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Summary

1. The ecological consequences of species invasions can vary in time and space, complicating
efforts to generalize invader impacts across ecosysiidnsschallenge is particularly relevant
when usingsmalkscale experiments to derive predictions for freshwater ecosydtethg

present study;wr aims were t@ocument the effects of a controlled fish introduction within an
ecosystenscale experimerdnd to test possible factors driving variation in invasion outcomes.
2. We measured community and ecosystem responsas itttroduction of western

mosquitofish Gambusia affinisPoeciliidag usinga ‘Before After-Controldmpact’ design

within a large, experimentally divided natural wetlan€alifornia, USA. We then used a
replicated outdoomesocosm experimetd address how two factors that vary widely in natural
wetlands- habitat complexity and alternative prey availabilitpediate the effects of
mosquitofish on native wetland amphibians.

3. In the_patural wetland, mosquitofish increased in population sizé(sfold over the course

of a single summeMosquitofish introduction was associated vatB0% decreasa
macroinvertebrate density an®@% decrease in zooplankton abundaetative b a fishless
control treatmentWe observed no effects of mosquitofish on the abundance or total biomass of
two native pend-breeding amphibians — the Pacific chorus Rsgudacris regillaHylidae) and
California/newt Taricha torosa Salamandridae) kkely because more preferable alternative
prey were abundant, vegetation provided refuges from predation, and the nfiséquito
introduction.occurred after amphibian larval stages were most susceptibdelabiqn.
Surprisingly.masquitofish were also associated with a 50% decrease in both relative
phytoplankten fluorescence and total phosphorusaasithrp increase in N:P ratios in the water
column, possibly due tilne assimilation of fish biomass acting as aiant sink

4. In contrast to our ecosystem experiment, mosquitofish consumed native amphibians and
reduced their growth rates in outdoor mesocosmssireagth of predation within the smaller
scale venuehowever, varied wittheavailability ofalternative prey (i.e., zooplankton), and the
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complexity of the habitat (i.e., presence of aquatic macrophy@es)nesocosm results support
the hypothesis that alternative prey and habitat complexity facilitatexistence between
invasive mosquitofish and native amphibian larvae in our ecosystem experiment.

5. Our findings highlight the potential for invasive fish to drive rapid shiffeeshwater
ecosystems.while also emphasizing the roles of environmental characteristediating

whether native/and nonnative species will coexist.

I ntroduction

Predicting theoutcome of species invasiorssa key goal in ecology, yetaan be
challengingosachievedue to variation in invader impacts through time and sfRiceiardiet
al. 2013). Afrange o¥ariables includingindividual traits,community structure, the densitiek
interacting species, and abiofactors,can directly or indirectly mediate tisérengthof species
interactiongAbrams 2001; Peacor & Werner 20043. a result, the effects afvasive species
canvaryacross ecological scaldsetweertdiscrete ecosystemsy, over time(Strayeret al. 2006;
Ricciardietalv2013; Latzkaet al. 2016).For instancewithin theLaurentian Great Lakd3asin
where >180 invasive species hastablished, the effects of nonnative round gobies on benthic
invertebrategan vary from strongly positive to strongly negative depending on the relative
importanceof top-down versus bottom-up controls on community dynamics (Pagnucco &
Ricciardi 2015). lremains relatively uncommohoweverto quantify such variatigrexamine
its underlying driversor incorporate it intgredictions or managemeeitforts (Thomseret al.

2011; Hulmeetial. 2013; Dicket al.2014).

Variation inthe consequences of sperinvasionganalso manifest irxperimental
venuesjn some casesfluencing the degree to which observed effects can be extrapolated to
natural systems, For instance, experimental design, includirsgale ofexperimental venue,
can drive variationn the strength of observed species interact{Bkelly & Kiesecker 2001;
Lunde, Resh & Johnson 201 ®ariationin interaction strengthsay be of interest if it is
relevant to.the ecological questions being askedt worst, it may lead to #dctud outcomes
that have little,relevance in natui@arpenter 1996; Schindler 1998). One promising approach to
understandariation in the strength of interactions between native and nonnative Spdoies
combine experiments at multiple scalBgtersenCornwell & Kemp 1999; Sandel & Smith
2009) Smalland mediunscale experiments (e.g., laboratory trials, microcosmesocosms) are
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92 valuable in isolating and testing possible mechanisrhde large-scale experiments (e.g.,

93 ecosystem manipulations) arernheseful in testing the relative magnitudesffects in a more

94 natural settinge.g., Vredenburg 2004n this way, combining multiscale experiments can be a

95 powerful approacho understand invasive species effects becausiegrats mechanistic

96 undestanding,with realism.

