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SUMMARY

1. Many hypotheses in ecologependiponidentifying specieghat candisperse across landscapes
and colonise newabitat patchesSpecies differ in dispersal abilityet somegood dispersengach
new locations bufiail to colonisethem(“itinerants”). Additionally, successful colonists mayrneprise
species that routinely disperse and maintain connectivity among locations (‘sipremdvell as
specieghat camalso takeadvantage of new situations (“invaderdt).a previously reported
landscapescale, field experimerhatboosted detrital resircesn Hughes Ck (soutkastern
Australia).speciesdiversityincreasedct manipulation sitedue tosuccessful dispersahd
colonisation Thesspecies compositi@i manipulationsitesgradually conveged on tlatseen at
upstreamrSitesmplying thelatter locations supplied dispersdtere we ask(i) did dispersers &se
from within the same creekndweredrift and adult flight both implicatéd(ii) were successful
colonists (“respondersilearly better dispersers (e.g. nomads or invaders) tiwese that did not
colonise manipulation sit€snon-responders™) (iii) did traits commonly assumed to denote

successful'dispersal provide a reliable guide to species that were actually successfudZolonist

2. Simultaneous witlbenthic samples, we collected animals in the dnfbediatelyupstream of
control andemanipulation sites, and trapped winged adults along the Bémikised PERMANOVA

to contrast(i)the"assemblages of species in the @it those in the benth@nd(ii) the assemblages
of adults atdifferent sites and time&or 54 common tax@6 responder28 nonresponderswe

used linearfregression to test whether benthic densities were significantly relatéchianalvers and,
if so, whetherthe relationship was the samtmanipdation and control site§'nomads”) ordelivered

higher densities.at manipulation sitéisvaders”) We compiled information on dispersal traits

(presence in drift, voltinisnilight-capable adults) to assess whether dispersal traits predicted species

tha successfully colonised manipulation sites

3. Drift assemblages were more similatienthicassemblageat manipulation sitethanto those at

control sites. Adult assemblagdisl not differbetween manipulation sites and controls, dulilt
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assemblages dbwnstream sites converged thwseseenupstreamMany dispersers arose from
within Hughes Creek, with ~ 60% of common taxa arriving via the drift. Amongaimnon taxa
4% were poor dispersefiarely in the driftland 33% were itineras{drift and benthos were
unrelated)with these categories equally represented among responders am$pomderdn the
remainingtaxa,benthic densities were related to drift numbé&test responders were invaders,
whereas maostineresponders were noma Responders and naasponders did not differ in traits

that are commonly assumed to reflect a high potential for dispersal and cabonisat

4. Responders were not demonstrably better dispersers thaesponderdut instead were able to
colonise maipulation sitesContrary to common assumptionsese dferencesin colonisation
ability were/not captured bglispersal traits. Colonisation ability has rarely been separated from
dispersal ability in stream studies, and yet research in other ecosystems deesothstralifferences
in capacity to invade local communities aentralto understanding community structure across

landscapes.
Introduction

Specieddiffer in their ability to disperse across landscaypemlonise new locations. These
differences in dispersal abilian increaspopulation numbers archuseange shift§Lowe &
McPeek, 201 allow competing specig® coexist(Chesson, 20QGnd explainvariation in species
diversity andcommunity structuracrosspatchylandscapeflogueet al., 201J). Knowledge about
dispersal distancemdfrequenciess thereforevital butbothare difficult to measuréMost
informationsabout dispersal comes either from species large enough to beaaddeltbwed
individually (e.g.many vertebratgsor from sessile organismgith mobile juvenilege.g. plants;
sessile marine invertebrataghere the appearance of new adirthabitatpatchesare outcomes of
successful disperséHixon, Pacala & Sandin, 20P2n contrastdispersal is much more difficult to
study incommunities comprisingmall, mobile species, such as the invertebfatmaof streams.

While most invertebrates gavalk along the stream bed, most such movements are probably related

to acquisition of food or refugdt is unlikely that walkingoutinelyenable individuals to disperse
between sites separatedruyltiple kilometres(Erman, 1986Freilich, 1991). Alternatively, sny
stream invertebratdgave the potential to use the driftdispersedownstream, but for most species
is unknown how often individuals driftr how far they gqLancaster, 2008 Additionally, many
streaminvertebrates armsectsthathave terrestriawwinged adul, and dispersaianoccur during this
stageas well. Nevertheless,ig unclearhow farmost species flyhow frequently, and in what
directions(Lancaster & Downes, 201.3Consequentlythe extent to which stream communities and

populatiors areaffected by frequerdispersabr notis unknown

To overcomeaheseknowledge gapsesearchers havarnedto indirectmethodgo quantifythe

effects ofdispersabn populations and communitjeend yet theraresignificant limitations

This article is protected by copyright. All rights reserved



95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

Downes & Lancaster page4

associated with such metho@®r example, variation partitioning is used to estimate the proportion of
spatial variation in densities across landscapes that is unrelated to environméatibds/arhis

“pure” spatial variation isftenusedas a measure of the role that dispetsalstraints play in setting
spatialdistributionpatterngLogueet al., 201]). Neverthelesspure” spatial variation may be caused

by factors other than dispersainstraint{Legendre & Legendre, 20}, 2andvariation partitioning
providesunreliableestimate®f dispersal when used with typical ecological d&#bert & Bennett,

2010 Smith.& Lundholm, 201D An alternative indirectapproach is testimatethe influence of
dispersablising.morphologicahndbehavioural traits thatheoretically capturethe capacity of species

to disperseCoarselevel raitsinclude characteristics such as whether the species swims or crawls, its
frequency offoceurrence in the drift, whether adults are considered “weé&ittong”flyers, whether
dispersal is“active” or “passive”, and so fo(thsseglioPolateraet al., 2000;Dolédecet al., 2006

