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Abstract

1.

Coexistence of predators that share the same p@mmon. This is still the case in
size structured predator communities where predatmmsume prey species of
different sizes (interspecific prey responses)amstime different size classes of the
same species of prey (intraspecific prey responses)

A mechanism has recently been proposed to expteristence between predators
that differ in size but share the same prey speemear gent facilitation, which is
dependent on strong intraspecific responses froemoomore prey species. Under
emergent facilitation predators can depend on e#wgtr for invasion, persistence or
success in a size structured prey community.

Experimental evidence for intraspecific size-stouetl responses in prey populations
remain rare and further questions remain abouttintéeractions between predators
that could prevent or limit any positive effectdveeen predators (e.g. intraguild
predation).

Here we provide a community wide experiment on gaetr facilitation including
natural predators. We investigate both the dirgerraction between two predators
that differ in body size (fish vs. invertebrate ghator) and the indirect interaction
between them via their shared prey community (zdgbn).

Our evidence supports the most likely expectationteractions between differently
sized predators, that intraguild predation rateshégh and interspecific interactions
in the shared prey community dominate the resptmpeedation (i.e. predator-
mediated competition). The question of whether gewrfacilitation occurs
frequently in nature requires more empirical arebtitical attention, specifically to
address the likelihood that its pre-conditions ma@yoccur with high rates of

intraguild predation.
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I ntroduction

Effects of predation on a diverse range of preymoamities are often highly size-specific
where predators, depending on life history charesties, can drive the prey communities
towards smaller or larger sizes (Zaret 1980; Kar&&ih 1987; Hildrew, Raffaelli &
Edmonds-Brown 2007). In doing so predators indurcegerspecific response in prey
communities by altering the abundance and coexistpatterns among differently sized prey
species (Sprules 1972; Milbrink & Bengtsson 199arevitch, Morrison & Hedges 2000;
Chaseet al.2002). Moreover, shifts in the size structureasmprey communities may
feedback on predator performance and affect intierssbetween predators feeding on
differently sized prey species, an interspecifedigack (Dodson 1970). An alternative route
by which predator coexistence may be promoted 28/ Stlective predation is when predators

feed on different sizes/stages of the same pregiespéDe Roogt al.2008).

Positive interactions between predators could oeeuplastic responses of prey
species to one predator, a non-consumptive predaffect, which results in increased prey
availability to other predator species due to tloh@ange in prey behaviour (Touchenal.
2013). These multiple-predation-effects (MPES) eysurvival however, are often found to
be non-additive which results in either negativaoeffect of one predators actions on the
other (Vonesh & Osenberg 2003; Vonesh 2005; Touehah 2013). Consumptive effects
of predators have also been predicted to lead sdip® interactions between predators
through predator induced changes in prey populati@nography. Reduction in prey density
by one predator can reduce confusion effects sease efficiency of a second predator
depending on the shape of its functional respovisadsh & Osenberg 2003; McCey al.
2011). A less well appreciated effect of size-sjpepiredation is reduction of prey density in
one stage or size class leading to increased deneftother size classes of prey (i.e. through
release of density and stage dependent vital (BefRooset al.2007)). Stage-structured
biomass overcompensation is an intraspecific pgsgaonse to mortality demonstrated in
experimental systems e.g. (Nicholson 1957; Camé&rBenton 2004; Schroder, Persson &
de Roos 2009), and is predicted to occur wherdnaretare differences between life history
stages in their net response to increasing res@wa&bility, leading to ontogenetic
asymmetry (Perssaet al. 1998; De Roos, Metz & Persson 2013; Persson &atesRR013).

Shifts in prey biomass caused by one predator dealdito facilitation between predators that
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specialise on different sizes of the same preyispethis phenomenon, emergent facilitation,
was identified in the analysis of stage structyrestiator-prey models (De Roetal.2008).

De Roos et al (2008) and De Roos & Persson (20%8)ssed several systems where
the occurrence of an intraspecific prey respongeddation could lead to emergent
facilitation (e.g. terrestrial invertebrates (Nitdun 1957; Cameron & Benton 2004), aquatic
invertebrates (Murdoch & Scott 1984; Leibold & Tiesd4991), aquatic vertebrates (Olson,
Green & Rudstam 2001; Zimmerman 2006)). While intaly emergent facilitation should
be possible in other stage or size-structured sysgich as parasitoid-host communities or
estuarine and marine food webs, clear empiricalende of such intraspecific responses
within prey giving rise to emergent facilitationabsent. It is clear that for emergent
facilitation to occur, the responses of prey comitmesito mortality should be dominated by
strong intraspecific interactions (in one or mgreaes) such that competition leads to an

increase in biomass production in one or otheregtdass in response to mortality.

