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Abstract

Species invasiongacreasinglyoccur alongside other forms afasystenthange,
highlighting the need to understanow invasion outcomes are influenced by
environmental factors. Within freshwaters, two of the most widespreadslaivehange
areintroducedfishesand nutrient loadingjet itremains difficult to predichow
interactions'between these drivers affect invasion success and consequences for native
communitiesTo test competing theories about interactions betweéments and
invasionswe conducted a 2 3 factorial mesocosm experimenarying western
mosquitefish Gambusia affinispresence ahnutrient availability withiraquatic
communities. Based on theory, increased nutrients @tlidr (1) facilitate coexistence
between predatory mosquiteh and native species by increasing prey availalgilits
invaderattenation hypothesis), or (2) strengthen predation effects by enhdisting
productivitymore than native community membédtise invaderamplification

hypothesis)in outdoor mesocosms designed to mimic observed nutrient conditions and
local ' cemmunity structuremosquitofishdirectly reduced the abundances of zooplankton
and three native amphibian specleading to indirect increases jnytoplankton,
periphyton.and freshwater snail biomasough trophic cascadesutdentadditions
increasedative amphibian growthut hadespeciallypronounced effects ahe
productivitysof invasive mosquitofisithe elevatedutrient condition supported5

times more’juvenile mosquitofisind 30% higher biomass than the loutrient
condition.Increased nutrientlevels did not weaken the top-down effects of mosquitofish
on invertebrates or amphibiar@ollectively, ourresultssupporithe invader amplification
hypothesis;.suggesting that increased nutrient loading may benefit invasive species

without.attenuatingheir undesirable effects on native community members.

K ey words;nonnative, introduced, eutrophication, pollution, freshwater, pond, food web,

pond-breeding amphibiatrpphic cascade
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I ntroduction

Ecosystemshat support invasive speciegreasinglyexperiencether concurrent
driverssof ecosystem change, including habitat alteration, pollugsource extraction,
and climate chang@olar and Lodge 2000, MacDougall and Turkington 2005, Rahel
and Olden 2008)The outcome of species invasions—including invader establishment,
spreadandiconsequences for natsgecies—can be moderated by suctroccurring
drivers-of.ecosystem change (Vitousek et al. 1997, Dukes and Mooney 1999, Hall et al.
2003, Didham et al. 2007, Tylianakis et al. 2008, Silva et al. 2G1&)ncurrent
ecosystem chages lower biotic resistance or enhance the growth and reproduction of
invaders relative to nativethey carincrease invasion successd subsequent spread
(Davis,et.al: 2000/Vinsome et al. 2006, Crooks et al. 2011, Penk et al. 2016).
Alternatively, if other forms ofecosystem change create barriers to invader establishment
or enhance. the ability of native speciesaeexist with nonnatives, thayay prevent
successful invasion or reduce the magnitude of invasion consequences (Zenni and Nufiez

2013).Understanding the potentially complex mechanisms through which species
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invasions are influenced by other ecosystem chasgbssa priority for effective
prediction and management of invasion imp@eisek and Richardson 2010)

Alongside species invasiorfseshwates areoften simultaneouslhaffected by
nutrient pollution (Carpenter et al. 2011, Ricciardi and Maclsaac 2011). Indeedytbese
disturbanecesepresentwo of the most commdy implicateddrivers of freshwater
ecosystenthanggCarpenter et all998, Smith and Schindler 2009, Strayer 20E0}.
instanceaquatic systemwithin the Great Lakes region support ~i8@asive species
and have"a'long history of non-point nutrient pollution fromténeestrial environment
(Beeton 1965, Mills et al. 1994, Ricciardi 200%)milarly, the Rift Valley Lakes East
Africa havesbeen invaded by numerous nonnative species—including water hyacinth and
Nile perch=while simultaneously experiencing nutrient pollution from agriculture and a
growing human population (Ogutu-Ohwayo et al. 1997, Odada et al. 2003). In both
examplesthe ceoccurrence of invasive spies and nutrient pollutiomas associated
with wholesale shifts in communityratture and ecosystem processes,iteatb
declinesiinmnative species aeadonomic losss totaling billions of dollar@Pitcherand
Hart 1995,"Pimentel et al. 2005).