97 Ameng freshwateinvasive speciesnosquitofish GambusiaaffinisandG. holbrooki

98 Poecilidag)areone of the most widespread and there is a need to understand vari#ien in

99 effects across'temporal and spatial scalessquibfish are native to the eastern United States
100 and havebeen introduced to freshwatersll continents except Antarctiea a biocontrol agent
101 of mosquite larvae (Pyke 2008). Mosquitofeste generalist predators and can prey on a wide
102 range ofinvertebratege.g., Hurlbert & Mulla 1981; Leyse, Lawler & Strange 2004; Merkley,
103 Rader & Schaalje 2015), amphibians (e.g., Webb & Joss 1997; Zeiber, Sutton & Fisher 2008;
104 Shulse, Semlitsch & Trauth 2018)d fishege.g.,Mills, Rader & Belk 2004;
105 Henkanaththegedara & Stockwell 2014). Most native amphgpaniedrom the western United
106 States aressusceptible to mosquitofish predd@amradt & Kats 1996; Goodsell & Kats 1999;
107 Preston, Henderson & Johnson 2012), although at least one wetlzerimen{Lawler et al.
108 1999) andweur own observations in northern California suggest that mosquitofish coexist with
109 native amphibiang some settingsl estinghow variabilityin environmental characteristics
110 between lentic watdsodies mediatinvasionconsequences for native communitigl
111 therefore be useful toredict and manage undesired mosquitofish impacts.
112 In the"present studye combinedan ecosysterevel experiment with an outdoor
113 mesocosmistudy to examine the effects of mosquitofi€laliiorniawetlands. To quantify
114 community and ecosystem responses to mosquitofish invasion, we performed an experimental
115 introduction of mosquitofish into a divided natural wetland. Wed a ‘BeforéAfter-Control-
116 Impact’ design.to document mosquitofistiects on vater chemistry, phytoplankton,
117 zooplankton, macroinvertebrat@snd native amphibians over the course of a sunmiethen
118 used an outdoor mesocosm experimemesthow alternative prey availabilitgnd habitat
119 complexity‘affectedhe strength of mosquoitish predation orfiocal amphibiansOur mesocosm
120 studywas specifically designed to test possible mechanisms that could explain the coexistence of
121 native amphibians and mosquitofishserved in our ecosystem experiment.
122

This article is protected by copyright. All rights reserved



123 Materialsand Methods

124 Ecosystem experimentVe used a ‘Beforéfter-Control-Impact’ (BACI) design to

125 quantify the effects of mosquitofish introduction within a natural wetland (ta#g) located at
126 the Hopland Research and Extension Centétendocino County, California (39.0316N,

127 123.0789W)A.BACI design is useful to examine the effects of invasive species because it
128 allows comparisons before and after invasion at the same site, as well as across invaded and
129 uninvadedreplicates over space (Smith 2002). lHag whichis ~3,200 sq. meters and ~1.5 m
130 deep whenfull(Figl), was divided into two equal sections using an impermeable rubber pond
131 liner that prevented the passage of organisms and ga&trunde, Resh & Johnson 20i&

132 additionaldetailg. The barrier extendeapproximately 0.5 m into the wetland substrate and 0.5
133 m above the water line at the start of the study. Hog lasechosen becagigt supported a

134 diverse native community, including two pond-breeding amphibian species, and it pvided
135 unique opportunyt for a reversible species introductiddecausehe systendries by the end of
136 the summefAugust or September) andridativelyisolated from other wetlands, added fish
137 could not persist between years or escape to other habitats. The wetland iy riestioHfade.

138 Our priorsurveys of >200 wetlands in northern California indicated that thetébrate and

139 amphibian.ecommunities within Hdgake werevery similar to permanenvetlandsystemsn the
140 region (Preston, Henderson & Johnson 2012, Prettah2013; Johnsoet al. 2013).Rushes
141  (Juncusspp.: Juncaceae) constitute the dominant emergent vegetation arounakidog

142 Due. to the logistical challenges associated with controlled introductions of ivennat
143 speciego amnaturakbcosystemwe performed auexperiment within a single unreplicated

144  system ThesBACI design using a split wetland improved our ability to interpret whether

145 treatment effects were driven by mosquitofish because we collecteddlietéolenation on pre-
146 invasion wetland characteristioddditionally, both wetland treatments were hig similar at the
147  start of the.experiment. While this approach precludes extrapolation of our tesihsr

148 ecosystems,.it.ensures that environmental variability between wetlandb as differences in
149 community.structure or productivity — is not confounded with treatment effects.

