte
analysis of environmental data to determine cluster size, the approach relies on géttiyical
predictions that are evaluated through the use of simpleqeiaire tests. If it is possible to gather
multiple, independent data sets and also to caggersing individuals, then the complete set of logic
described here can be applied, producing multiple lines of evidence about disffecsalSuch
informationscouldead to alternative measures of ecosystem condition that cépturale that
dispersaplaysandcould be valuable in assessing whether some species or populations might be
particularlyvulnerable to extirpation if dispersal routes are cut off.

Finally, dspersabf individuals from intact areds a key aspect of successfaktoration or
rehabilitationprogramgPalmer, Ambrose & Poff 1997Many restoration projects on rivers have
failed to deliverincreases in diversity, and lack of dispersal to restored sites is adwmijapo
explanationfPalmer, Hondula & Koch 20}4The capacity to consider background amounts of
dispersameanssrestoration projects coblel defgnedto take advantage of prospective dispersal
routesand realistic restoration targets identifiethe results repogthere for exampleare
encouraging for considering restoration works to improve species diversitiesefand comparable
streamsBothirivers have relatively harsh environments in downstream locations, butuapsgttact
areas with ¢ool, detritugch conditions may contain reservoirs of species that routinely disperse into
downstreamileeales. Our results suggest that species from upstream locations woulddreach an
colonise repairs in downstream locations if suitable resources and conditions arech¢hiev

providing'the'impetus for such restoration efforts.
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Supporting information

Additional Supporting Information may be found in the online version of this article:
Appendix.S1 Calculating the proportion of taxa expected to clustered or split by chance
Appendix S22Qutcome of variation partitioning

AppendiXx S3 Site locations, measurement of wood, detritus and riparian tree cover, diseimarge,
sampling details for drift and adults

Appendix $4 Considerations for deciding on cluster sisngenvironmental data

Appendix S5,Distribution patterns of individual species

Table 1 Predictions associated with eamtwo generalviews ofmetacommuniesfor stream
speciesthe'first of which reflects overarching effects of loealyironmental conditionaithin
channels (Fig. 1a); which change in relatively predictable ¥vays up- to downstreamand the
second of whiehgteflects primarily the effects of dispetsathin the drift (Fig. 1b)or by adult{Fig.
1c), which disperse in search of conditions suitable for mate location ardyegg. Material in
italics provides.explanation of predictions where necessary.

Type of pattens Local environmental effects Dispersal effects

Local environmental conditions Dispersal effects dominate; local
predominately determine benthic environmental conditions explain
abundances; dispersal Haw comparatively little of gecies’

persistent effects distributions
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1. Incidence of clustering Most species cluster, i.e. attain

2. Spread of clustering

3. Benthic and drift

concordance

4. Adult and’juvenile

concordance

5. Consistency.across

data sets

This article is protected by copyright. All rights reserved

highest abundancessites with
similar environmentd n streams,
these are likely to be sitesthat are

adjacent to each other

Clustering is apparent along all
parts of thechannel (up mid- and
downstream locations]he effects
of local environmental conditions

should be present along the whole

gradient.

Most drifting species are
consistently and predominantly
foundin the zone in which they
occur benthicallyDrifting out of
the zone the species inhabits would
be maladaptive.

Adult and juvenile distributions
consistentlyshow concordancéVe
expect most adults to be trapped

near where their larvae do best.

Most species have consistent

patternsn both benthic and

Most species show patchy
distributionsunrelated to
environmental gradients and/or
highest abundances occur at
locations thaareenvironmentally
dissimilar In streams, such sites
will be well separated along
channels.

If drift dispersal is frequent or
often long distangehen
clustering, if preserst all,
becomedess frequenin a
downstream directiarrequency
of clustering weakens due to the
successful arrival of increasing
numbers of species drifting from
various upstream locations.

Drift abundances are often not
concordant with benthic
abundance®Prifters may
frequently be in search of new

resources, for example.

Adults and juvenile distributions
may often be nofoncordant
Adult females may lay eggsin
places driven by dispersal and
choices of oviposition habitat, so
larval distribution is not related to
local, in-channel environmental
conditions.

Most species’ distributions have

little consistency with respect to

dispersers distributions with respeceénvironmental gradients in

to environmental gradients when different rivers or at dferent

examined across different rivers

times
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and times
Table 2. A summary of practical steps to analyse data, following the logical apptlwidoin the

text

Sep 1. Develop predictions for species abundance data that relate directly to hypotheses, e.g. under

environmental and dispersal explanations (i.e. create Table 1)

(a) Make predictions for surveyed abundances of species (e.g. Table 1, predicti@hsidsfor
dispersers (e.g. prediction 3)

(b) Consider whether further predictions arise due to nature of the ecosystexnies splogy
(e.g. dispersal effects in prediction 3, prediction 4)

(c) If availablemmake predictions for multiple data sets (e.g. prediction 5)

Sep 2. Usingithe efivironmental data, decide cluster size, ¢.!