Despite theeommon coaccurrencef non-native specieandelevated nutrient
loadingypredicting how these tWactorsinteractto drive ecosystem changemains a
key challenggFloresMoreno et al. 2016, Tabassum and Leishman 2016, Teixeira et al.
2017)."The net effect of nutrient availability on species invasions will depend on
characteristics of the invasive species (e.g., resource needs, resource use efficiency
trophic pesitionland the invaded ecosystémg.,relative roles of toflown versus
bottom-up factors in regulating community dynamkslar and Lodge 2000, Gonzalez
et al. 2010)Successful invaders have been predicted to have high resource netxds and
be efficient.at utilizingexcesgesources relative to nativéBlumenthal 2006, Gonzalez
et al. 2010) For example, prior studies indicate that invasive primary produeitear
able to.more rapidly utilize excess nutrients than natives, théeiiyating invader
spread and. a shift towards dominance by nonnatives (e.g., water hyacinth, Eurasian
milfoil, nonnative phytoplankton; Chase and Knight 2006, Coetzee et al. RQ@iignts
canalsoinfluence invaders higher trophic levels through ttom-up food web effects
and indirect changes in communglyucture Many invasive primanand secondary
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consumers have high nutrient demands and relatively fastisiferies, in which case
they may disproportionatelyenefit from increased nutrientdatve to nativege.g.,
Tibbets et al. 2010, Jackson et al. 2013xtly, rapid shifts in nutrient availabilitpay
alter the conditions under which native species have adapted such that
invadersgain a competitive advantageecosystems where they would normally be
outcompeted by natives (Byers 2002).

Alternatively, t is also possibléhat ebvated nutrient availability could
ameliorate'the negative effectsinfaders byowering colonization success or
weakening invasioimpactson any specifimative community membeFor instance
nutriens @nfacilitate the coexistence of invasive speeigh native community
members by enhancing the overall availability of resources to the comnthbarghy
weakening interspecific competitigRirn et al.2010).Bottom-up fertilization effects can
also increase prey availability, thereby preventing predators from extirpating native
community member@alciunas and Lawler 1995n general, it has been posited that
increasedresource supply is one mechanism that can fagpetes coexistence
(Fargione'and Tilman 2002), and productivity is ofssociated positively witbpecies
richnessat large spatial scal¢Bield et al. 2009, Chase 2010). Although such patterns are
likely_context-dependent (Dodson et al. 2000, Mittelbach et al. 2001), they stigport
potential forelevatecdhutrients to allow coexistence between nonnative and native
species.

In"the present studyuoprimary aim was to examinghether nutrients attenuate
or amplifysthe effects ahvasivefish within pond communities using outdoor
mesocosms/NVe focused on the western mosquitofis@émbusia affinig which is a
widespread invasivgpecies that hdseen implicated in declines of multiple nattega
(Pyke 2008see alscstudy gstembelow). We utilized outdoor mesocosms, which are
useful for testing ecological mechanisms, as they allow replication of codtrolle
experimental treatments, and they are particularly relevastuddres osmallponds
(Semlitseh,and Boone 2010, Spivak et al. 20f\g.sought to experimentally assess the
relative influence of two competing hypotheses. First, increases in nutrierds coul
disproportionately increase the growth and reproduction of mosquitofish through bottom-
up effects (thenvader amplification hypothegidJnder this hypothesis, increased
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nutrient loading could amplify the negative predatory effects of mosquitofish on the
native aquatic community due to increased mosquitofish biomass. In conestses

in nutrients could enhance primary and secondary production, thereby weakening the
populationtevel effects of mosquitofision any focal prey taxon througtcreases in
overall prey availability (the invader attenuation hypothebisthis scenaripincreased
nutrients could fatitate the coexistence @redatory mosquitofish withative prey

includingzooplankton, invertebrates, and amphibians.

M ethods

Study gstem

We examined interactions between nutrient concentragindsvestern mosquitofish
(Gambusia affiniswithin thecommunitycontext of wetlanslin theSan Francisc8ay

Area of northern CalifornidJSA Wetlands are the most imperiled habitat type in North
America, and within California >90% of natural wetlands have been lost to agrécult
and developmdr(Nichols et al. 1986, Dahl 2000, Brinson and Malvarez 20@2ny of

the existing‘'wetlands around tBan Francisc8ay Areawereatrtificially constructed as
livestoek watering sites and now serve as important habitat refuggefies of
conservatiorconcern including native pond-breeding amphibians (i.e., Pacific chorus
frogs, California newts, western toads, Californialegbed frogs, and California tiger
salamandersloseph et al. 2016). Concurrently, wetlands in this region also support
multipleinvasive speciesncluding American bullfrogsLfthobates catesbeianysass
(Micropterusspp.), sunfishl{epomisspp.), andvesternrmosquitofish Gambusia affinis
Preston et al. 2012)Vestern msquitofish, which are native to thMississippi River
drainage have a long history of intentional intrartion intoCaliforniawetland, and
waterways worldwidefor use as a biological control agent of mosquito lafizaevns
1991). However, mosquitofisire generalist predators that gigey on a wide diversity

of noniargetorganisms, including zooplankton, invertebrates, amphibians, and fishes
(e.g., Goodsell and Kats 1999, Mills et al. 2004, Shulse et al. 2013, Merkley et al. 2015,
Holbrook and Dorn 2016) and their use as mosquito biocontrol has been controversial
(AzevedeSantos et al. 2017).