150 We sampled both sides of Hagke every two weeksver the summer of 20%ar a total
151 of six sampling dates. We quantified nutrient concentrations, relative phytoplankton

152 fluorescenceand the abundancesadoplankton, racroinvertebrates, and amphibianvae The
153  experiment was initiated on Jun® 6 2011, when we introduced 60 adult male and 60 adult
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female mosquitofisfiGambusia affinisto the west side of Holgake We did not add the fish

earlier in the season because we needed to ensure that the water level in the wetland was low
enough to prevent introduced mosquitofish from moving over the top of the dividing barrier or
escaping to nearby water bodies that are more connected during the wet seasorespmmalé
except nutrients and phytoplankton, the first two sampling dates occurred prgir to fi
introduction (May 16 and June 1), and the last four occurred after fish introduction (Juaky 17, J
4, July 1577and"July 25). Nutrients were sampled on the lastdites and phytoplankton
fluoresecence'was measured on the last four dates. For nutrient analyses, three water samples per
wetland side per sampling date were colleetétin acidwashed Nalgene bottl€$00 mL),

frozen andsanalyzed for total nitrogen and total phosphorus using standard protocols
(see:https:Hlinstaar.coloradedu/research/labgroups/kiowa-environmentahemistry
laboratory/) We quantified relative phytoplankton fluorescence on five water samples per
wetland side per date using a Turner Designs Laboratory Fluorometer (Sunnyvében@ali
Zooplankton were sampled with six 10horizontal towsf a 60um zooplankton net per

wetland siderper datéhe first author conducted all of the tows by pulling the zooplanktbatn

a rate of 1'm'per across a distance of 1Q After preservationzooplankton collections were
standardized in volume and subsamgEai ml)to identify the abundance of five major taxa:
Daphnia(Daphniidae)Bosmina(Bosminidae), Copepoda, Sididae,Rotifera.

Aquatic macroinvertebrates (Tabl&)3nd amphibian larvae, including Pacific chorus
frogs Pseudacris regillaHylidae)and California newtsTaricha torosa Salamandridaejyere
sampled usingiten stovepipe samples per wetlangsidgate and measured for body size
(snoutventidength) and converted intiloy biomassiensities using lengtto-mass regressions
(Anderson, Darring & Benke 1998; Bengeal. 1999; Edwardst al. 2009; Prestoet al. 2013).

Our stovepipe sampler measuf&icm in diameter and 74 cm tall (0.223 efiwetland bottom

per sample).and we used &f@me dimet (1.4 mm mesh; 2,600 émpening) to remove
organisms. from within the sampler until five consecutive sweeps yielded zero additional
organisms.Abundance and biomdasa from stovepipe samples weonverted into densities

(or biomasstdensities) of organisms per square meter to facilitate campaitis other studies.

Our protocols for sampling amphibians and invertebrates were developed from prior
standardized methods and have been adapted for the area and depth of our study si& (Turne
Trexler 1997; Olsort al 2007; Meyeet al 2011).
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185 To collect additional data on amphibian abundances and bodywepsrformedten

186 dipnetsweeps fronthe shore and three seine net hauls in the deepest portion of the wetland on
187 every sampling date. These additional methods allowed us to capture possikEnvariat

188 amphibian abundances in the shallowest and deepest portions of the wetprdtivelyEach

189 dipnet sweegp.was performed perpendicular to the shoreline by extending the net 1 m out and
190 pulling it rapidly toward shoreOur seine net hauls were ~3 m in length and the net measured 1
191 m x 3 min‘area with 4 mm mesh. On July 28, we collected a haphazard sample of chorus frog
192 metamorphsfrom eadideof the wetland to quantify amphibian abnormalities that can be

193 caused by mosquitofisittacls (Preston, Henderson & Johnson 2012; Shulse & Semlitsch 2014).
194 Lastly, on August 16we estimated the total populatiomesof mosquitofish on the west side of

195 Hog Lakeusing standardizedipnetsweepgqas described for amphibians). By this time, the

196 wetland had dried down to a small atkat we measure@110 sq. m), making it possible to

197 sample a large fraction of the population efficierathd convert dipnet catches into a fish

198 density.