We therefore present an experimental study ofritezaction between two differently
sized predators that share the same prey commanitlrnore specifically we test for the role
of intraspecific or interspecific responses of pspgcies to size-selective predation. One
predator, European percRdrca fluviatilig has a large average size and feeds on large or
adult zooplankton and macroinvertebrates (Bystidogs & Persson 2012; Nunn, Tewson &
Cowx 2012). The other predator, the invertebBatthotrephes longimanus, small and
largely feeds on small or juvenile zooplankton ppéginderploeg, Liebig & Omair 1993; Yan
& Pawson 1997; Wahlstrom & Westman 1999; Yurestal. 2010). This is a suitable system
to study as Huss and Nilsson provided evidenceeimatrgent facilitation between perch and
Bythotrephegould occur due to positive size-selective prextatin the large cladoceran;
Holopedium gibbernur(011). However this study did not take into actdquedation by
perch orBythotrephesn addition to their sharing of prey. Thereforesdite the theoretically
and empirically demonstrated potential of an ingesfic response of prey to predation (De
Rooset al.2008; Huss & Nilsson 2011), empirical evidencdudmg all major ecological

feedbacks are still missing (e.g. intraguild premgtcontinuous predator presence).

We undertook a large scale lake enclosure expetimieere we tested the effects of
BythotrephesYoung-of-Year perch (YOY, 12-30mm) and larger &fear-Old juvenile

perch (OYO, 80-100mm) in isolation or in combinatmn the abundance of each other and



123 on the abundance and size structure of their strreplankton prey community. We have
124  combined this with laboratory and field experimeotgstimate size-dependent attack rates of
125  perch andBythotrephed$eeding on zooplankton or of perch feedingBythotrephegi.e.

126 IGP). Our objectives were (@) characterise the different size-selective effe€{sredators
127  on prey species/communities (e.g. YOY, OYO &ythotrephel (2) determine which of
128  any predators undergoes significant shift in predeagffect through the season (e.g. as a
129  consequences of growth{B) to determine whethatlolopediumundergoes compensatory
130  shifts in absolute biomass of smaller individualsésponse to predation (e.g. intraspecific
131  response or emergent facilitaticar)d(4) to characterise the net interaction between the
132  vertebrate predator, perch, and the invertebradgborBythotrephesOur results support that
133  predation on zooplankton results in shifting preynenunity species composition, perch and
134  Bythotrephesargely avoid competition through niche separatiad intraguild predation

135  (IGP) by perch oBythotrephess comparatively high.

136
137 Materialsand Method
138  Site description

139  The enclosure experiments, and field collectionféeding trials, were conducted at an
140 Experimental Lake Research Area in central Swe@éM{y7’'N, 19°429’E). Further
141  particulars about the site are published (Perssah 1996).

142 Enclosure experiment: description of enclosures

143  Enclosure experiments were conducted in 32 trapgpanesocosm enclosures in Lake

144  Abborrtjarn 3 (AT3) in the summer of 2012. The @sclres had a diameter of 1.6 meter and
145  were 6.5 meter deep; the volume was £3mBach enclosure was attached to a floating

146  wooden frame. The frames were placed in two sets @éh two rows of eight mesocosms.
147  There were three pontoons between two of these. ibesdistance between the two sets of
148  pontoons and their attached enclosures was appateiyr8 m. Both pontoons were placed in
149  an east-west position. We used 16 of the 32 enaeduor this experiment, of which 12 were

150 attached to the first set of pontoons and 4 tsdo®nd.

151  Inoculation of enclosures
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In the last week of May (29-3May) the enclosures were filled with lake wateneT
enclosures were assigned to one of 4 treatmentsAwiéplicates each. As the primary
guestion of interest was the fate of and effegirefiators in different predator-predator
interactions, the treatments wéwgthotrephe®nly (control), YOY perch only, both
Bythotrephesnd YOY perch or botBythotrephesind 1 year old perch (hereafter OYO
perch). To prevent inoculation Bfythotrephesn the enclosures that were assigned to the
YOY perch only treatment, the lake water was fdtethrough 50 pum-mesh nylon net. On the
4th of June zooplankton was collected from the lakk a 0.5-mm mesh zooplankton net
(diameter 0.6 m). The zooplankton were inspecte®@ythotrephesand any removed, before
adding to the four enclosures that were assignéaetdyOY perch only treatment. This
ensured that the species composition in this treatnvas the same as in others other than
receiving naBythotrephesOne week later (11-12June) the enclosures were inoculated with
12 YOY perch individuals (YOY perch treatment), Bthotrephesndividuals Bythotrephes
only treatment), bothBythotrephesnd YOY treatment) or 5Bythotrephesndividuals and
two OYO perch Bythotrephes OYO treatment). The densities used correspo@dxyOY
perch per i 0.15 OYO perch per frand 3.8ythotrepheger nf. Two weeks later (26-37
June) all enclosures containiBgthotrephesvere inoculated with an additional 100
Bythotrephesndividuals such that the density was 11.5 p&amesponding to average
natural densities in Lake AT3 at this time of yg€&2.6 + 3.3s.e.). Because survival of YOY
perch in the mesocosms is substantially higher iimdme lakes, we used a lower initial
density than the average natural density aroursctitinie of year (mean 2.7 + 0.67s.e.) to
capture the average density over the experimertadgh Densities of OYO perch were

higher than in the lake, but allowed for deathrf ane fish of the two per mesocosm.
Sampling enclosures