Mesocosm experiment
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184 To examine how nutrient availability influenced interactions between mofighiand

185 native aquatic organismage conducted a 2 3 factoral outdoor mesocosm experiment
186 involving two levels of mosquitofish presence (yes or no)threk levels ohutrient

187 concentratioa (low, medium, or high Mesocosms were located at the University of

188 CaliforniasHopland Research and Extension Center in Mendocino County, California.
189 Each treatment was replicated five times for a total of 30 mesochBEBeCOSMS

190 conSisted of 378 L livestock watering tanks filled with well water and fittell mish

191 screenlidsTo each mesocosm we added 6 kg of silica sadd®&rgrams of dry leaves
192 (QuercusandArbutusspp.) as substrate and cover. To each tank we also added two
193 squaresclaytiles (15.2 éarea) to provide a surface from which to quantify periphyton.
194 The nutrienfevels used in the experiment were informediélg nutrient measurements
195 from 231 wetlands in th&an Francisco Bay Aresd California (seéAppendixS1for

196 details)..One month prior to the start of the experiment (12 May), and again three weeks
197 later (4 June)we added chemical nutrientsH ,PO, and NaNQ) to all mesocosmat a

198 molar nitrogerto-phosphorus ratio of 38:1, which was the median value from field data
199 (seeAppendix S1: Fig. S10n each occasion we added D, in amounts of 0.032 g

200 to the'lew.nutrient condition, 0.13 g to the medinuatrient condition (a fodold

201 increase), or 0.51 g to the high nutrient condition (&oldincrease). Similarly, we

202 addedNaNGsin amounts of 0.75 g (low nutrients), 3.0 g (medium), or 12.0 g (vgh).
203 seeded.each mesocosm watgae, zooplankton collected with a 248 net (mostly

204 cladocerans and copepodaind nine taxa dbcal wetlandnvertebratesincluding snails,
205 hemipterans, odonates, and amphipods (AppendiX&dle S1)At the start of the

206 experiment (13 Juneye added larvae of three native amphibians to each mesocosm: 15
207 Pacific,chorus frogsRseudacris regilly 20 western toad#\(axyrus boregsand 10

208 California-newts Taricha torosaseeAppendix S1Table S2 foinitial body sizes). In

209 the replicates assignéa themosquitofishaddition treatmenisve added four adult male
210 andthreeadult femalemosquitofish (Appendix SIIable S2) All organisms added to

211 mesocosms were locally collected from natural wetlamdéendocino @unty,

212 Californig, and the densities of ongiams were within the range of densities observed in
213 the field (Preston et al. 2012, Joseph et al. 2016, Preston et al. 2017). The experiment
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laged for approximately fouwveeks(from 13 June to 16 JulgeeAppendix S1Table S3
for adetailedtimeline).

In the mesocosm experiment we quantifiedirient concentrations (total
dissolved nitrogen antal dissolvegdhosphorus), phytoplanktdrelative
fluorescence)periphyton (biomass), zooplankton (abundaricegrtebrate (abundance
and biomass), amphdns (growth, survivaland biomasgs and mosquitofisifabundance
and'biomass)Ve measured nutrient cagrttrations at three time points from the
beginning, midpoint, and end of the study. To quantify nutrients, we collected water
sampledrom each mesocosim acidwashed Nalgene bottles, which were frozen until
analysis atithe University of Colorado (see http://niwot.colorado.edu/ redeanc:/
lab/thearikareeenvironmental-laboratory for methodological detai®@lativein vivo
phytoplankton fluorescence was quantified weekly (6 sampling dates from 9 June to 13
July) using a fluorometer (Turner Designs, Sunnyvale, California, U8A)jersamples
for phytoplanktormeasurementsere collectedrom the center of the mesocosising
Nalgenewbettles, briefly stored in a cooler, and then immediately processedion eac
sampling ‘date. Periphyton dry biomassclay tiles was measured two dates early in
the study (3.3 cfirsampled pereplicae on 9 June and 17 June) and at the end of the
experiment fronthe mesocosm walls (2240 cm sampled per replicabe 12 July) We
switched from measuring periphyton on clay tiles to measuring it on the mesoctlsm wa
because periphyton on tiles was removed by graéne midpoint of the study.
Periphyton'samples were ovdried at 70C prior to weighingWe measured
zooplankterabundance ditve time points spanning the length of the study (9 JuBe—
July) by pooling five samples paresocosntollected with a vertical tube sampl&0
cm in lengthx 5 cm in diametgr Zooplankton samples wefitered onto50 um mesh
and preserved in 80% ethamolor to enumeration and identification as either copepods
or cladeeerans (primarilpaphniaspp.) in the laboratorynvertebrates were sampled
using.iwo pooled samples paesocosntollected with a benthic stovepipe sampk8 (
cm in diameter). At the conclusion of the experiment (15 Jwlgounted and removed
all amphibians, snails, and mosquitofish amehsuredheir length andvetmass. For
frogs and toadsye also recordetheir developmental stag&osner 1960) or days-to-

metamorphosifor those individualshatemergedefore the experiment ended.