199 Mesocasm experimentOur aim in the outdoor mesocosm experiment was to examine
200 how two features of natural wetlands — the complexity of the habitat and the aiyitdbil

201 alternativesprey- influenced the strength of mosquitofish predation on Pacific chorus Trogs.

202 achieve this'aim, e/conducted a 2 x 2 factorial experiment manipulating prey availability (high
203 or low) and habitat complexity (high tow). Prior work has demonstrated the negative effects of
204 mosquitofish orPacific chorus frogwithin similar outdoor mesocosms (Preston, Henderson &
205 Johnson 2012). Given this past worle did not include fishless treatmemour experiment

206 becaus®uraim was to understand factors mediating negative mosquitofish inzdbes than

207 to demonstrate that mosquitofish can prey on chorus fregsh treatment was replicated five

208 times within 8L outdoor mesocosms that measured 134 cm in length, 63 cm in height, and 79
209 cm in width, Each mesocosm was covered with a screen lid and contained 6 kg sand, 50 g of dry
210 leaves Quercus FagaceaandArbutus Ericaceag supplemented nitrogen and phosphorus

211 sourcesKHzPO, andNaNGQGs), and algae and zooplankton inocula from a local wetl@nd.

212 algae inoculum was collected by shaking macrophytes into a bucket of pond water and then
213 filtering the resulting material througiil.4 mm meslsieveto obtain water containing algal

214 cdls. The zooplankton was collected with a zooplankton nefu®Q homogenized in a five

215 gallon bucketand then allocateiito equal volumes before addititmthe mesocosm#n the
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high prey availability treatments, we added an additional 200 ml of conceribapddiaand
copepods daily to each mesocosm. In the high habitat complexity treatments, we added ~1 kg
wet mass of aquatic macrophytes to each mesocosm (Watiegphyllum sibiricum
Haloragacege We thoroughly rinsed macrophytes to remove invertebrates and other organisms
prior to addition.To initiate the experiment, we added 15 chdrag larvae and three adult
mosquitofish (two female, one male) to each mesocAgm.oximately three weeks after the
addition"of'mosquitofish, we ended the experiment and quantified amphibian survival and
growth (wet'mass and snout-vent length), and the density of zooplankton. We combined five
zooplankton samples collected per mesocadim a tube sample7Q cmlengthx 5 cm
diameter 2:35"z, volume per sample). Zooplankton samples were passed through a mesh screen
(58 um) and preserved in ethanol for subsequent quantificatlumexperiment was ended at
this time to preclude metamomsis of amphibian larvae inside the mesocosms.

Analyses- For the ecosystem experiment, we used linear models with wetland treatment
(fish or fishless), sampling time point (one to six), and their interaction as preditters
expected that'the effeatd mosquitofish would manifest as an interaction between wetland side
(i.e., treatmentnd time, with the magnitude of effects increasing with tinteerfish addition
treatmentFer invertebrate and amphibian body sizsponsesye pooled all individuals on the
same date'per wetland side from multiple sampiesincluded a random intercept term for the
stovepipe sample identity (ten per sampling daseng linear mixed effects mod€Buur et al.
2009).We pooled individuals across samples becalm®yratovepipe samples contained zero or
only afewindividuals of certain taxa. In these cases, sample level mean body sizes would have
been highlyssensitive to variation in the number of individuals per saFgiall other
responses from Hog LaKee., density and biomass of organisms, water chemistry, and
phytoplankton)we used sample means (rather than individuals nested within saampdes)
general linear.smodels with transformations if they improved model assumpiiea2(15)We
emphasize.that because our anedytseat samples from the same side of the wetland on the same
date as independent samples, we consider the two sides of the wetland as our poptilations
interest, rather,than multiple wetlands across the landsaageresultextrapolation of our
results is restricted to the specifvetland under study (Fig. 1).

For the mesocosm experiment, we used linear mixed effects (LME) modefsxadth

effects of prey availability (high or low), habitat complexity (high or low), and th&graction.
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We used a binomial error distribution for survival data and included a random intercept term for
mesocosm identity (Zuwet al. 2009). For amphibian growth responses (wet mass and snout-
vent-length we used the same model structure with asSiam distribution, and for zooplankton
abundance we used means per mesocosnrirdagformed)as the response in a general linear

model. All analyses were conducted using the R computing environment (R Core Team 2014).