Poffet al., 2009. Dispersal traithave beemembracedor hypothesidesting(e.g. Gothest al., 2017,
butthey are basetypically on assumptions ancbllections ofobservationgand“expert knowledge”
(Dolédecet al., 2008 Poff et al., 2009 rather thardatademonstréing thattraits successfully predict

either dispersal distanger frequentes

A furtherpreblemwith indirect methodss thatthey camotdistinguish betweedifferentdispersal
outcomesWhile paor dispersersra taxa that movearely (e.g.fully aquatic invertebrates that rarely
enter the drift)goad disperserthatcommonly move (e.g. are abundant in the dnify be (i)
unsuccessfuldispersemshichreach new locationsutfail to colonisethem(e.g.because of
environmental ¢enstraints or inability compete successfully for resoureggermed “itinerants”pr
(ii) successful dispersetbatreach locationandalsocolonisethemsuccessfully€.g.juveniles settle
into the benthos; adults lay eggs atffiectrecruitment) These distinctions are importaity
definition, itinerantgnay disperse but aabsents residents from some locatidesy.Svensson,
1974; Waringery1991; Sode & Wibekgrsen, 1993; McCauley, 2006ancaster & Downes, 201)a
but so are poor dispersahatdid not reach these locations at &lidirect methods to quantify
dispersal camot.distinguish betweethese two differenbutcomesand thusall absences ar@ssimed
to be due to.dispersal constrainthis assumption means that, fiedirect methods tbe useful most
absences.must.bé caused by poor dispersal ability, not a failure to colonigéhsitiesquency of
unsuccessfuldispersal haesceived insufficient attention in most empirical studlesgueet al.,

2011 Lowe & McPeek, 2014and yetevidence suggesiiscould be commoireferences above)
Furthermore,igsccessful dispersers might alsamprisetwo groupsroutinely successful dispersers
(“nomads®)mwhichsimply maintain existing connectivignd population densitieand extra
successful dispersef§nvaders”),which can exploit novel situations (e.g. new habitat patches or
locations with sudden increases in resouraasdjncrease population derisisin new locationsOur
usehere of*invadef does not refemcealien or exotic species but reflects use of this terthen

coexistence literaturgyhereinvaders g species that have a capacity to “invade” local communities

This article is protected by copyright. All rights reserved
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when atiow densitieChesson, 2000 Dispersaklassifications are likely to be conted¢pendent,

i.e. a particular species may be a successful disperser in one situation and unsuceessthutin

In this paper we report teststodw different modes of dispersaldrift and adult flight-enabled
successfutolonisationduringa landscapacale field experiment, which wadesigned to test
whether species:diversity would increase at locations where resources haddstedLancaster &
Downes, 20170 The experiment was carried out along a strédoghes Creékthathas filled with
sand due ttand:clearancelhe sand buries ostterrestrial plantetritusin the streanand
consequentlyhere idittle detrituspresent on the bed, and yitritusis the major source of hard
surface and-energy for the food wéReidet al., 200§. Downstream, andaffectediocationshave
about halfthe speciesichnessof upstream locationsvhich are less affected by sand and have higher
densities of irstream detritugDowneset al., 2017. Our experimenboostedhe densiesof detritus
resulting inincrease$n speciegliversitiesat manipulation sitethat wereunequivocally caused by
dispersalLancaster & Downes, 201Y,lwith some taxa appearing to be ingegjas defined above
Over 12 monthshe species compositiaf manipulation sites gradually converged oosiof the
morespecieddiverse upstream locationg his patterried us to hypothesize that most colonists were
sourced fronwithin the creek itself (rather than from adults flying from elsewhere) ugttream

locationspravidinga source poabf colonists

During the experiment, asimultaneoushsampled dispersing individualdrifters, winged adults)
andbenthic.communiés These data allow us askthreequestions. Firstywere the compositions of
drift and adulsamplesonsistent with th@ypothesighatmany prospectiveolonids arose from
within the'community oHughes Creek, particularly froapstream locatior’s Second, were
successful colonists clearly better dispergerg.nomads or invadeyshan those that did nablonise
resourcerichymanipulation sites? Thirdlid traits commonly assumed ¢ienotesuccessfutlispersal

providea reliable'guide to species thvegreactuallysuccessfutolonist®
Predictions about dispersal

Our predictions are based arsimple piece of logic. If dispersers arose from within Hughes Creek,
thenwe expectedhe diversity andabundance of driftersand winged adult® beassociateavith
change®vertimeat manipulation sitest both the wholeommunity level anet the species level

for common_ taxa

At the community level, we prededthat if drift dispersal is responsible for experimental teses,
thenthe species.composition of drift assemblages should be more sintilEmtticassemblagest
manipulation sites thaio thoseat controls This same expectatiapplies to winged adults, buew
were unable to appthesame testpartly because some taxa do not have a terrestrial stage or are
difficult to sampleand partly because sortaevaecannot be identified to species, which prevents

speciedevel matching between adult and benthic assemblages. We also cannot be certain whet

This article is protected by copyright. All rights reserved
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166 adults arose from Hughes Creek or dispersed from another creek. However, if winged adults
167 congregaddat manipulation sites anidcreasedenthic densities of larvae (through oviposition), then
168 we predicedthat adultassemblages should differ betwasanipulation sites and controls.

169 Additionally, if manyadultsfly awayfrom speciesgich locations upstream, then we expect Huhtlt

170 assemblages at downstream locations should converge on those of upstream locations.

171 At the species level, wexaminedb4 commortaxathatwere analyseth Lancaster & Downes

172 (20171, of which’26:responded &xperimental increases irtiitusand 28 did notHere,we test
173  whether'responder"” taxaispersegrimarily via the drift oy adult flight, and whethethey qualify
174  asinvadersiSimilarly,for the "nonrresponder” group/e test whether they wegoordispersers or
175 good disperserthat failed to exploit theesourcerich manipulation site§.e. were itinerants)lo
176 examine the role of dritis a dispersal routere tested whethdyenthicdensities wer@ositively

177 related to numbers in the drift sampled at commensurate tengsdoying similar logic and

178 approaches.to Downes & Lancaster, 20D0ift numberscan be considered a predictor of (rather
179 than just carlated with) benthic densities because drift was sampled upstream of each site (explained
180 further below)lf successfutlispersal is frequently via the drift, then wepecteda positive relation
181 between benthic densities and dniiimberswhereas if dft is infrequent(poor dispersers)r drifters
182 are unsuccessf(itinerants) then these two variabletould be unrelate@Fig. 1) Drifters may be
183 unsuccessful if.environmental conditions are unsuitable or if densities of tesagersufficiently

184  high thatdriftersare unable to “invade” sites.