This article is protected by copyright. All rights reserved


http://niwot.colorado.edu/%20research/�

245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275

Analyses

To analyze responsésat wee quantified on multiple dates of the experimentijents
concentrations, phytoplankton, zooplankton, periphyton from tiles), we used linear mixed
effectsmodels withmain effects of fish, nutrient levelsme and their interactions. We

also included a random intercept term for mesocosm ideitigydata for each of these
respnses involved one time point that was collected prior to the start of the experiment
(i.e.;"before'mosquitofish introduction), and multiple time points during the study
(Appendix'S1: Table S3Jor responses that were measwsly at the conclusion of the
study,we omitted the effect of timand the random intercept ter®eriphyton collected

on claystiles,was analyzed separately from periphyton collected on the mesocosm walls.
Fishpresence was coded a categorical variable (gent or absent) while nutrielevels
werecoded as a continuous variabdpresenting the relative differences in nutrient

inputs (1, 4 or 16)Foramphibian survival dataye used a generalized linear mixed

effects model with a binomial error distributica random intercept term for mesocosm
identityy-and survival oéachindividual within a mesocosras the respongZuuret al.
2009).Forall other responses we used a single mean value per mesocosm one each
sampling date.

Because our initial analyses suggested that indirect effects were important in
explaining our mesocosm results, we ugath analysiso further evaluate potential
mechanisms linking fish and nutrients witte response variabléline 2015) The path
analysisineluded nutrieiévelsas a continuous variab{&, 4 or 16)and mosquitofish
biomasssat'the end of the study as continuous pred{se®$-ig. 5 for the path diagram).
Withinfour path analysjswtrients were linked to phytoplankton fluorescence and
periphyton hiomass through bottamp-effects while mosquitofish were linked to
zooplankton, density, amphibian biomass, and snail biomass through top-down predatory
effects. Phytoplankton and periphyton were also linked to zooplankton and amphibians,
respectively (through grazinggnd snails were linked to periphyton (via bottom-up
resource availability; ur initial analysis did not suggest the presence of a stopg
downlink from snails to periphyton via grazipdvodel fit was evaluated using the
Comparative Fit Index (CFl) and the Standardized Root Mean Square Residual (SRMR),
which are both robust to violations of normality affictive withsmall sample sizes
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(Hu and Bentler 1999). Log transformations were used when they impraxiatile
distributions and all analyses were conducted in the R computing environment (R Core

Team2014),using the lavaan package for path analfRissseel et al. 2011).

Results

Nutrient effects in mesocosms

Observednutrient concentrations in the mesocosms (Fig. 1) indicated that the
manipulation was effective, witlow, medium, and high nutrient treatments showing
consistent differencabroughout the studin total dissolved nitrogen (LMM, nutrients, t
=13.48; P< 0.001) and phosphorus (LMM, nutrients, t = 5.37, P < 0.001). We did not
detectany significaneffects of fish, time or a fishy-time interactiorontotal dissolved
nitrogen (LMM, fish, t =-1.16, P = 0.25; time, t = 0.71, P = 0)48 phosphoru$LMM,

fish, t = 0.46, P = 0.65; time, t =1.29, P = (.20

Nutrient concentrationstrongly affected phytoplankton but had relatively weak
effectsonperiphyton in mesocosms. Across all mesocosms, an increase frimnilgly
nutrienticoncentrations increased mean phytoplankton fluorescence by 308éts &ff
nutrients were strongest towards the end of the study, leading to a nutrigime by-
interaetion on phytoplanktofirig 2a; LMM, nutrients*time, t 2.40, P = 0.017). On the
second sampling time point, periphyton biomass was ~50% lower on thdedag the
low nutrient conditions than the medium or high, however this effect wasatistisally
significant*@ppendix S1Fig. S2 LMM, nutrients*time, t = 0.24, P = 0.81). Periphyton
biomasssatithe end of the study on the mesocosm wallsavagferent betweemutrient
conditions (Fig. 3at = 0.15, P = 0.88).