The first sampling of zooplankton was taken oneknader the initial inoculation of perch
andBythotrephegon 3-4" July). Thereafter samples were taken once a warek period of 7
weeks.Bythotrephesvere sampled once a week for a period of five westéarting three
weeks after the inoculation, this was becaBgdotrepheslensities were too low at the start
of the experiment. At each sampling occasion tretion of the thermocline was determined
with a thermistor. Zooplankton samples were talepagately from the epilimnion and
hypolimnion. Because ours and previous experimgmsved that epilimnetic and

hypolimnetic samples were qualitatively similar (Ni&rom & Westman 1999), we present



184  only the epilimnetic data. Zooplankton were samplgtl vertical hauls using a 100-pum

185 mesh net (diameter 0.25 m). Samples were firsimpcarbonated water 10 seconds to

186  anesthetise the zooplankton. This prevents thelaokipn from releasing eggs in response to
187  preservative fluid. After this the zooplankton sé@spvere preserved in Lugol’s solution. In
188  the laboratory the zooplankton was classified umahe®lympus inverted microscope

189  (magnification 2X). AllHolopediumindividuals were counted and measured. For eadr oth
190 taxon a subsample (~1/10 of the sample) was cowamedhe body length of at least 10

191 individuals (all, if fewer) was measuredhe lengths were transformed to biomass using

192  length to weight regressions (Bottrell et al. 197®)tal biomass was calculated per species
193  and for different size classes. Five size classewsed (1: up to 0.4 mm, 2: 0.4-0.6 mm, 3:
194  0.6-0.8 mm, 4: 0.8-1.0 mm, 5: >1 mm). The numbezgys per female was counted for

195 Holopedium From week three, the full depths of the encloswere sampled weekly for

196  Bythotrephesvith a 0.5-mm mesh net (diameter 0.6 Bythotrephesvere counted in the

197 field and then preserved in Lugol’s solution. A¢ tiermination of the experiment (31 July)
198 the full depth of the enclosures was sampled foifferch with a 0.5-mm mesh net

199 (diameter 1.6 m) to get an estimate about the nuwildéesh that survived. Because only a few
200 fish were caught this way, one week later (7 Augtst enclosures were inspected for 15

201  minutes each and any fish were caught with a hatad n

202 As an estimate of phytoplankton biomass chlordgdglontent was measured halfway
203 through (week 4) and at the end (week 7) of thegrpent in half of the mesocosm

204  enclosures. Samples were taken at the thermociiheaviRhuttner water sample after mixing
205 the water column. From each sample 100 ml wasdtt¢hrough Whatman GF/C filters. The
206 filters were dried and frozen until further analys€he algae on the filters were extracted in
207  ethanol for 24 hours and the absorbance at 43%aBdm was measured in a

208  spectrophotometer.
209  Statistical analyses

210  One of the enclosureBythotrephe®nly treatment) looked less full than the othénsting
211 the experiment we also observed a YOY perch ingdhidosure. Based on these two

212 observations we concluded that there was a hdleimesocosm. Because of this the data
213 from this enclosure were removed from the analyBlksre were thus 3 replicates for the

214  treatment witlBythotrephe®nly and 4 replicates for the other three treatsien



215 To investigate whether there was a positive efdégterch orBythotrepheslue to

216 emergent facilitation, we tested the effects ddiimeent and time on the densities of

217  Bythotrephesthe biomass of juvenile and adHiblopediumindividuals and the proportion of
218  fecundHolopediumindividuals. Generalized linear mixed models (GLMMwvith mesocosm
219  as the random intercept were used. The data weseguodistributed and therefore log-link
220 functions, or binomial and ratios, were used. Msdetre tested for overdispersion and if
221  needed fitted using a quasi-distribution to accdanthis. Based on the experimental design,
222  aseries of apriori candidate models were selduisdd on the explanatory variables and their
223 interactions (e.g. holopedium biomass ~ week, daie treatment, ~ week + predator

224  treatment, etc). Each candidate model was fitt@tbumnaximum likelihood estimation using
225 the Laplacian approximation. To determine the pesdictive model we calculated the

226  Akaike Information Criteria score for each modeling the best practice for GLMM (e.g.

227  AIC) (Burnham & Anderson 2002). The best model(aswelected based on its Akaike

228  weight relative to all models in the candidate(Betrnham & Anderson 2002). The

229  significance of effects in the selected best majlelas then determined with a likelihood
230 ratio test. A Wald Z-test was used to evaluateptioperties of individual coefficients. The
231  biomass oHolopediumafter week 5 of the experiment was very low aretdafore week 6

232 and 7 were not included in the models that tedtecffect of treatment ddolopedium

233  biomass and fecundity. A breakdown of model weigimis the selection of the best model(s)
234  for each analysis are listed in Tables S1 and $drsupplementary material. In figures we
235  present the weekly mean or final number of predadod zooplankton biomass, with bias
236  corrected and adjusted bootstrapped estimatesathient confidence intervals based on

237 1000 resamples.