Results

Ecosystem experimentThe introduced mosquitofish in Hog Lake reproduced rapidly,
increasing from the initial 120 individuals to an estimated population size of ~11s@7a/fi
mid-August (95% confidence interval = 7096 to 15051). We did not detect mosquitofish on the
east gile ofitheswetland at any point during our sampling, nor did mosquitofiappear the
following year.

Mosquitofish caused significant reductions in zooplankton and macroinvertebrate
abundances. Total zooplankton abundance decreased by 90% in the fish treatment by the final
sampling dates(LM, treatment*time, t-2.69, P = 0.009). This effect was driven primarily by
reductions‘irBesminacladocerans (LM, treatment*time, +-3.43, P = 0.001; Fig. 2a) and
brachiopoeds.in the family Sididae (LM, treatment*timhe -2.51, P = 0.015; Fig. 2b), which
together represented 76% of the total zooplankton individuals across all sdpaplesia(Fig.
2c) and rotifers (Fig. Slalso decreased with mosquitofish presence, although their abundances
were much lower overalD@aphnia LM, treatment*time t =2.11, P = 0.038; rotifers: LM,
treatment*time; t =2.04, P = 0.044), and we did not observe an effect on copepods (LM,
treatment*time; t =0.97, P = 0.34; Fig. 2d).

In addition to zooplankton, mosquitofish decreaseddtsd abundance (LM,
treatmenttime, t =3.37, P = 0.001) and total biomass (LM, treatment*time, t =-2.70, P =
0.008) of aguatic macroinvertebrates. Damselfliesi{esand Coenagrionidae; LM,
treatment*time;t =3.91, P = 0.0001) and mayflieSdlibadis; LM, treatment*time, t =3.02, P
= 0.003) were the most abundant aquatic insect taxa and exhibited the strongest reductions
showing densities that were two to five time lower on the side with fish Eag4).

Dragonflies SympetrumLM, treatmenttime, t = 0.63, P = 0.50) and backswimmers
(NotonectalLM, treatment*period, t =1.23, P = 0.22) were not significantly reduced in the
presence of mosquitofish, although the latter group was two times less abundanidadhe s
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278 the wetland with fish on the final sampling date (Figs. 2g, 2h). We did not detect sighific

279 differences in the abundances of water boatmen (Corixidgaatic beetles (Coleoptera),

280 California clam shrimp@yzicus californicus Holarctic clam shrimpL{ynceus brachyurys

281 midges (Chironomidae), leechdsrpobdelld, or rams horn snail$iglisoma trivolvi$ (see

282 Table g, Fig=S2 and Appendix for statistics).

283 In centrast to our predictions and results of the smaller scale experimersijtofesh

284 did not have'strong effects on Pacific chorus frogs or California newts in Hog LakesGtoay
285 larvae numbers'in stovepipe samples declined over the summer amétagsorphosed but

286 there were no effects of mosquitofish on larval abundance (LM, treatment*tim@, 237 P =

287 0.82; Fig. 3a)ytotal biomass (LM, treatment*time, t = 0.55, P = 0.58), or individual body mass
288 (LME, treatment*time, t =1.41, P = 0.16; Fig. 3b). The density of California newt larvae in
289 stovepipe samples were higher in the fish treatment throughout the study, likely mitialto i

290 differences. in egg oviposition, and mosquitofish did not alter newt abundance (LM,

291 treatment*time, t =1.19, P = 0.24; Fig.@ or total biomass (LM, treatment*time, t&.24, P =
292 0.81). Larvalrnewts, however, did have a smaller individual body mass at the end of the

293 experimentiinithe mosquitofish treatment (LME, treatment*time, t = 3.13, P = 0.@03dji

294  Amphibian.abundances in dipnet sweeps and seine netdemtmnstrated the exact same

295 patterns that were observed fratovepipe samples. At the end of the summverdetected more
296 chorus frog leg abnormalities in the mosquitofish treatment (4 out of 209 thiwe control

297 side (0 out.of 145); however, the overall frequency of abnormalities was low and énercié

298 was not significant (Pearson etguare = 1.31, df =1, P = 0.25).

299 Mosquitofish also influenced nutrients and phytoplankton. The addition of mosquitofish
300 was associated with a ~50% decrease in total phosphorus (LM, treatment*time, t = 9.81, P <
301 0.0001; Fig. 4a).and a 13% decrease in total nitrogen (LM, treatment*time, t = 2.79, P = 0.009;
302 Fig. 4b). Correspondingly, N:P molar ratios in water samples were ~2x higher with rabskui
303 (LM, treatment*time, t =6.74, P < 0.0001; Fig. 4c). Relative phytoplankton fluorescence

304 followed asimilar pattern as phosphorus, with ~50% lower fluorescence values in the

305 mosquitofish treatment by the final sampling date (LM, treatment*time, t = 4.61, P < 0.0001;
306 Fig. 4d).