Nutrients generally hasimallereffects on invertebrate and amphibians in the
mesocosmsompared to mosquitofisht the intermediate sampling time point, the high
and medium nutrient treatments supported approximately three-fold more zooplankton
thanthedow nutrient treatmenkiowever this effect was not significafor either
cladoceransHig. 2b;LMM, nutrients*timeg t =—0.43, P = 0.66) or copepodsig. 2c;
LMM, nutrients*time, t = 0.13, P = 0.90Qf the benthic invertebrates added to the
mesocosms, only aquatic snalte(isomaandPhysg reproduced over the course of the
experimentSnail biomass was not different across nutrient treatnagitb® conclusion
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of the study Fig. 3b). Nutrientsalsodid not affect amphibian survival (Fig. @LMM, t
=-0.26, P = 0.79), but increased the average developmental stage of chorus frog larvae
(LM, t =2.51, P = 0.025) and the average wet mass of newt larvae (Fig. 4b; LM, t = 2.80,
P = 0.015) Nutrients also slowed tirmi®-metamorphosis of toads (LM, t = 2.85, P =

0.008).

Among the aquatic consumers preseatriant additionsnost stronglyaffected
mosquitofish in mesocosms (Fig. 4d). Total mosquitofish biomass was ~30% higher in
the high'ntrient treatments relative to the low nutrient treatments (LM, t=2.28, P =
0.039). Based on the size distribution of mosquitofish at the end of the study, this effect
was drivenrby increases in fish reproduction and/or greater survival of offsphigher
nutrientdlevels. Juvenile mosquitofish produced within the mesocosms wererdiffee
from the adults that were added at the start of the experiment based on their é®dy siz
(14.9 mm mean length for juveniles vs. 34.5 mm mean length for adults at the end of the
study),\On average, mesocosms in the high nutrient conditions suppdtiatesmore
juvenilesmaesquitofish (mean = 23.4 individuals) than in the low nutrient treatmean(m
= 4.6 individuals).

Mosquitofsh dfects inmesocosms

Mosquitofish influenced invertebrates and periphyton in mesocosms. Fish presence was
associated with a10-fold reduction in total mean zooplankton dengftigs. 2b and 2c).

Fish decreased ¢hdensity of both copepods (Fig. 2MM, fish, t =-3.47, P = 0.002)

and cladocerans (Fig. 2b; LMM, fish, t3.14, P = 0.004). Densities of both types of
zooplankten peaked at intermediate time points, leadisgtuficant effecs of time as

well (copepods LMM, time, t =4.45, P < 0.00; cladocerans GLMM, time#4-2.41, P
0.018).The total biomass of aquatic snails was 26% higher in mesocosms with fish than
in mesocosms without fish at the end of the experiment (Fig. 3b; LM, fish,t=2.61, P =
0.015)..Fish presence also increased benthic periphyton biomagshts®anesocosm

walls by-approximately ten-fold at the end of the study (Fig. 3a; LM, t=4.43, P =
0.0001)=This effeadf fish was not observed at the two early time points on clay tiles
(Appendix S1Fig. S2). Mean phytoplankton fluorescence over the entire sivaky/70%
higher in the presence of fish, however this effect was not statisticalljicagmi(Fig.

2a LMM, fish, t =—0.27, P = 0.81).
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The presence of mosquitofish strongly reduced amphibian su(#gal4)
Among all mesocosms with fish, only two chorus frogs (<1%) and ten California newts
(7%) survived tohe end of the experiment (Fig.tétal amphibian survival, GLMM, t
=-8.43, P <0.0001). Western toad survival was higher in the presence of fish than the
other twe.amphibiaspecies (mean = 43%), but was still reduced by half relative to
mesocosms without fish (Fig. 4dish presence also accelerated ftoyenetamorphosis
of toads (LM, t = 3.00, P = 0.006), but decreased their average individual wedtrttzess
end ofthe'studyL M, t =-3.11, P = 0.004).
Path analysis
The path analysis provided support for several indirect effgofzhic cascadesf
mosquitofish in mesocosms (Fig. 5). Mosquitofish were negatively associated with
zooplanktondensity, which in turn was negatively associated with phytoplankton
fluorescence, resulting in a net positive pathway from mosquitofish to phytaphankt
fluoreseence (standardized indirect path coefficient = 0.27, P =;F@DB). A similar
associatiomwith mosgofish was observed involving the benthic community;
mosquitofish were negatively associated with amphibian biomass, which was riggative
associated with periphyton biomass, leading to a net positive pathway from fish to
periphyton (standardized indirect path coefficient = 0.48, P = 0.001; Fig. 5). Periphyton
also associategositively with snail biomass, leading to a positive indirect path from
mosquitofish to snails (standardized indirect path coefficient = 0.22, P = 0.034;.Fig. 5)
Lastly, #ne*fit indices indicated that the model provided an adequate fit to thé¢Clalta
0.94; SRMR = 0.062).