185 Alternatively, E.drift numbersand benthic densities apesitivelyrelated, thesl ope of that line

186 estimateshe'rate at whicimumbers in the drift contribute to benthic densitidsus aslope of 02

187 meansan average@% of drifters contribute tbenthic densities, and significantly steeper slopes
188 mean this percentage is consistently gredieey-intercept suggestshe degree to whichenthic

189 densities arise solelja the drift. Thus,if the line intersectthe origin,this implies thatll individuals
190 in the benthossarose from the ddfidthat densities do not build up over tirfiedrift = O, then

191 Dbenthic densities = 0)n contrast, if thg-intercept is significantly > 0, thdwerthic densitiesnay
192  Dbuild up'overitime from the drifiutalsopotentiallyvia other dispersal routes.g.recruitment via
193 egglayinghy adults

194  We can use this reasoning to identify species that@raddecausehese taxavill have slopes and
195 y-interceptdhat arethe samdor both manipulation and control sites.e. they arespecieghat

196 dispersdand colonisd sitesroutinelyfrom the driftbut did not respondvhen resourcesere

197 increasedinvaders may showitherof two outcomesfl) a steeper slope at manipulation sites than
198 control sites, which showshagherrateof colonisationfrom the driftwhendetrital densitiesare

199 increasedFig. 1)or (2) lines that have the same slope but with a greaiteercept for manipulation
200 sitescompred to controlg¢Fig. 1).In thissecond outcomaedrift may be responsible for the builgh

201 in densitiesat manipulation sitesutrecruitment following oviposition by adulteay also contribute.

This article is protected by copyright. All rights reserved
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Whendrift is themainsource oftolonists manipulation sites coulidheoreticallybuild up densitieso
high thatthese siteghencontribute to thalrift, which couldtherefore gradually shift the distribution
of species in a downstream directid®iedid observe such zonal changes during the éxget
(Lancaster & Downes, 201YH-or example, som@pstreanspecialist (Pecies thaarerestricted to
or with highest densities impstreamocationg graduallycolonisel locations further and further
downstreamlif:drift caused such changélen zonal shifts in densitishouldbe explained entirely or

mainly byadding drift as @ovariateto reanalyses of benthic densities.

Forcommonly trapped speciesadults, we testesthethemrmanipulationsites attained higher
numbers thawontrol sitesfollowing the logic aboveWe also testedhetheradult numbersvere
correlated wittbenthic densitiesof larvae Althoughthe direction of causandeffect is uncleathigh
larval densitiegan delivethigh local emergence of adutishigh local densities of adults can deliver
high densities/of larvam®llowing ovipositior), the existence of such associations would suggest a

potential route for successful dispersal

To examinethe.efficacy ofraitsin predicting which species would respond to the experimental
manipulationover12 monthswe tested whethethe frequenciesf certain characteristiaiffered
betweerresponding and neresponding taxarirst we examined the frequencies of taxa with some
traits that areommorty assumed to be associated with successful dispersal (i.e., good dispersal and
colonisation)in 'stream invertetatesand that could be assigned with confidence to the taxa in this
system voltinism, presence in the drift, fligltapable adults. Second, weaminedrequencies of

taxa categorisedsdifferent kinds of dispersersing empirical data from this stu@yoor,itinerant,

nomad orinvader
Methods
Sudy site andsexperimental design

Hughes Creeisin central Victoriasoutheastern Australisand ha been described extensively in
previous researcfbowneset al., 2011 Downeset al., 2017 Lancaster & Downes, 201YHdn brief,
the creelariseson th8lack Rangeanddrains thegranitic Strathbogie batholitlvhich produces
coarse sandy sediment when erodégper parts of the channetiginally comprisedchain of ponds
with percolinequnderground networks of water seepage zones and soil pipes: Erskine b2016
land clearancécoupled withbushfiresand floods)createdncision gullyingandincreased erosion
rates thisproduced an extensiwand slug irHughes Creekwhich did not exist prior to the 1920s
(Erskine, 201% The sand has buried the original stream bedthe active channé now much
widerand the water shalloweiost terrestrially sourced pladetritusis either swept away during
floods or buried under sanfandylocations thus have sparsely tregzhrian zones, low densities of
detritus, a bed of shifting sand asishllow, warm water. Temperature loggers showed that water

temperatures at downstream locations were often*€2ghdreachedip to 36°C on hot dayse.g.

This article is protected by copyright. All rights reserved
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where air temperature exceeddi’C (Downeset al., 2017. Downstream locations have
approximately hlf the number of invertebrate species found in cooler, more intact upstream areas
(Downeset al., 2017. Movement of animals in these sandy zones is predominantly through
swimming and the drift, with few individuals walking across the sand (Lancadsdenfes,

unpublished observations).

The experimentdescribed in detail in Lancaster & Dowr{@8170 was carried oubvera 22 km

lengthof Hughes'Creek, with two control and two manipulation sites in each of three zones
(upstream, ‘middle and downstreatmatreflected the changing environment of the strédpstream
locations wererabove the sand slug, downstream sections were fully swamped with samdgknd
sites reflectec@transition zonevith gradually increasing amounts of sand across theSitss. were

40 m channel'lengthend were on average 1.6 km apart (range of 0.6 to 3. AKeBoosted the

density of plant detritus (leaves, bark, wood) at manipulation sites pairggof stakes hammered

into the stream bed, which trapped and held detritus floating downdgeasity of pairs ranged

from 0.13 to 0.19 per fdepending on locathannel morphology Control sites received no stakes.
Detritus and.benthic densities were samgegimanipulation1, 4, 9 and 12 months following the

start of the ‘'experiment in January 2013. Our sampling methods have been describeldiin detai
previousstudiesDownes & Lancaster, 201Downeset al., 2017. In brief, on each sampling

occasion we_collecteto-15, randomly placed benthic samples per site using a Surber sampler (0.09
m?, 250 wmsmesh). Sites are replicates in our statistical analyses so samples were compbsited, an
then subsampledito provide a single estimate of detritus and invertebrate denstiites(fugther

details inflkancaster & Downes 2017b).