307 Mesocosm experimentResults from the mesocosm experimgmiwedthat alternative
308 prey and habitat complexity redutthepredatory effects of mosquitofish on chorus fianyae
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(Fig. 5). In thecontrol treatments, chorus frog surviealerage®7%,whereaghe survival

increased to a mean of 70% and 77%, respectivetpesocosms receiving increased prey or
increased habitat complexity (GLMMrey availability z = 1.94 P = 0.052habitat compxity,

z = 2.05, P = 0.040; Fig. R&Amphibian survival was highest (79%)th both increased prey
availability andincreasedabitat complexiyt, although we did not detect any significant
interactiors(GLMM, prey*habitatz =-1.24, P = 0.216). Chorus frog snout-vent length
increasedy15% in the high habitat complexity treatments (LME, t = 2.48, P = 0.025), whereas
added preyavailability alone did not affect chorus frog body(kiete, t = 0.264, P = 0.79; Fig.
5b). We did not detectsignificant prey availabilitypy-habitat complexity interactioh.ME, t =

0.67, P = 0:52); although the addition of both macrophytes and zooplankton increased mean
snout-ventilength by 23% relative to controls. At the conclusion of the experiment, zooplankton
densities were highest in the two treatments containing elevated habitatxign{plig S3. All

mosquitofish survived to the end of the experiment.

Discussion

Introdueed mosquitofish in Hog Lake reproduced rapidly and cdagggichanges in
community=.and ecosystem structure, including nutrient dynamics, phytoplankton production,
and the abundance of zooplankton and macroinvertebrates. In outdoor mesocosms, habitat
complexity in the form of macrophytes and alternative prey in the form of zooplankiaich
vary widely in abundance across lentic ecosystewesakened the negative effects of
mosquitofish*en amphibian larvae. These factors likely contributed to the coegisfenc
mosquitofish-and native amphibian larvae in our ecosystem experiment. Taken together, our
resultsreinforce thestrongeffects of invasive fislon freshwater communitiesvhile also
emphasizing the dynamic nature of species interactions and the potential farinrgsacts to
vary across.time and/or space.

Theexperiment in Hog Lake allowed us to examine the effects of mosquitofish within a
natural wetland setting containing a complex food viRgbdatoryeffects of nosquitofishwere
taxonspecificandvariedwith the abundances and traits of prey. Consistent with previous
research fronother venues, we found that mosquitofish strongly edtewertebrate abundaes
and community compositiofHurlbert Zedler & Fairbanks 1972fliura, Takahashi & Wilder
1984 Leyse, Lawler & Strange 2004). The most abundant zooplaakidmacromvertebrate
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taxashowed suppressed population growth with mosquitoliestding tasignificant reductions
in total invertebrate numbers and biomesative to the fishless treatmefthe most affected
insect taxa- damselflies and mayfliesare softbodied, which likely makes them more
susceptible than taxhat did not show significant changes in numbers (e.g., dragonflies,
hemipterans;.clam shrimp, snailSjmilar decreases in sdfbdied prey, with little change in
abundance, of hard-bodied prey, have been observed after mosquitofish introduction irdgce fiel
(Miura, Takahashi & Wilder 1984). Given that the most strongly affected insegigaiso
metamorphoseTinto terrestrial adults, mosquitatshld reduce subsidies froaquatic
environments to the surrounditegrestrialandscapéMerkley, Rader & Schaalje 201.89n
general, the strength of mosquitofish effects on native species is likely dependeat
characteristics‘of native community members including palatability, nichéapyand life-
history traits (Macdonaldt al 2012).