Discussion

Invasive fish and nutrient pollution represent two ubiquitous drivers of ecosystem
change.in freshwaterg/e hypothesized that increased nutriexatsld either ‘dilute’ the
negativespredatory effects of mosquitofish on lower trophic levels by increaswyg pr
availability,(the invader attenuation hypothgsiar alternativelyamplify their effects on
native taxa bydisproportionatelypenefiing mosqitofish (theinvader amplification
hypothesis)Overall, our datgsupporédthe invader amplification hypothesis
mosquitofish biomass increased by 30% while population density increafied-hyld
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under the high nutrient treatments, with no reductiaheir predatory effects olower
trophic levels. Effects of nutrients on zooplankton and native amphibians were weak
compared to the effects of nutrients on mosquitofisiese findings indicate that
mosquitofish may benefit from increases in nutrients more than the native orgrasms
they prey.upon.

Theexpected outcomef interactions between species invasions and nutrient
inputs remains a relatively open question, with some studies reporting positite effec
elevated'nutrients on invaders andreased invasion impadis.g., Chase and Knight
2006, Coetzee et al. 2007, Zhao et al. 204/B)le in other cases nutrierfscilitate co
existeneebetween native and introducepeciesor disproportionately promote natives
(e.g., Firn et al. 200)0Many invaders tend to have fdge histories, with rapid
maturation time anda largenumbers of offspring, and thus high resource demands
(Blumenthal 2006, Gonzalez et al. 2010, Tibbets et al. 2@L0)experimental results
support.this ideasuggestinghat mosquitofish can effectively utilize excess resources
perhapswmare sihan native community members. Witluar experimental
manipulation, increases in nutrient availability led to enhanced reproduction aivisur
of young.mosquitfish. Mosquitofsh are known to cannibalize their young, which may
have.oecurred more readily under low resource availability conditions (Pyke 2008).
Because mosquitofish are generalist predators that feed on zooplankton, small
invertebrates, and amphibiaf@darciaBerthas 1999), the increase in nutrient input likely
promotedfish biomass through increased food availability (Lancaster and Drenner 1990).
At the intermediate time point of the study (week three), we observed ddhdee
increase In zooplankton in the medium and high nutrient conditions estatthe low
nutrient condition. Densities of both cladocerans and copepods were highest anthis poi
in the study, indicating that theweerelikely largedifferences irtotal food availability to
mosquitofish acros$ie nutrient treatments that could have drithendifferences in fish
productivity.lt is alsopossible that very small zooplankton taxa (e.g., rotifers and
ciliates)'may haveeena food source in the mesocosms that responded to nutrient
treatmentsAdditionally, theincrease iimosquitofish biomass at high nutrientsuld
have beemttributedin partto increases in detritus from turnover of phytoplankton and
periphyton. Detritus has been previously shown to be a component of the diet of
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mosquitofish in some settings (Blanco et al. 20B4palyses of the stomaawontent or
isotopic ratios of the mosquitofish would be useful for future studies to help clegify t
mechanisms driving the botteap effectghat we observed here

In contrast to mosquitofisimostnative consumers in the mescosms did not show
strong responses to nutrient enrichment that coaNe facilitated coexistence with
mosquitdish or weakened their predatory effecifie only amphibian to show a positive
growth'response with nutrient enrichment were California newts, which are strict
carnivores‘and may haweecupied a similar trophic level as mosquitofish within the
mesocosméPetranka 2010). Although the native amphibians were unable to reproduce in
the mesogesm@n contrast to mosquitofish), overall they showed weak groaghonses
to nutrient enrichment, with two of three species beahgtively unaffected Aquatic
benthic invertebrates also did not show strong responses to nutrient enrichment,
collectively suggestindhat mosquitofish benefitted more from bottom-effectsthan
native community members.

Mosquitofish in our mesocosm experiment directly preyed on native amphibians,
completely=eliminating them fromver 50% ofmesocosm replicate®ntaining fish
Priorwerk has also found that amphibian larvae are highly susceptible to predation by
mosquitofish, particularly in mescosms and laboratory experiments (Webb and Joss 1997,
Goodsell and Kats 1999, Zeiber et al. 2008, Preston et al. 2012, Shulse et al. 2013).
Mosquitofish directly consume amphibians and cause sublethal injuries when they
removestheylegs and tails of developing larvae (Preston et al. 2012, Shulse and Semlitsch
2014) Of.the three amphibian specieghis experiment, western toads showed the
highest survival. This species is toxic in its larval stageérdless palatable to
vertebrate predators than other spedi@sinzburger and Travis 2005). We also note,
however, that the predatory effects of mosquitofish on amphibiohenvertebratesmay
be context-dependent. Increases in habitat complexity and the availabiligroétve
preycanweaken the predatory effects of mosquitofish on some amphibian species
(Lawler‘et,al. 1999, Preston et al. 2017) and invertebrates (Knorp and Dorn2046).
result, it may be difficult to generalize mosquitofish impacts across discrete wetlahds
vary in environmental conditions and community structure. In some systemsyill