238 Multivariate analysis was used to investigate fifiecés of different predators on the
239  species and size composition of the zooplanktoy gpenmunity. This was done with

240 redundancy analysis (RDA). RDA is an ordination moetthat is comparable with principal
241 component analysis (PCA) (ter Braak. 1995). Thénattbn axes in RDA are, however,

242  constrained to be linear combinations of the emvirental variables (predator treatments).
243  The axes in RDA thus only reflect the variationttt@n be explained by the different

244  treatments. RDA were performed on the biomasséseainost abundant zooplankton species
245  (Holopedium Bosmina Ceriodaphnia Calanoid copepods, Cyclopoid copeppdsd on both
246  the biomasses of the species and of the size sl&mseeek 4 (halfway through the
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experiment). The results were qualitatively the samweek 2 and week 4. Monte Carlo

permutations (n=1000) were used to assess sigmifecaf predator treatments.

All statistical analyses were carried out using.E521L (R Core Team. 2012).
GLMM’s were fitted in the package gimmADMB versior/.2.12 (Skaug et al. 2012).
Redundancy analyses were conducted using the paekagn version 2.0-5 (Oksanen et al.
2012).

Instantaneous attack rates of Predators on Prey

Maximum Instantaneous attack rates were estimagegikbmining the relationship between
prey consumption and prey density by estimating lést fit parameters from the data to
describe a type Il Hollings functional response amun (Hjelm & Persson 2001). The
functional response equation for perch feedingdotopediumwas formulated to estimate the
maximum instantaneous attack ratéor each predator size class. No account was rfade
prey depletion ablolopediumdensities were very high and only the data froenfitst 5 prey
items were used. Model parameters were estimated) usn-linear regression. For the
functional response equation for perch feedingBgthotrephesprey densities are low and
depletion is likely. Therefore the Rogers randomdator equation was used to estimate
attack ratea, in L/s; predator and prey densities are per uititeL(Bolker 2008). Model
parameters were estimated using a maximum liketihbonction (R function “mle2” in
package “bbmle” version 2.12.2). All model fittiegercises were carried out using R 2.15.1
(R Core Team. 2012).

Attack rates oBythotrepheson zooplankton were measured insitu lake AT3 18122013
using two Paired-Schinder Patalis plankton champb&gsiatic Research Instruments, Hope,
ID, USA) (Vanderploeg, Liebig & Omair 1993). An aage per capita capture rate (L/s) of
Bythotrephe®n the five most common zooplankton species whsileded by estimating the
per capita reduction in zooplankton abundance pat time in the chamber where
Bythotrephesvere released compared to the predator free pamewiol. The experiments ran
between 4 and 20 hours between early June andAlagest in each year at a range of
predator densities as appropriate for that timgead in lake AT3 (0.16-0.6Bythotrephed.)

at natural prey densities.
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Results
Predator — Predator interactions

Bythotrepheslensities were highest in tBgthotrepheslone treatment, first
increasing to 9.1 individuals perim week 5 (95%CI=6.5-10.9, GLMM Wald zZ=3.36,
P=0.0008) before the densities decreased. In the ¥&¥h +Bythotrephesreatment,
Bythotrepheslecreased from 4.7 individuals pet imweek 3 (95% Cl=4.1-5.6) to only 1.5
individuals per m (95% CI1=0.3-3.1 GLMM Wald Z=-3.3%=0.0008) in week 6. In the
treatment with OYO Perch amgi/thotrephesexcluding one outliethere was no significant
increase/change Bythotrepheslensity in the OYO perch treatment from week 2-@ (
individuals per mover the same period GLMM Wald Z=-0.0%;0.95, Figure 1).

At the end of the experiment the number of YOY pdiat were caught back was
significantly lower in the treatment witythotrepheshan in the YOY perch alone treatment
(ANOVA, F;6=10.57,P<0.02, YOY perch alone on average 3.5 fish (+ hadaad deviation
(sd)), YOY perch Bythotrephe®n average 1.25 fish (x 0.96 sd) per mesocosm).

Maximum attack rates of perch &ythotrephestimated from individual based experiments
peaked with 55mm sized perch at 0.6L/s (Table 1).