(a) UseNMDS 1o display differences among sftes
(b) Order'sités'by their environmental similatity

(c) Group sites that are most similar environmenitally

(d) Use PERMANOVA with planned contrasts to assess the degree of differences among gr¢
repeat using different numbers of sites

(e) Identify the group size that delivers the greatest degree of statistical sigmiflsanng groups

and designhate. as cluster size,

Sep 3. Satistically test predictions about abundance of surveyed species

(a) Decideon an appropriate definition @f split distribution

(b) Convert abundances of each species to ranks across sites

(c) Order each species’ ranks according to the order of site similarity (2b, above)

(d) Classify species into those that are clustered, split, or neither &ysirggi definitions, above)
(e) Using combinatorics, calculate the number of species expected to occur in clusspigsaby
chance

(f) Using ehisquare tests, compare expected and observed numbers of species in each catel

Sep 4. When dispersal data are available

(a) Create classes of distribution derived from clusters and splits (e.glagstign of clusters
along environmental gradient, whether species are restricted to clusters or ibt)yviltbe
applied to botfsurvey data and dispersal dfata

(b) Using ranked data (3b above), classify species in surveyed abundance data according to
distribution classes (4a, above)

(c) Repeat steps 3b and 3c for dispersal data to ranks across sites, and then classiiiytspecies

distribution classes (4a above)
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(d) Create a&vay table having each distributional class for survey abundance data crossed v
each distributional class for dispersal data; sum the number of species falling into leafctheel
table

(e) Using contingency table analysis, test for association between classifications einaieusnd

dispersaldata

'Any legitimate, analytical approach can be used as long as decisions about cluster size are mad
independently of species abundance ddtde that our method is designed for community data where
dispersal between sites is feasjhilés not designed to address questions about biogeographical

patterns origeographic range (i.e. very large spatial scales).

Wwith large data sets, cluster analysis can help assess similarity because it provides a visyalfdispl

the major divisions among sites in their degree of similarity.

%We consideFthe simple situation where sites can be ordered along a single dimensiatgtatsets
may be morercomplex and require patterns (and combinatoric formulae) that cohsitées or other

patterns in two or more dimensions.

“*Group sizes (and therefore prospective cluster size) are likely to be related to gategiim

relative to environmental gradients.

°Ecosystems with diffuse or conflicting gradients may not deliver a deérdecision about a single

cluster sizex Seesmaterial in Appendix S4.

®As in this papery multiple classes of distributions derived from clusters atsd(ef. locations along
gradients where clusters occurred) ldtely needed to capture distributions along environmental

gradients:

Table3. (a)Numbers of taxa classified akisteredsplit, neither oruncommornin each of the three
data sets, with expected valuesdtusteredandsplit classes given in bracketélso givenarethe
values for chi-square test(y?) of whether thenumbes of clusteredClusty?) or split (Splitx>) species
differ from thoseexpected by chandsee Appendidsl).***, probability P <0.001;**, P<0.01;*, P
< 0.%®; ns, P > 0.05(b) Forclusteredspecieonly, the observed numbers of upstre@y, middle

(M) and downstrear(D) speciesn each dataset with a ebguare test of whether numbers differ
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596 between datasets. Given this is rsignificant, numbers werummedand compared tthenumbers
597 expected by chancag determined by expected proportiéri33 0.33, 033, respectivelyAppendix
598 S2)using achi-square testSymbols as for (a)c) Forclusteredspecies onlynumbersof taxa
599 restricted to a zone (upstream or middle + downstreatme numbers found outside of zones and a
600 Fisher exactest of the differences in proportions. Symbols as for (a)
601 (a)

Data set Clustered Split Neither Uncommon Total Clust Split

& &
Hughes 14 10 14 3 41  14.58**  7.16**
Ck (5.25) (4.39)
Summer
Seven 10 4 15 6 35 8.81**  0.02ns
Cks (4.04). (3.75)
Summer
Hughes 14 6 10 5 35 20.32*** 1.351ns
Ck 447y (3.75)
Spring
602
603
604
605
606 (b)
U M D Fishets
exact
Hughes Creek"'Summer 11 1 2 P=0.80ns
SevenCreeks Summer 8 1 1
Hughes Creek Spring 13 0 1
XZ
Observed 32 2 4 44.L0%
Expected 12.7 12.7 12.7
607
608
609
610 (¢
U M+D Fisher’s exact test
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Restricted 18 0 P=0.02%
Not restricted 14