The stakes increased the density of detritus greatly (up to 42x at downstesgpalationsites
compared torcontrol sitesfhis was matched b¥.3x, 1.9x and 1.6x increasiesspeciesichnessat
manipulation sitegsompared to controls in upstream, middle and downstream,zesegctivelyThe
species compesition obmmunities in middle and downstreanmanipulation sites gradualbyecame
more similar taupstream sitesn strongcontrast to controls, which showed only iréemual
variation"and'changes reflecting seadiondl ancaster & Downes, 201Y.b

Drift and adult sampling protocols

Drift nets 0 x 30€m opening, 15Qum meshsize were installed in a row across the creek
located2 — 3m.upstream of the upstream boundargathsite. We usedetween threandfive nets
with moremnetgleployedfor wider streamsNets were installed aariableheights in the water
columnto ensure it was representatively samglathets weret least 34 cmabovethe stream bed
We measurethe crosssectional area of the streamfront of nets(depths were measured every 50

cm). We collectedrifting insectdor two hours beginning at the end of civilian twiligit the same

This article is protected by copyright. All rights reserved
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dates benthic samples were collegtedtmanipulation(above).Samples fronall netsat a sitevere

composited into asgle sample and preserved.

For two hours after twilight, & sampled adults using light traps, which compriskelektub inside
which an ultraviolet light (@/, 12V triphosphor fluorescent lamp, 225 mm lomggslaid over a tray
containingsethanolPlacirg lights insidetubs ensurd thatlight did not spill sidewaysandonly adults
flying above'trapsvere attractedCollier & Smith, 1998. Three light traps were used at each site,
with one each:placed at the upstream and downstream ends and one in the approximat&limiddle.

adult insects trapped at each site were combined into a single sample.

In thelaboratory drifting invertebratesvere identified to the lowest taxonomic level possible (usually
species, sometimes genus) and total numbers of individuals in each composited samptamted.
We calculatedhe,proportion othe crosssectional area of the streahat wasntercepted by nets
andused thigroportionto estimate the total numbers of each tatkat drifted nto each site. We did
not standardizelrift numbers fodiffering dischargs flowing through net Althoughthis
standarizationsiss«commopnour question requires estimategiud total numbers of drifteraot dift
numbers perunit'volume of watei.e. drift densities- which arenot germanéDownes & Lancaster
201Q LancastermBownes & Arnold, 201 Moreover drift numbers ad discharge can harelated,

resulting invery'poor estimatesf densitiedDownes & Lancaster, 2010ownes, 201

For adult samples, avidentified and counted apecies, genera or families known to live in streams
with the exception of Dipterdhe majority ofnon-dipteran aquatictaxa werelrichoptera,
ColeopterandHemipterabecauseight trapstypically do not attracother taxaeffectively(e.g.
Ephemeropterar Plecoptera Only males could be identified to species for saaddisflytaxa, and

socounts of malesvere used for tesfer these species
Statistical analysis
Multivariate analyses

Drift and adult data weré™4oot transformed and similarity matrices for edeftaset created using

the BrayCurtis coefficien{Anderson, Gorley & Clarke, 2008Ne first testedwhethe drift
assemblagehat arrivedat controlsites differed fronthosethat arrivedat manipulation sites

Although manipulation and control sites were intermingled along the creek, corgsalswnstream

of one or morenanipulation sitemight receive differing numbers or identities of animals. We tested
for this pessibility byusing a 3factor, repeated measures PERMANO{Adersoret al., 2009.

The model contained the crossed factor&afe (upstream, middldownstream)Treatment
(manipulation, control) anBate (a repeated measure). Thencamparedirift and benthic
assemblages using ddctor, repeated meassffERMANOVA (same terms with the addition of

Sample type)Assemblages of adults were compared between manipulation and control sites, zones

This article is protected by copyright. All rights reserved
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305 and timeasing a 3factor, crossed design in PERMANOVW/e illustrated significant differences in
306 PERMANOVA models using neametric multidimensional scaling (NMD$\ndersonet al., 2008.

307  Univariate analyses

308 For each of the 56dommontaxaexaminedoy Lancaster and Downdé20178, we tested whether

309 benthic densities were related to dniftmbersacrosshe 12 sites sampled dmefour post

310 manipulationoccasiongN = 48 pairs) using ANCOVAapplied to logtransformed datal he model

311 contained the fixed factor of treatment (contr®lmanipulation sites), the covariate of dniftmbers

312 and an interaction between treatment and dufhbergwhich tests whether the slope of the line

313 varied between treatmentdjor species where the slopes of lines were the same, the Treatment term
314 tedswhether ther-intercepts were statistically differeiailowing adjustment for the covariate

315 To test whethedrift explained changes to zonal distributiong re-analysed the benthic data of
316 responders usingafactorfactorial ANCOVA, with Treatment crossed withone, with drift

317 numbersas a covariate

318 For common adult taxa, we tested whether abundances were higher at manipulation sitegriblan
319 using a 3way ANOVA, andwhether larval densities and adult numbers were associated using th

320 Pearson correlation coefficient.

321 Finally, we categerised each of ttemmon54 taxa into one dbur groupsas illustrated in Figure:1
322 (1) rarely occuredin the drift (poor dispersexs(2) no relation between drift and benthiensites for
323  bothcontrolandmanipulation sitegitinerant3; (3) a significant relation between drift and benthos
324  with similarslopesndy-interceptdor manipulation and control sit§somads; (4) significant

325 relations between drift and benthos with slopegintercepts thavaried between treatments

326 (invaders) Westested whethehe frequency ofaxa in each classried betweenesponding and nen
327 respondingdaxaisingFisher's exadest.We alsocompared the frequencies of taxa withits

328 commonlyassumed to reflect succesdfispersabetween responding and ragsponding taxa

329 specificallyivoltinism, presence in the drift and terrestrial winged aduitss, invertebrates that are
330 good drifters;have flight capable adults and short generation times (rtingyare often assumed to
331 have a high potential for successful dispersal and colonisation over the time sheegperiment
332 (12 months)

333  All statistical tests were twtailed and used = 0.05.
334 Resaults
335  Multivariate analyses of assemblages

336  Drift did not varysystematically betweemanipulation and control sites on any datén any zone
337 (all terms involvingTreatment with P > 0.05; analysis not shown for brewtd thus manipulation

338 and control sites were exposed to similar drift assemhlafss findingis consistent witlpreviously
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publishedtess thatshowed thaspatial autocorrelation between sitkd notaffect hypothesis testm
benthic densitie§Supplementary Appendix 5 of Lancaster & Downes, 2DMhen drift and
benthos were comparaghsurprisinglydrift assemblagediffered frombenthicassemblagefiowever
the degree of difference varied whibthtime and treatmer(fable 1a, Sa Trt x Time tern).