strongly reduce amphibian populations (e.g., Shulse et al. 2013, Holbrook and Dorn
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2016), whereas in others theaycoexist(e.g., Reynolds 2009Furthermore, although

we observed positive effects of nutrients on mosquitofish, this did not result in stronge
mosquitofish effects on amphibians at high nutrient levels. One explanation for titis res
is that the additional mosquitofish at high nutrients were jile®that may have been too
small to_effectively prey on latstage amphibian larvae. A longemning study,

allowing the young mosquitofish produced in the mesocosms to mature into adults, could
have'resulted in increased mosquitofish impacts on amphibians at high nutrients.

Mosquitofish also caused indirect positive effects on periphyton and freshwater
snails. Based on the path analysis, the increase in periphyton was likely driven by
reductienssin grazing amphibian larvae due to mosquitofish predation. Snail biomass, in
turn, inereased due to greater resource availability and the reduction in ¢cmmpeim
grazing amphibians. Such indirect positive effects of invasive species on native
community members have been documented before in a handfuksf(cagiewed in
Rodriguez 2006). For instance, invasive European green grabs reduce abundances of
native eclams and crabs, but increttsabundances of tube-building polychaete worms,
presumably‘through competitive release (Grosholz et al. 2000). Tregdtades
involving.increases in benthic algae due to decreases in herbivores afteritheciin
of a nennative predator have also been observed. Invasive brown trout in New Zealand,
for example, reduce periphyton from grazing pressure by native ibxeges, leading to
increases in benthic primary producti@ownsend 1996, Huryn 1998). Further work is
neededto"understand how commonly invasive species facilitate native species through
indirectiinteractions.

Our path analysis, in conjunction with past work, suggest that the overall effect of
mosquitofish on phytoplankton is an indirect effect driven by decreases in zooplankton
abundance (Hurlbert and Mulla 1981). Strong predatory effects of mosquitofish on
zooplankton, including the total loss of large-bodied taxa, have been observed in
mesocosmsrtificial wetlandsas well ashatural pond¢Hurlbert et al. 1972l ancaster
and Drenner 1990, Margaritora et al. 2001, Nagdali and Gupta 2002). While mosquitofish
additions led to increased phytoplankton abundance in all treatments, this effect was

largest at high nutrient8Vhile this effect was not statistically significant (likely due to
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the high variability between mesocosms), it presents the potential for synergistic effects
of fish and nutrients on phytoplankton production.

In general, we found relatively few interactions between mosquitofish and
nutrients in gur analyses, and most obseeféztts were additive. This is consistent with
a series.oin-lakemesocosm experimés replicated in five countries Europe(Stephen
et al. 2004)In theseexperiments, there were relatively few interactions between nutrient
availability'and fish abundance (Moss et al. 2004, Vakkilainen et al. 2004, Van de Bund
et al. 2004),"due likely in part to the presence of aquatic macrophytes, which have the
potential to regulate fish-zooplankton-phytoplankton interactiSohriver et al. 1995)

In our experiment, it is possible ththe effects of mosquitofish alone were so strong on
many responses (e.g., amphibians) that synergistic effects of fish and nutrients became
difficult to detect. Environmental conditions that result in weaker effects of fish may
enhancgotentially subtle interactions between these two factors.

One considetion in interpreting theffects of mosquitofishat high nutrients is
that wesfeeused on populatidevel effects, rather than peapita effects. The increase in
fish numbers, and most of the increase in biomass, at high nutrients was due to young
individuals, making it likely that the per capita effects of mosquiofish were weaker at
high_nutrients then at low nutrients (in contrast to the populétiogl-effects).

Examining per capita effects (Wootton and Emmerson 2005) would provide
complementary insigs into interactions between species invasions and nutrient inputs,
and sheuldibe a priority for future work.

Aufurther consideration in our study is the tiseale and choice of experimental
venuelln a priorexperimeniPreston et al. 2017), we found strong evidence for
reductions in zooplankton and invertebrates caused by mosquitofish introductions to a
natural.wetland, consistent with the current mesocosm study. trasgrowever, we
did not find.strong effects of mosquitofish on native amphibians, potentially because the
mosquitefish did not co-occur withe earliest and most susceptid&elopmental
stages of amphibian larvae, and the availability of alternative prey in the wetland was
higher than in the mesosms. A multiyearfield experiment would overcome these
limitations by testindiow changes in nutrients influence mosquitofish interactions with

their prey incorporating effects of agand sizestructuredpredator-prey populations
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throughout the seasobnder this scenario, we suspectttin@ader amplification would
be even stronger than in mesocosms because mosquitofish wadduwowith all life
stages of their pregnd juvenile fish would mature and contribute to dopvn effectsin
general, the possible differences in abiotic variables and community strioetaeen
mesocosm,studies and natural systems must always be considered when extrapolating
results'to nature.