The Hogl ake experiment also allowed us to measure ecosysteshresponses,
including nutrient concentrations and phytoplankton abundance. Interestingly, tie effe
mosquitofishren nutrients and phytoplankton were opposite to our predictions and most past
work. Fish'addition led to a $09reduction in total phosphorus in the water column, an increase
in nitrogento-phosphorus ratios, and a 50% decrease in phytoplankton production. The
reductionin“phytoplankton became larger over the course of the summer despite the fact that
mosquitofish reduced zooplankton abundance bfplB-These results contrast with past work
showing that mosquitofish induce trophic cascades by removing top-down zooplankton controls
on phytoplankten (Hurlbert, Zedler & Fairbanks 19Ragdali & Gupta 2002)For instance,
prior work frem artificial pools has found that mosquitofish decrease zooplankton abundance,
leading tol large algal blooms associated with a 100 to 200 fold increase in somegutkytopl
groups (Hurlbert, Zedler & Fairbanks 1972). One possible explanation fdiffexentresults is
that Hog Lake phytoplankton are more limited by nutrients (particularly phosphorus) than by
zooplankton grazing, and that mosquitofish are compounding this nutrient limitation threugh th
assimilationsof biomass. Fish biomass can contain up to 75% of the limnetic phosphdkas in la
(Kitchell, Keance & Tennis 1975) and a rapidly growing fish population, as was present in our
study, is most likely to act as a nutrient sink rather than a source (Kraft 1992|dtheely
high nitrogen to phosphorus ratio (~50) in the fish treatment at the end of the summer supports
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370 the idea that the wetland was phosphorus limited, particularly towards the endligf soenmer

371 period when nutrient inputs are minimal.

372 The nosquitofishaddition into Hog Lake had few detectable effestsative Pacific

373 chorus frogs oCalifornia newts, despite considerable evidence that introduced iiisgeseral,

374 and mosquitefish in particular, are a contributor to declines in amphibian popslatithe

375 western United StatéEisher & Shaffer 1996; Kats & Ferrer 2008edenburg 2004; Joseph,

376 Preston"&Johnson 2016). Several, non-mutually exclusive mechanisms could uhiderlie

377 result.Priorworksuggests that mosquitofish can coexist with certain native amphibians,

378 including California redegged frogs in experimental wetlandisawler et al. 1999) and several

379 species ofdrogs in southwestern Australia wetlgiis/nolds 2009). In the study with red-

380 legged frogs, the authors posit that co-existence may have occurred due to a combinagton of hi
381 alternative preyiavailability, spatial refuges in cobbles and vegetation, anceasiein

382 predatory invegbrates that feed on amphibian larvae (Lawteal. 1999). In our studyit is

383 possible that the dense shoreline vegetation and an abundance of zooplankton and aquatic
384 macroinvertebrates alleviated predation pressure on the native amphibians, both species of which
385 are palatable'to mosquitofish (Gamradt & Kats 1996; Goodselat& K999Preston, Henderson
386 & Johnson.2012). More broadly, a growing body of literature has highlighted how the outcome
387 of speciessinvasions can be context dependent, often depending on levels biotic or abiotic

388 resistance from the invaded community (Séragt al. 2006; Ricciardi et al. 2013; Zenni and

389 Nufez 2013).

390 It isgpossible that aearlierintroduction of mosquitofish, sudhatfish overlappednore

391 with the earliesand most vulnerable amphibian larval stages, could have led to stronger

392 populationtevel effectson amphibiansPrior studies show that early larval stages are more

393 readily consumed than eggs or latage tadpoles for most amphibian spefiesberet al.

394 2008; Reynolds 2009; Smith & Smith 2015). If predation pressure is highest on early larval
395 stages, mosquitofish effects may vary temporally such that the strongest predatory effects occur
396 shortly afterembryos emerge from egg masSasfornia newts at Hogakelay eggs in

397 February and,March, while chorus frogs reproduam February to Juri@uly, such that larvae

398 are smallest in the early spring montiAghile small amphibian larvae are probably most

399 susceptible to predation, we have observed mosquitofish consume metamorphi¢rogermns

400 the feld, and fish attacks can cause sublethal injuries to the tails and limbs of amphibian larvae
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that are approaching metamorphosis, indicating that effects may extend to later age/size classes
under some conditions (Preston, Henderson & Johnson 2012; &hbésalitsch 2014)
Collectively, our findings suggest that negative effects of mosquitofish on aatpiibians can
be strong under certain settings, but they may also be influendadtbgs such as community
structure, habitat characteristics, anddordtivity. Prior research has also shown that
hydrological characteristics can mediate the effects of mosquitofish on some native species (Ho
et al. 2013)."Repeating our mosquitofish introduction within a less complex or productive
habitat, and/erintroducg mosquitofish earlier in the seasomay have resulted in stronger
effects on amphibians.