Benthic communities atontrolsteswere dissimilar to drift samples @verydate(pair-wise tests, all
with P < 0.05)Benthic communiesat manipulation sitesverealso dissimilar to drift assemblages,
butless spandafter four monthslrift and benthic communities were statistically the same (Fig. 2).
OnNMDS plets:fer nine and 12 months following the start of the experirbenthic assemblages at
manipulation,sites occupied a position between benthic assemblages at contadildréhd
assemblages (Fig. 2).

Large numbers of adults were trapped onlyirduthe summer months, hence analysis was restricted
to data from 1'and 12 months (February 2013 and January. Z&iditionally, unseasonal cold
weather on.one.day in February 2013 resulted in feanadults trapped ahemiddle siteseing
sampled on that day. Consequently, we used data only froandplownstream sites. Multivariate
analysis of these.data showed that manipulation and control sites did not diffesiés genposition
(Table 1b, Treatment effect). Upstream and downstream assembffgresidrom each other but this
difference changed over tim&gble 1b, Zone Time tern). Twelve months after the experiment was
started, the.assemblage of adults at downstream sites more closely resembled ndostevjostream
sites thanthey:did at the start (F3).

Rel ations between drift and benthos

Benthic densities were significytrelated to drifnumbers for 34 taxgsuccessful dispersersyith
the remainin@®0 taxashowing no relationship between these variapleble2, Table S1- for
brevity, outcomes of these 54 statistical tests are not repdvtedel R values for successful
dispersers varied(responders:-473%; nonresponders: 4379%), but weretypically much higher
than for unsuccessful dispersers (responders:58%; nonresponders: & 47%).For twotaxg drift
numbers were too small to perraitalysis, suggesting these taxa ddinfrequently(i.e. poor

dispersers Theremainingl8 taxa were unsuccessful disperseirs. itinerants

Of the 34 taxadefined as successful dispersé3werenomadsand B were invadergTable 2, Fig.

4). In 4 of 13.nemads (one responder and 3-respondersTable S}, they-interceptwas greater
thanzerq whereas the line passed through the origin for all otRersmostinvaders lines formost
manipulation,sites lay above those of controls (iiéerent y-interceptshut slopes of the lines did

not differbetween treatmentSlopes differed between treatments for only three taxa, two responders
(both stoneflies) and one noasponder (snhailg)lable S). Fivetaxa could not be classified: one

with indefinite findings due to too mammgrovalues two where detritus appeared to deter density
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373 increases, and two with complicated responses. The latter (both classes of Diptera) slibwed dri

374  benthos relations at controls but no such relations forpubation sites
375 Diddrift rates explain zonal changes?

376 In 11 respondershenthc densitiesvere related tarift numbers with similar slopes of lines at

377 manipulation sites and contrqfBable S1), which permitted+analy®s oftheir benthic data withhe
378 inclusion of driftnumbersas covariate These analysedtered theoutcomes of tests aronal

379 differencedor three speciefTable S2. The upstream speciali8tstrosimulium furiosum (a blackfly)
380 colonisedmanipulationsites in middle and downstream zones during the experithentaster &
381 Downes, 2017p This zonal change becamen-significant with the inclusion of drift numbers as a
382 covariate, suggesting drift played a major role in the appearance of this species dawnstrea
383  Likewise,Cheumatopsyche sp. AV2(a downstream specialist) showed benthic increaises

384 manipulationsitesdownstream(Lancaster & Downes, 201Y,butthe inclusion of drift numberis
385 the analysis'removed zonal differences. In the tiaixdn Ecnomus continentalis) the inclusion of
386 drift as a covariatereated a zonal difference, wilownstream locationisavingsignificantly lower

387 benthic densities'than middle or upstresitasoncebenthic densitiehad been adjusted for dritites
388  Analyses of adults

389 Virtually allithe common taxa were insects with winged adults.tiMoeonwinged taxa (snails,

390 limpets) were,equbl represented in the responder and-nesponder groupsTaxa with terrestrially
391 based, wingedadults occurred in similar proportions in responder anrdsponder groups (92%
392 and 82%jrespectively, a naignificant difference).Of the 54 common taxa, 27 were Rdipteran
393 insects and lwere caughin light traps Thesel4 taxashowed no differencaa numbers trapped at
394  control and manipulation sitea pattern that waasotrue forall otherspecies oadultswe caugh{99
395 of 105 separately identified ta)dn threeof the 14taxg numbers of trappeddultscorrelated with
396 larval, benthiadensities Two of these were theaddisfliesCheumatopsyche AV2 (r = 0.80,P <

397 0.001) ancecnoemus continentalis (r = 0.59,P = 0.02) which were both responders. In each case, the
398 highest numbers of adulésd benthic larval densitiegerecollectedat downstream sitefor both

399 taxa. The. third taxorwasLaccobius spp.(r = 0.75,P = 0.001) a genus of beetles thdid not respond
400 to the manipulation

401 Traitsfor sueeessful colonisation

402 Responding and neresponding taxa did naiffer in traitsthat arecommonlyassumed to reflect a
403  high potential foridispersal and colonisat{dmable 3) Statistical tests were nesignificant for each
404 trait tested individually, or combined, ithe frequency of taxa having all three of the best traits
405 (multivoltine, common in the drifdrifters and adult flight Using the drift dispersal types defined
406 empirically, the frequency of poor, unsuccessful and successful disperses dftenbetiveen

407 responders and neesponders (Table 2). The responders classified as poor or unsuccessful drifter
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408 dispersers all had flightapable adults. Considering only the successful drift dispersers, most