Size-dependent predator effects on prey community

There was a clear seasonal change in the size utopof the zooplankton communities in
the YOY perch treatment as the fish grew, and imsbe Bythotrepheslone treatment as
their densities increased (ANOVA; §=12.53,P<0.001, Figure 2a and b). At the start of the
experiment in the YOY alone treatment there wasraidance of large prey biomass
(0.76+0.2 sd mm) and overall large biomasses (04 'u+ 63 sd, week 2). By week 4
overall numbers of zooplankton were reduced (2 tig11 sd), particularly the biomass of
large individuals, and the biomass of small indisits €0.75 mm) became dominant
(0.46+0.17 s.d. mm, week 4). In tBgthotrephe®nly treatment there was a maintained or
increasing predation pressure on small individ(@&82 +0.3sd mm at week 2, 0.81+0.2 sd
mm at week 4, Figure 2), zooplankton were heavijypsessed (62 ug1+5.6 sd at week 2,
25 ug L* +5.6sd at week 4), and the large individuals datgd the biomass (Figure 2b).
There was no significant difference in the totalrbass of large or small individuals in any
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week in the OYO Bythotrephesreatment (ANOVA, OYO:week interaction,et 1.224,
P>0.22, Figure 2b).

Emergent facilitation

Adult Holopediumbiomass decreased after the second week of theimeoe (Figure
3a). In the YOY perch only treatment the biomass mare than 3.3 times higher than in
other treatments at that point (95% CI of differesr©.97 — 11.46, GLMM Wald Z=1.92,
P=0.055). After the third week the biomass of atHdtopediumcontinued to decrease in the

OYO perch, the YOY perch only and tBgthotrephes YOY perch treatments.

After an initial increase in the biomass of juverillolopedium biomass decreased rapidly in
all treatments (Figure 3Db). In the second and twedk of the experiment the juvenile
Holopediumbiomass was 2.7 times higher in the YOY perch erdgtment compared to the
other treatments (95% CI=1.69 — 4.44, GLMM Wald Z=#<0.001). The biomass of
Holopediumjuveniles consistently decreased from week 2 odsvar all mesocosms and
disappeared completely after the fifth week ofe¢lkperiment.

In the invertebrate predator treatmeBythotrephe®nly) adult and juvenile
Holopediumbiomass was significantly reduced at the onsét@kxperiment (i.e. Figure 3,
weekl), despite total zooplankton biomass beinglairacross all treatments (ANOVA on
total zooplankton at week 1, £=2.007,P>0.15, Figure S3). ThBythotrephe®nly
Holopediumbiomass recovered to levels seen in other tredthoemtainindgythotrephesn
week 2 (ANOVA, F=1.69 P>0.2), and thereafter declines as in all othertineats.

In all treatments the proportion of fecuHdlopediumdecreased after the second
week, on average by 60% (95% CI=33% - 77%, GLMM Ak -3.44 P<0.001). In the
YOY perch only treatment and the OYO perch treatnttes proportion fecund females were
lower compared to thBythotrephe®nly treatment (85% lower in the YOY perch only
treatment (95 % CI =70 — 92%, GLMM Wald Z = -5.460.001), 45% lower in the perch
80+ treatment (95% CI=16 — 65%, GLMM Wald Z = -2.PP40.006) compared to
Bythotrepheslone in week 2). In the fourth week there werdannind individuals in the
YOQOY perch only and the OYO perch treatment. Theas & significant difference in the
number of eggs per fecund female between predaaiments, but only fddolopediumin
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the YOY alone treatment where we found lower fedyrttian all other treatments at week 2
(Linear mixed effects model with poisson error: §Efemale per predator treatment;
X?=31.28 5 P<0.001). This difference in fecundity was nottained from week 3 and

onwards.

Maximum attack rates (Litres of lake water clegped second) of perch on adhlblopedium
were not affected by predator body size aboveestuld of 25mm (ANOVA: L/s ~body
length; F=1.13 397 P>0.25). Juvenile perch <25mm could not consunué &blopedium
Perch attack rates dt#olopediumpeaked at 0.1L/s at a 100mm body size (Table 1).
Maximum Bythotrephesittack rates on all zooplankton were 0.007 L/s [@4al, with attack
rates orBosminaHolopediumand copepods being 0.008, 0.005 and 0.004 L/sectsply
(Table 1).

Community effects

The species composition changed over the courgeaxperiment and was different among
different predator treatments (Figure 5). Thereenseime clear seasonal patterns across all
treatmentsHolopediumwas abundant in all treatments near the beginmiiige experiment,
especially in the YOY perch only treatment. In seeond half of the experiment, however, it
disappeared from the mesocos@sriodaphnia quadringulan contrast, was almost absent
early in the experiment but was highly abundarnhatend. Overall there were contrasting
effects of either YOY perch d@ythotrephess predators (MANOVA on cladoceran vs
copepod biomass Bythotrepheslone vs. YOY alone; appx. F= 3342 P<0.0001). In the
treatment with only YOY perch there were relativelgny cladocerans (pink, orange and
yellow in Figure 4) and relatively few copepodsu@band green bars in Figure 4). In contrast,
whenBythotrephesvas present there were relatively many copepodseamdladocerans in
the mesocosms. The MANOVA demonstrates that ariiyyiatthe proportion of copepods in
the zooplankton communities is driven by changedadoceran biomass (MANOVA output
on response of total copepod biomass to predat@knagppx. F=1.03104P>0.3).