Table4. The numbers of species (across all three data sets) in different benthic classifisations
presence/absencetimedrift at commensurate times/locatioBecause only two taxa were restricted
downstream, they were combined with taxa having their highest abundance dowihstr&gsn
analysis A test of independence showed there was a significant assogjétiofi0.3, p < 0.@5). The
standardized residuals were all < 2r@licatingthatall cells contributed to the resultitthe highest
(1.88) was foner-drifting taxa that were restricted upstream, wheedlasther cellscontained

negativeresiduals

Benthic classifieation Drift presence
Present Absent TOTAL

Restricted upstream 24 14 38
Highest upstream 16 1 17
Restricted orighest 11 1 12
downstream

Split 26 8 34
TOTAL 77 24 101

Table5. (a)For species found at least once in the drift, benthic classificaidrift classification

and (b)juvenilewsadult classificatioracross the three data sé8enthic taxa that were restricted
downstream were added to those found in highest abundances downstream because ofdow samp
size (n=1"only;"this species had a split classification in the drift). There is acsighédssociation
between benthic'and drift classificatigf = 33.4, p =0.001)and between benthic (i.e. juvenile) and
adult classification\(y’ = 22.1, p = 0.035Numbers in italics indicate cells where the standardized
deviates we2 > 2/ indicating a significambntribution tothe test outcome. Numbers in bold indicate

cells whereglassifications wee not instrict concordance.

(a) Benthic classificatioms drift classification

Benthic Drift classification
Restricted Highest  Split Highest Restricted TOTAL
upstream upstream downstream downstream

This article is protected by copyright. All rights reserved
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Restricted upstream 20 1 1 1 1 24
Highest upstream 7 3 4 1 1 16
Split 5 5 5 3 26
Restricted to or highest 0 1 2 5 3 11
downstream

TOTAL 35 10 12 12 8 77

(b) Juvenile (benthicclassificationvs adult classification
Benthic Adult classification
Restricted Highest  Split Highest Restricted TOTAL

upstream upstream downstream downstream
Restricted upstream 4 1 0 0 0 5
Highest upstream 4 5 0 0 0 9
Split 0 2 4 1 1 8
Restricted to or highest 0 1 2 1 1 5
downstream
TOTAL 8 9 6 2 2 27

Figure captions

Fig. 1 Diagramsiillustrating some ways in which environmental gradients and dispmrshtcive
community structure, in this case along rivers where upstream, middle and @awnkications have
differing envirenmental conditions reflecting gradients in important environmentabies. The
stars, circles.and squares, both filled and open, indicate different sgémgmesence of species and
their approximate’abundances in the stream benthos (symbols within squares), ihdhe ds

adults (whethemterrestrial or aquatic) are indicated by the number and type ofssgrghaised

under the appropriate headings. Arrow direction and length signify dispersalodir@ot distances.
A. Community-structurén the benthoseflectsstrict effects of environmental gradients and dispersal
plays no'significant roles in driving species abundances. Each looatzone(upstream, middle,
downstream) comprises mostly species that are restricted to that zone. Species tbatadnifwihin
the appropriate zonand adults, particularly those in the terrestrial environniiésperse only intor
within the appropriate zon8. Oneway in which drift dispersal could affect benthic distributions.

Juveniles hatch from eggs laid imgarticularzones in the benth@nd hence species are initially
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clusteredout some individualgrift and settledownstreamNumbers ofirifting species increase
cumulativelyin a downstream direction, and hembastering is weakened in a downstream diogct

C. Waysin whichabundances afduls can bemismatched withuvenile distributions(i) Adults are
abundant at sites with low numbers of juvendempared t@ther sites (open circlesxd squargs
becausadultandjuvenile requirementare not correlated acroksations. (ii) Adults are in high
abundance where juveniles are absent either because eggs have yet to hatch or adults fdilde repro
successfully(filled squaresand stars There are no arrows becauskilés may potentially dispers

from anywhere.

Fig. 2 NMDS plot of eight sitegachin Hughes Creek and Seven Crebksed ora resemblance

matrix created from environmental variabl&se wo-dimensional stress value indicetee NMDS

plots are a goodifit to the datdumbers aboveoints are site numbers with 1 the most upstream and 8
the most downstream.

Fig. 3 Representativexamples of types of benthic distribution patterns, taken treHughes Creek
sampledrom.summer (a) Notalina fulva: restricted to upstream sites, {B)plectides ciuskus. most
abundantpstream but found downstream, Echomus continentalis: mostabundanat middle sites,

(d) Cheumatopsyehe sp. AV2: mostabundantiownstream but found upstream, Aejstrogomphus

sp.: a split distribution. (f) An examelof a species with inconsistent patterAsistrogomphus sp.in

Seven Creeks'inisummer, where it westricted to upstream sites, as compared to Hughes Creek in

summer‘where it had a split distribution. (e)
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