409 responders were invaders. Mmonresmpnders wer@omads, but four were invaddi&able 3.
410
411 Discussion

412  This paper provides rare, direct evidence of which taxa are successful dispersers andsialaniser
413 communityof stream invertebrateandtheir modes of dispersati(ift vs adult flight) Direct,

414  empiricakevidence of dispersal is difficult to collect and we used a novetpfslied approadhat

415 can differentiate between different kinds of disperdausing a field experiment that successfully
416 increased henthigpecies diversities a¢urcerich manipulation sitealong Hughes Creek

417  (Lancaster &Daewnes, 201Ybwe simultaneously collecteiddependentiata on disperserin

418 conjunction'with benthic data from the experimémésenew dataon dispersers indicate that

419 successful colonistmainly arose from individuals present in the same creek, dispersal congtigints
420 not preclude colonisath by almost any taxon, and trait@mmonlyassumed to reflect the potential
421  for successful dispersal wemetreliable in predicting which speciessponded to the experiment

422  Successful colonistvere, however, more likely to evaderscapableof expldting novel situations.

423  Many successful.colonis@rose from individuals present in Hughes Creek, and predominantly fro
424  upstream area#) thisrelatively shorterm (12 months) and largealeexperimeni{22 km stream

425 length) Dispersahvia the drift appeared to play a strong role in colonisation of matniypusites.

426  Drift assemblagesere associated witthangesn thebenthosat manipulation sitesncluding one

427  monthwherethese two types assemblagesere not statisticht different. At thespeciedevel, drift
428 was associated with benthic densities i6i0% of common respondensicluding taxa where drifters
429 rarelycoloniseal control sites (e.g. stoneflierift also explainedhifts in distributios of taxathat

430 graduallyappeared adownstream location3 heseoutcome suggest that manipulation sites acted as
431 “stepping stones” that allowespecies to move gradually further and further downstream. For species
432 that were predeminantly upstreamecialistsmanipulaion sitesallowed these taxa to shifteir

433  distributionsibyup.to20 km downstreamOverall, this apparentlgtrong roleof drift dispersal would
434  explain why-the.faunal composition of middle and downstream sites converged on that ahupstre
435 sites(Lancaster& Downes, 201Yb

436 Benthic changes caused bgpuersal during the adult stageemore difficult topinpointbecause we
437 cannotdeterminghe origin oftrappedadults(from Hughes Creek another streamput twvo

438 findingssuggest,adult movement played a lial¢he experimentThe similarity in adult numbers

439 between control and manipulation sipggsthe convergence of downstream adult assemblages on
440 those upstream after 12 months both sugaghsits disperse along the chaniNgnethelesstis

441  difficult to separatéhe effects on benthic densities aflult movementfollowed by recruitmentjrom

442  those causedy dispersabf individualsin the drift. For example, larval densities of both the
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443  hydropsychidCheumatopsyche sp. AV2 and the ecnomisicnomus continentalis were correlated with
444  adult numbers during summer, particularly at downstream 8itek of these caddisflies lay their
445  eggs on barknd woodMacqueen & Dowes, 201band thisprovides asimplemechanismnior how
446 larval densitiezouldhave beelincreasedy ovipositionin detritusrich locations Nevertheless,

447  benthic densities of both species were also strongly related toamitberswhich explained

448 increasest dewnstream sites in both cadess thus difficult to separateffects ofadult and larval

449  dispersal but for these taias likely that both played a role.

450 There were no obvious differences in dispeabdity, whenmeasured using drifbetween species

451 that respondeditorthe experiment compared to tthagelid not Nonresponders and responders were
452 just as likely to be'\good drifters, and an equivalent proportidinedftaxa were successful dispersers
453  (i.e. drift numbers associatedtivibenthic densities). Thus, nossponders were not poor dispersers
454  that failed to reach manipulation sit€ather, hedifferencebetweerresponders and neesponders
455 layin theoutcomes fosuccessful disperserBhus, esponders werall invadersexcept for two

456 nomads (the caddisflig@heumatopsyche sp. AV2 andTriplectides ciuskus), and, for these two taxa,
457  adult flight maybe.more important than drifas considered abovehlternatively, mostnon

458 responders.weneomadsbut interestingly four wie invaders This latteroutcome suggests that drift
459  contributed taheirbenthic densities at manipulation sites, but that the colonisation successeo$ drift
460 wasnot sufficientlyhigh across all siteandtimes toincrease densities across the board. These taxa
461 may be geediexamples of species that may become responders under different cicesmstan

462 Nevertheless, the,overall predominance of successful dispersers show that many taxaaileily
463  connectivity.ad.benthic densities along the stream length via the Nigit-responderand

464 responders weralsojustas likely to have a terrestrial winged adahdtheir adults were present at
465  all sites.Most of the poor or unsuccessful drifters in the responder group also had winged adults, and
466 adult dispersakmathereforehave been involved in their respon@erall, dispersal abilitper se

467 thus did not differ between those taxa that responded and those that did not.

468 This poses/a questioniwy did half of the common taxetrespond to the experimen@he possible

469 explanationfighatthesetaxa did notequiredetrital resourcesbut his seems unlikely for at least two
470 reasons. Firspacks of pant detritusoffereda broad array of resources, sucticasl (eg. biofilm,

471 leavesorganicparticley, placeso attach (e.gfor filter-feeders)andrefuge from flow or predators.