Resultssfrom ououtdoor mesocosm experiment supports the hypothesis that habitat
complexitysand/or alternative prey availability can weaken the predatoryseffiemosquitofish
on native amphibian®\quatic macrophytes attenuated the negative effects of mosquitofish on
amphibian survival by 50%, suggesting that more complex habitats may facilitate the
coexistence of amphibians and predatory fish in netvetands(Babbitt & Tanner 1997; Hartel
et al. 2007)=Macrophytes provided cover from predation and also increased the abundance of
zooplankton in“fmesocosms. At the conclusion of the mesocosm experiment, the treaithents
high habitat.complexity supported the highest zooplankton densities, suggesting &uptate
plants increased zooplankton populations and thereby weakened predation on native amphibians
by increasing alternative pregooplankton are probably the more preferred prey item of
mosquibfish when they are sufficiently available (Hurlbert & Mulla 1981; Miura, Takahashi &
Wilder 1984;"Garcia-Berthou 1999). While our mesocosm experiment informed possible
mechanisms:underlying results in Hog Lake, we note that a longer duration mesocosmdastudy a
a higher density of fish due to reproduction could have led to greater depleticrdtale prey
and stronger effects of mosquitofish on amphibian larpagicularly in the treatments lacking
zooplankton.additions. It is also possible that long-term effects of mosquitofistiuiotions
(i.e., effects manifesting over several seasons) would be stronger than the effects observed in our
experimentsi’Nonetheless, our results suggest that variation in environmeotal ietween
wetlands can.media the effects of fish invasions on native communities. The presence of
aguatic macrophytes and emergent vegetation {&/gha Typhacea@andJuncus Juncacegdn
California wetlands varies dramatically from completely absent to 100% shoreline cover, often
in association with livestock grazing intengifypseph, Preston & Johnson 2016). Such
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variability emphasizes the potential for disparate mosquitofish impacossliscrete wetlands

and for possible interactions between grazing intensity and local invasivefésts ef
Taken together, resultd our ecosystem manipulati@amd mesocosm experiment

reinforce the need to consider variationnmasive speciesnpactsacross natural systems

more nuanced. understanding of when and where invaders are likely to have the stronggest effec

will benefit.from knowledge of the specifimotic and abiotienechanismshat drive variation in

invasion outcomes (e.g., @armnmental change or community composition) (Ricciardi et al.

2013) Ourresults alsoomplement and extend the considerable body of literature demonstrating

that mosquitofish introductiorsannegatively affect native specjasmderscoring the need for

land managersito limit new introductions and pumswsquitofish removal if their goals are to

conserve native wetlarmbmmunities.
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601 FigurelLegends

602 Figure 1."Hoeg Lakein Mendocino County, Californidnvasive western mosquitofish

603 (Gambusiaaffiniswere added to the west side of Hake and community and ecosystem
604 responsewsere measured using a 'Befgkéier-Control-Impact' experimental desigihe

605 bottom images show the fence dividing the wetland (Left) and the school of introduced
606 mosquitofish(Right).

607 Figure 2. Effeets of mosquitofision zooplankton and invertebrate taxa within a wetland
608 ecosystem experimenthe dashed vertical line indies the date of mosquitofish introduction
609 and the legend for all plots is shown at the top left. The top row shows zooplankton responses
610 includingBosmina(a), Sididae (b)Daphnia(c), and Copepoda (d). The bottom row shows
611 macroinvertebrate responses including damselflies (e), maffjliesagonflies (g), and back
612 swimmers. (h)Zooplankton data ammeans from net tows and macroinvertebrate data are means
613 from stovepipe samples.

614 Figure 3. Effects of mosquitofision native amphibian taxa within a wetland ecosystem
615 experiment. The dashed vertical line indicates the date of mosquitofistiuation and the

616 legend for all plots is shown at the top right. Responses comprising Pacific chgrdstrisity
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(a), chorus frog individual body mass (b), California newt density (c)Cafitbrnianewt
individual body mass (dAll data are means per sampling date from stovepipe samples.
Figure 4. Effects of mosquitofision nutrients and phytoplankton within a wetland ecosystem
experiment. The dashed vertical line indicates the date of mosquitofistiuation and the
legend for allplots is shown at the top left. Responses include total phosphorusl(ajtramgen
(b), molar'nitrogen to phosphorus ratio (c), and relative phytoplankton fluorescence (d)
Figure 5. Effects of mosquitofish on Pacific chorus frog larvae in an outdoor mesocosm
experiment.”An‘increase in alternative prey (zooplankton) and/or habitat complexity (aquatic

plants) mediated the negatigects of mosquitofish on chorus frog survival (a) and growth (b).
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