An RDA ordination of week 4 zooplankton speciesmagses (halfway through the
experiment, results were qualitatively similar ireks 2-4 wheRolopediumdensities
remained high) showed that 80% of the variancleénspecies composition could be
explained by predator treatment (Figure 5a). Careid separately, the first axis of the
species-based RDA plot explained 60% of the vaegRE€CAL), the second axis 15%
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367 (RCAZ2). The first axis was mainly relatedBosmina longirostisCeriodaphniaand the

368  copepods while the second axis was mainly relatétbtopediumbiomass. Predator

369 treatment was highly significant (Monte Carlo petation testP=0.001). The species

370 composition of the YOY perch only treatment was d@ted byCeriodaphniaandBosmina

371  In contrast, the species composition in all thattreents witiBythotrephepresent was

372 dominated by calanoid and cyclopoid copepods. Bythotrephe®nly treatment had a

373 relatively high abundance éfolopediumandcalanoid copepods and the RDA plot shows that
374 these are negatively correlated wbsminabiomasses. The combined YOY perch and

375  Bythotrephesreatment was more similar to tBgthotrepheslone treatment on the RCA1

376  axis (Figure 5a).

377  An RDA ordination of zooplankton species and sias€biomasses in week 4 showed that
378  predator treatment explained 78% of the variancazi@ and species composition (Figure 5b),
379  and was highly significant (Monte Carlo permutatiestP=0.001). Considered separately,
380 the first axis of the RDA ordination plot explain®8% of the variance (RCAL1); the second
381 axis explained 16% (RCAZ2iolopediumwas correlated with the largest size class, while
382 Bosminawas correlated with the two smallest size clasbes.YQY perch only treatment

383 was dominated bBosminaand small individuals while thBythotrephe®nly treatment was
384 dominated byHolopediumand large individuals. The other two treatmentsewByminated by
385 calanoid copepods and individuals of average size.

386  Phytoplankton in Mesocosm Experiments

387  There was no significant difference between therdmhyll-a content between the different
388  predator treatments {=0.9206,p=0.46, mean=0.88, std=0.31).

389  Results summary

390 Our main result was that YOY perch switched frorgate/e to positive size selective

391 predation as they grow whiythotrephesegatively size selected for smaller prey. The
392  effects of OYO perch were unclear. Increased jueesri total biomass dflolopediumin

393 response to predation was not found, and we savompetitive release of female fecundity.
394  Our community analysis demonstrated how the predajenerated changes in prey

395 community size structure were largely caused bgispespecific changes in the community
396 composition. Perch, once greater than 25mm lengghe formidable predators of

397 Bythotrephes
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Discussion

Bythotrephesnd YOY perch fed on differently sized prey, aegssary condition for
positive effects between them via intraspecificnberspecific processeldowever, a main
result is that despite this the population growitBythotrephesvas highest when on its own
without perch. There was also a lower number of Yjg&ych in the YOY Bythotrephes
mesocosms at the end of the experiment than the alGne. The effect of the two predator
species on the species composition of their preaynconities was markedly different. We
shall discuss these results firstly in light of&specific or interspecific responses of the prey
communities to predation and the interactions betndifferently sized predators, and
secondly what these results say about the likelHooemergent facilitation across animal

communities in general.

Exploring intraspecific responses of prey commaenito multiple predation

While Huss and Nilsson (2011) found that positieeselective mortality of a
zooplankton community using a size-selective neteased the biomass of juvenile
Holopedium leading to increaseBlythotrephegpopulation growth rate, we did not. There are
several reasons why we can expect different resutkslive predators: (1) a single net
predation event occurred at the beginning instéadmatinuous predation, (2) the net was
constrained to cause high mortality on lar@opediumand (3) netting was carried out once
the prey population growth rate was limited by hitgmsities. We shall discuss each of these
points that lead us to refute that responses gbiteg community to perch predation were

dominated by intraspecific response$imlopedium

First, the intensity of fish predation on zooplawkgenerally changes over season as a
result of the dynamics of recruiting YOY cohortdif@cz & Pijanowska 1989), but is always
present to some extent. Moreover, strong betweanwagiation in predation on zooplankton
may be present as a result of variation in mowtadites of YOY fish. For example, YOY
perch mortality in the studied lakes may vary agimas 50 times between years as a result of
variation in cannibalism (Perssehal.2004). Although a single pulsed net predation even
represents an extreme form of mortality, we sugtiedgtsuch a mortality event captures the
situation only in years with very high YOY fish ntality, and hence that the extent to which

intraspecific overcompensation is present in ttetesy may vary between years. The
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continuous predation in the current experiment prayent or reduce the effects of any

intraspecific response that might occur in a puksgaeriment.