472  Secondmanynorresponders weraxonomicallyrelated to species that did respamdl/or had

473  similar reseurce requirements. For examiiie,caddisflyEcnomus continentalis responded whereas

474  E. cygnitis did"net, despitéoth having similar habitat and resource requirements (both taxa spin nets
475  to capture prey)Other comparableesponder/nomespondepairs include the filtefeeding blacRies

476  Austrosimulium furiosum vs Smulium ornatipes; the grazer/scraper mayfli€ffadens sp. vs

477  Tasmanocoenistillyardi and thechironomid grazer/scrapersienemanniella sp.vs Corynoneura sp.

478 (Lancaster & Downes, 201Y.A similar pattern of species that dispersedcessfullyput failed to
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479  colonise sitegi.e. itinerancy)was alsseen amongomeadultcaddisfliesn a separate studpjdults
480 of threespecies oEcnomus and seven other species of caddisflies from four different famities
481 routinely trapped along Hughes Creamler three years, btheirlarvae werevery scarceand more

482 oftenabsenilLancaster & Downes, 201ya

483  Unsuccessfulcolonisation may ee toenvironmental constraints. For example, water temperatures
484  at downstream locations exceed’29when the air temperature reaches 2@4which is a relatively

485 common occurrencexduring summédowneset al., 2017. Water temperatures of 30 °C are extreme
486 for mostinsectgLancaster & Downes, 201and can be associated with low oxygen emi@tions

487 in Hughes Creels well(Lancaster, Downes & Glaister, 2Q08uchconditions coulgpresent

488  significant barriers t@olonisation bysome species. Howevenostnonresponderfiadwide

489 distributions(i.e. were in downstream locations: Table,Sif)ich suggesthat environmental

490 conditionsdid nothy themselvesonstraincolonisation A remainingpossibilityis that non

491 responders.were unable to compete for resources with responders or were more vulnerable to
492  predation(by fish, platypusor invertebrate predatgrsut we have no data that dagar orthis

493  speculation,

494  Traitscommonlyrassumed to reflect good dispersal ability and colonisation sgooésotrelialdy
495  predictwhich species wouldolonise manipulation siteBispersal traits are based on assumptions
496 about dispersalabilitpased olody morphology, observations of behaviour or swimming ability
497 (often made.in laborati@s), frequency in the driffperceivedlight capacity of adultsand so forth
498 (referencesbovg. Thesetraits can onlymeasurehe influence of movement if most good dispersers
499 are also'successful dispersédfsnsteadcolonisation abilitynore ofterdictates successful dispersal
500 as seen her¢hen dispersal traitwill provide little guidanceMoreover it is rare for empirical studies
501 to acknowledgehatcolonisation abilityis importantandthat insuccessful dispersers may become
502 successful if conditions within locations change (e.g. physical envirorbaeamesnore suitable
503 resources increase, etdr) these situationsjspersal traitsvill underestimatéhe role that dispersal
504 can play infcommunity dynamic®f course, dispersal ability may play a stronger role over spatial
505 scales largerthan'we have examined here, but dispersal over large spatial scales may reflect

506 biogeographic processes (e.g. range extensions) rather than community dynamics.

507 Our data also suggest thiie characteristicsised to form traits need to be used with some caution.
508 For example, it iswell known that presence in the drift, even when that is comossmot

509 automaticallysignify that species travébng distances, even for “champion” dispersers such as the
510 mayfly Baetis (Elliott, 1971 Lancaster, Hildrew & Gjerlov, 1996; Downes & Lancaster, 2010

511 Lancasteet al., 201]). Here,late instar specimens of the cased caddiifigl ectides cuiskus drifted,
512 and drifthumberswere significantly associated with benthic densities. Nonethela&s)g T. cuiskus
513 were nomads, not invaders. Mature specimens were never found in the drift outsalaepdtteam

514  zonewhere thisspeciess largely restrictedDowneset al., 2017 Lancaste& Downes, 2017h
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Observations on morphology and behaviour, especially in a laboratory seigipglso misleadFor
example, molluscarecommonlyobserved to movby crawling(asdo many other species, such as
cased caddisWe found that snails and the limpeatrisia petterdi routinelydrifted and thadrift

numbers were related to benthic densjtseigigesting that this is how these species disperse in Hughes
Creek theywere not poor dispersers. It is clearly impruderggsune that molluscs disperse only by
crawlingin allsystemsandthis example serves to emphasise thgpersal traits need twe tested,

i.e.evidencebased

Is the level oinfluence of dispersaucces®ninvertebrate densities in Hughes Creekisual? We
cannot answerthiguestionbecausave have not located any other studies that lqaamtifiedhow
dispersabuccess affesstreaminvertebrate densities relevanspatial and temporal scalédost
empirical studies are surveys that irgirect method$or quantifying dispersahatare problematic
(as discussed/in the introduction)ase experiments done micro- or mesocosms(e.g. artificial
stream channelsjvhich cannotemulatethe effects of driflispersabccurring over maniilometres
and monthsand do not examine adult dispersal at@ile important source of information comes
from geneticstudies thesesuggesthatflight is the major dispersal mechanism for insects having
winged adultswhile in-channel dispersal (e.g.avthe drift)is morecritical for species that are fully
aquatic(Hughesetal., 2009. Of course, dispersal that crestgenetic homogeneitynay be
insufficientto influencepopulation densigs but geneticstudies havédentifiedgeographic features
thatarebarrierssteadultdispersale.g. deep canyons, large lowland areas, mountain ranges: Hughes,
Huey & Schmidtp201 Likewise, a small group of studies have identified features that can block
drift dispersal.such agaterfalls:(Hugheset al., 1995 andpools(Brookset al., 2017. Rivers may
vary in the frequency or existence of such barriers, and this variation could reysitematic
differencesbetween riverén dispersal successlughes Creek ia predominantlysandy bed stream
with somepoaelssand bedrock outcrops throughoutgbetiors we studiedErskine, 2015 We do not
know how geomorphologyfluenced the outcomes our experimentbut it would be fascinating to
know how channel morphology interacts with dispersal abilities to influence t@isation success

of fauna.