Thefish and nutrient manipulations influenced the variancewdral responses,
which has'been linked to regime shifts in freshwater syst€arpénter and Bock 2006
For instance, the@ndard deviation aihean phytoplankton fluorescence across all
mesocesmsvas ~10 fold higher at high nutrients relative to lowrieats. A similar
magnitudersincrease in standard deviation of periphyton biomass was observed from fish-
absent to fistpresent treatmesit Both nutrient additions and predatory fish introductions
have potential to drive shifts in stable states in freshwater ecosystems, and our results
support.the idea that such shifts can be associated pitbrahange in the variance of a
systems(Carpenter and Bock 2006, Carpenter et al. 2011). Futuréhabetlowsa
systemtoreach equilibrium, woulacilitateteging how nutrients and mosquitofish
jointlysnfluenceshifts in stable states and potential warning signals.

Collectively, our results demonstrate thatrrents havehe potential to mediate
the success ahosquitofish, such that elevated nutrient loadimay enhance
mosquitofish production more so than native community memlmereased nutrient
loadingralse has potential to enhance the establishment and possibly spread of
mosquitefish through connected waterwaysr findings paralletesults from other
systems In which invasive species disproportionately benefit from increasedtsutrie
relative to native¢Gonzalez et al. 2010). Our simplified mesocosm experiment provides
amechanistic foundation for future studiesestthe relationship between nonnative fish
impacts.and nutrient availability morecomplex natura¢cosystemsor which we
emphasize the need consider how addition&ctors such as ontogenetic diet shifts and
sizestruetured predatiqraffect the potential for invader amplificatidResults of such
studies will be useful for informing management strategies of freshwaters, particularly
considering the increasing co-occurrence of abiotic environmental change and aquati

species invasions (MDougal and Turkington 2005). In particular, it would be useful to

This article is protected by copyright. All rights reserved



523 identify the nutrient conditions under which invasive species are most likely@o hav
524 undesirable impacts, and to prioritize management resources for these locations or time

525 periods.
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Figurelegends

Figured. (a) Total dissolved phosphorus afig total dissolved nitrogen from mesocosm
water.samples collected at three time points over the duration of the study. Fish presence
(solid lines) or absence (dotted lines) is indicated by line type and nutrient condiéons a
indicated by the point shapes. Error bars represent one standard error.
Figure2#(a)Relative phytoplankton fluorescengb) densty of cladoceran

zooplankten, an¢c) density of copepod zooplankton from experimental mesocosms.
Phytoplankton fluoresence is a unitless, relative measure obtained from a labprat
fluorometer. Zooplankton weraeasured from five combined tube samples (~4 L water
volume per.mesocosm) on each sampling date. Fish presence (solid lines) or absence
(dotted.lines) is indicat by line type and nutrient conditions are indicated by the point
shapes«Error bars represent one standard error.

Figure 3x(a) Results from experimental mesocosms showing periphyton biomagis)and
snail biomassHelisomasp. andPhysasp.) quantified at the conclusion of the
experiment. Periphyton biomass was measured from a standardized area on the
mesocosm walls (480 &rand snail biomass was the total from all individuals with a

This article is protected by copyright. All rights reserved



797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812

mesocosm. Periphyton was also measured at the beginning of thé&rstndyay tiles
(seeAppendix S1: FigS2). Nutrient concentrations are shown on the x-axis and bar
colors correspond with mosquitofish presence or absence. Error bars represent one
standard error.

Figure 4.Results from experimental messaws showinga) chorusfrog biomass
(Pseudacris regilly (b) California newt biomassTaricha torosa, (c) western toad
biomass/Anaxyrus boregs and(d) mosquitofish biomassambusia affinis All values
are means‘per mesocosm of total biomass at thefethe experiment. Nutrient
concentrations are shown on the x-axis and bar colors correspond with mosquitofish
preseneeorabsence. Error bars represent one standard error.

Figure 5/ Path diagram testing hypothesized links within the mesocosm experiment.
Values for zooplankton and phytoplankton are from the conclusion of the siudsher
variables corregmd to the values show in Fig. 3 and Fig. 4. Solid arrows show
statisticallysignificant (P < 0.05) paths and dashed arrows show nonsignificant paths.
The widthrof each arrow corresponds to the magnitude of the standardized path

coefficientpwhich is also provided next to the arrow.
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