Second, while our estimated attack rates of penddolopediumwere lower than those
estimated oBosminaor Daphniaby 50-100mm perch (e.g. 0.06-0.1L/s vs. 0.24-0/ghL
they were similar to attack rates on copepods wbleas ecological responses of predation
are well documented (Persson 1987; Persson & Geegril990; Bystrom & Garcia-Berthou
1999). However, the net was a less efficient padaitother zooplankton prey species and
indeed Huss and Nilsson found no evidence of zogpde community composition changes
in their study (n.b. excluding rotifers (Huss & $8bn 2011)). Live predators are not
constrained to feed only on large addtilopediumand as we discuss in later sections, have

significant effects on prey community structureaansequence.

Third, in the experiment by Huss & Nilsson (201thg Holopediumpopulations grew

without predation for several weeks and the nedgtien occurred once th¢olopedium
population densities were high. This is in conttastur experiment where prey and predators
were introduced to the mesocosms almost simultatgasimilar to how they emerge
seasonally in nature. While adtlblopediumbiomasses peaked at similar densities in the two
experiments, it was only after the net predatorihadded the community to remove large
HolopediunthatBythotrephesvas addedWe suggest that the constant presence of predators
in our experiment, whether they affétblopediumdirectly or not, leads tvansient dynamics

in theHolopediumpopulation structure with juvenile biomasses otap0% of the adult
population. This suggests tHablopediumfemales were not resource limited during this
period. More explicitly, we found no evidence ofi@ased per capita or proportion of
population fecundity itHolopediumpopulations from any treatment in response to time
exposed to predation. We similarly found no incesiaguvenile:adult ratio of other
zooplankton species exposed to predation by p@tetrefore the mechanism that was
proposed to lead to overcompensatory biomass respaif zooplankton to predation,

through release of adults from competition andk@sequent increase in individual and

population fecundity, did not occur in any of thergh treatments.

Interspecific community responses — community cosgien
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We have established that there are significantssimfthe size structure of
zooplankton prey communities caused by size-sgkegtiedation, as evidenced by the
shifting dominance of biomass to large or smallvitlials. We also established that the size
structured changes observed are not likely to h@es caused by intraspecific compensatory
responses within individual prey species. Instgagglation effects on size distributions of
prey are more parsimoniously explained by shifthacompetitive dominance of differently
sized zooplankton species (Paine 1966; Dodson 187#)rough the interaction of predation
effects and seasonal succession as also identifigalytoplankton communities (Hansson,
Bergman & Cronberg 1998). Including individual baglges of prey did not improve on a
model that contained only species labels due tditje correlation between them. Prey body
mass is often said to be an important factor deteng susceptibility of a prey to a certain
predator, e.g. (Broset al.2006). We do not refute this, but we found thaydrody size
variation was largely reflected in species variatio

On their ownBythotrephesnd YOY perch had markedly different effects om piney
species compositioBythotrepheselected against small cladocerdBssminan particular.
We see this in both the species composition RDAthadize frequency histograms where
there is a selection against 0.5-0.6mm zooplan&boresponding to these small cladocerans.
That the seasonal switch of late-season dominanseall cladocerans is entirely driven by
Ceriodapniain the presence @ythotrephesbut otherwise by botBosminaand
Ceriodaphniais further evidence of this. Our attack ratereates from in situ chambers
supportdBosminaas a preferred prey f@ythotrephesn our study lakes. In its North
American invasive range the consensus isBly#ltotrephegsauses large reductions in mainly
small cladoceran zooplankton as we found here (¥quideg, Liebig & Omair 1993;

Dumitru, Sprules & Yan 2001). In this mesocosm gt¥@Y perch largely select against
copepods. At the smaller YOY sizes examined, anidiody in systems where larger
Daphniaspp. are not common, copepods are found to bmpaortant food source for YOY
European and Yellow percPérca flavescengWang & Appenzeller 1998; Bystrom &
Garcia-Berthou 1999; Perssenal.2000).

The species composition of YOY perciBythotrephedreatment and larger juvenile
OYO perch HBythotrephesreatment were very similar halfway through thperkment at
weeks 4 and 5 (delineated together in the RDA platkich suggests that both larger YOY
and OYO perch had a similar effect on the zooplamkiommunity. From other experiments
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it is known that juvenile perch predate larger gmus and cladocerans in addition to more
preferred prey (Persson 1987; Persson & Greenl89@; Nunn, Tewson & Cowx 2012). The
juvenile OYO perch Bythotrephegreatment has the strongest negative correlatidths
BosminaandHolopediumand positive correlations with copepods. We intgrghis as OYO
perch not being such efficient predators on cops@sdYQOY perch. However, without an
adequate control it is difficult to quantify thdexfts OYO perch have on the zooplankton prey

community that is different from YOY perch.