In this vein, fis‘interesting to note thdike freshwater ecologistmarine ecologists alsasssumed
that traits (e.g. larval morphology, longevighoulddeliver different dispersal abilities that would
explain the'densities of species in different plgstimulated by a comprehensive review of larval
biology by-Tharson, 1950While some of these dispersal trditsreprovensomewhatseful in
capturing dispersal abilitypcal oceanographic featurageoften influentialin determining which
dispersers arrive at a location. AdditionattpJonisation failurds often more importanbecause
many successfudispersers fail to settler settle but d not survive(review: Schiel, 2004 It seems
feasiblethatcolonisation failure amongver faunais also common, but we need many more,

purposedesigned studiegportingdata that can test such hypotheses directly.
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Table 1 Summary oPERMANOVA for two data sets: (a) Drift & Benthos: dactor, repeated
measures design comparilagval invertebrate assemblages between sample tyjois (
Vs benthic sampls), experimental treatments, zones on the stream gradmshbver
time(a repeated measur&ubijects in thesanalyses are sites. (b) Adults:-&a8or,
crossed design comparing adult insects between experimental treatments, zones on the
stream gradient, and timdsnes in bold are referred to in the text. See Figures 2 and 3

for.illustrations

Data set Source df MS PseudeF P

(a) Drift & Benthos  Between subjects
Sample type 1 15385 24.8 <0.001
Treatment 1 2882 1.88 0.094
Zone 2 6658 4.35 0.010
Sax Trt 1 2704 4.35 0.011
Sax Zone 2 1555 2.50 0.024
Trt x Zone 2 1166 0.762 0.691
Sax Trt x Zone 2 666 1.07 0.415
Sax Subject (Trtx Zone) 6 621 1.14 0.218
Subject (Trtx Zone) 6 1531
Within subjects
Time 3 9694 12.8 <0.001
Sax Time 3 2542 4.68 <0.001
Trt x Time 3 1010 1.33 0.078
Zonex Time 6 1267 1.67 0.002
Sax Trtx Time 3 893 164 0.018
Sax Zonex Time 6 936 1.72 0.002
Trt x Zonex Time 6 686  0.904 0.733
Subject (Trtx Zone)x Time 18 758 1.40 0.002
Sax Trt x Zonex Time 6 650 1.20 0.146
Error 18 543

(b) Adults Treatment 1 415 1.01 0.445
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Zone 1 4563 11.1 0.001
Time 1 2967 7.24 0.002
Trt x Zone 1 396 0.967 0.469
Trt x Time 1 237 0.578 0.792
Zonex Time 1 1195 291 0.010
Trt x Zonex Time 1 393  0.959 0.503
Error 8 410

Table2. Classification of 54 responding or noesponding taxa into one thfreetypesof drift
disperser, reflectingutcomes of tests foelationshifg between benthic densities and
drift rates(see text The proportions in different classes did not differ between
responding and neresponding tea (Fisher's exact tesP = 0.999). Successful
dispersers were then subdivided immmadsand invalers, as defined in the texEive
successful dispersers could not be classified into either category (“unelsess.Table
S1). The proportions in different classes differed significantly between resmpadi
non-responding taxa (Fisher's exact té3t 0.003). Table Sllists which taxa belonged

in each group

All groups Successful disperser:

Poor Itinerants Successful Total Nomads Invaders Unclass. Total

Responders.& 9 16 26 2 12 2 16
Non- 1 9 18 28 11 4 3 18
responders

Table 3 Frequency of responder and a@sponder taxa with three tragsmmonlyassumed to
reflect the potential for successful dispersal, and with the three "best" traits confbined
values are outcomes of Fisher's exact test compfaqgencyof taxa that were
respondersr nonrespondingVoltinism: M = multivoltine, BUS = bi- uni- or
semivoltine MDF = multivoltine, common in drift and capable of adult flight. Table S1
lists whichtaxa belong to which group.

This article is protected by copyright. All rights reserved



689

690

691

692

693
694
695
696
697
698
699
700
701
702
703
704
705
706

707
708
709
710
711
712

713
714
715

Downes & Lancaster page22

Voltinism Drift Adult flight Combined

(P = 0.404) (P=1) (P = 0.999) (P = 0.405)

M BUS Common Rare Yes No MDF Others
Responders 12 14 25 1 23 3 11 15
Non-responders 15 10 27 1 24 2 14 11

Figure captions

Figure 1

Figure2

Figure3

[llustration of expected outcomes frariatingbenthic densities to dritumberghat were
measuredt commensurate timesd just upstream of where benthic samples are
collected If drift dispersalof a species drives changes in benthic densities, then we expect
a relation between driftumbersand benthic densitfline 1, 2 or 3, whereas if drift is not

a source otolonists or dispersers are unsuccessful, then we expactcheelation (line

4, dashed to indicate no relationshil the relationship fomanipulatiorsitesachieves a
greaterdope thanthat forcontrols(line 1 vs line 3)then this suggests that detritus
inereases the rate at whidhfters contribute to benthic densitjgisis effect could also
oeeur where control sites receive no increases via the drift at all (line 1 vs line 4).
Alternatively, if manipulation sites hawesimilar slope to controls site but a higier
intercept (e.g. line 2 vs line 3), then this suggests Wiate the rate at which drifters
contribute to benthic densitiessconsistenbetween manipulation and control sjtes
benthic densities build up atanipulation sitesThis latter increase may be caused by drift

or by new recruits following adult oviposition.

NMDS plots comparing drift and benthic assemblages from control and manipulatson site
1,4, 9 and 12 months after the start of the experiment (February, May, C2@dBeand
January 2014, respectively). Data were analysed together but each date is plotted on a
separate graph to illustrate patterns. The numbers in the bottom left cornehn gfazh
indicate for control and manipuian sites the average similarity between benthos and drift

on.that date, with an asterisk indicatingetherthe difference was statistically significant.

An NMDS plot of adult data comparing species compaositions betwegiyppand
downstream (Dowrdites from one month after the start of the experiment (Feb 2013) to
12 months after the start (Jan 2014).
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Figure4 The benthic density (number pef)rof four invaders(A) all snails,(B) all
Gripopterygidadother tharDinotoperla) (Plecoptera)(C) Atalophlebia spp
(Ephemeropteragnd(D) Austrosimulium furiosum (Diptera, Simuliidag)at control (open
circles, dotted lineand manipulatioriclosed circles, solid lineitesversus the number of
individuals of these speciesifting into sites(over two hours at sungedt dates
commensurate withenthic sample®\ll values had one added to enable plwt log,
scalesLines represent outcomes of regression analyses as reported in the text (see Results)
and.relevant tests are reported in each p&méh) and (B), the slopes of lines differ
significantly between manipulation and controls sites, whereas in (C) and€B)ofes
are the,sambutthe yintercept is greateat manipulation sites than canots. Tr x D =
Treatment x Drift covariate interaction; D = Drift covariate (Tr x D is insignificaait
='test for difference inyntercepts for manipulation and control sites; value of F
statistic;P = probability, R* = value of R for full model.
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