We found a clear predation effect of YOY perch opepods wheBythotrephesvas
not present. However, copepod biomasses were higheratments witlBythotrephegup to
x25 greater calanoid copepod biomass in the twdiphelpredator treatmentdj appears that
the predation effect of perch on copepods was rsuwdler in the presence Bfjthotrephes
The most parsimonious explanation for the high igi$ copepods despite perch predation
is competitive release in the presenc8whotrephesBecause of the lower densities of
cladocerans due to strong predatiorByyhotrephesespecially oBosmina(e.g.in week 5
Bosminadensities were 12.340g/L (5.7 std) in the YOY only treatment, comparedt39
ug/L (0.4 std) in the treatment with YOY Perch d@ythotrephepthis is likely to increase the
growth, survival and fecundity of the copepods (M&alP86; Sommeet al.2001).

Our results highlight the importance of taking iatount invertebrate predator
effects in aquatic community structure (Brooks &3on 1965; Dodson 1970; Dodson
1974). It is often assumed that the structure abtiq prey communities are determined by
fish predation, but here we have shown that wimle predation always reduced the mean
size of zooplankton, the species composition #td those size distributions differed when
invertebrate predators were present (Lane 197%éof, Smith & Lehman 2001; Gat al.
2006; Bunnelket al.2011). While individual consumption rates by YO#&rgh are 6 times
that of Bythotrepheg0.05 vs. 0.008 L/sBythotrephesre 6 times more abundant on average
than the highest observed YOY perch density aaasstudy lakes (19.7 vs. 3.493miThis
results in a high population level predation effaatl is evident from the higher suppression
of zooplankton densities in thigythotrepheslone treatment. Unlike vertebrate predators,
Bythotrephesas very high investment in large clutches ofdawffspring (c.70% adult size at
birth) and consume up to 40% of their lifetime poeysumption during their pre-adult stages

with each individual killing 60-300 small cladocasaper day (Yurista & Schulz 1995).
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Predator-predator interactions and the likelihoofdemnergent facilitation in animal

communities

This study presents the first estimates of natwwasumption rates dythotrephedy
juvenile fish from native European lakes. The np@ssimonious explanation for reduced
invertebrate predators, IGP, is likely given ouireated attack rates of 20-100mm perch on
BythotrephesAt average lake densities of 5-Bgthotrephesn’, juvenile perch can clear the
epilimnion volume of one mesocosmBythotrephesn 72 hours (N.B. assuming no
alternative prey). On its own this is not evidetita interspecific facilitative interactions via
shared prey could not operate. But it is evidehe¢in natural systems where such
facilitative mechanisms were operating, IGP coadoe| any positive effect on the growth,
survival and fecundity of smaller predators. Asamy have a simple measure of YOY
success we cannot easily distinguish between YOMatity caused by competition or other
interactions witlBythotrephesCompetition betweeBythotrephesnd juvenile fish is a
major concern where it has invaded non-native h&bih North America (Hoffman, Smith &
Lehman 2001; Yuristat al.2010); but we instead propose the question of suth complex
fish communities as in the North American greaeklo not reducBythotrepheslensities

via the high IGP predation rates we observed m study?

The role of IGP on the likelihood of emergent faatlon to occur across animal communities
remains unexplored in theoretical approaches ttatreise predict the importance of
emergent facilitation in predator coexistence axtchetion cascades in top predators. Body
size ratios between size at birth and maturatiqorey species, and between predators and
prey can be used to ascertain the likelihood ofltamms promoting emergent facilitation and
IGP occurring simultaneously. A crude consideratibthis based on parameters summarised
by Peters (Peters 1983) and confirmed by lateeveviand analyses (Brostal.2006;
Barneset al.2010; De Roos & Persson 2013) suggests wherena@yate-maturation body
mass ratio’s vary from 0.08-0.0001 and averagegtoeeprey body mass ratios vary from
0.1-0.02 across a wide variety of taxa, predatarsronature prey will always be vulnerable
to predators large enough to consume adult prétyegswill fall within 10-0.1% of the mass

of large predators. Emergent facilitation therefigreore likely to be found where gape size
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is less important or feeding mechanisms are higpécialist. We suggest two systems that fit
these criteria where research into emergent fatdibt could be undertaken. Firstly in insect
communities with strong intraspecific interactidoetween prey stages and where natural
enemies are often highly specialist in their mofieeding (e.g. parasitoids v&nthocordid$
(Cameroret al.2007a; Cameroat al.2007b). Here parasitoids of eggs or juvenile may
facilitate predators of later stages without dinaettractions between predators. Secondly
negative density dependent effects on growth, depotion, and post-settlement survival is
widespread in intertidal bivalve beds (Kristens8b7; Jensen 1992; Jensen 1993). Predation
by birds on bivalves is often size-selective wipledalists on large adults or small juveniles
(Sutherland 1982; Zwarts & Blomert 1992) and eBeaftfood limitation on winter survival
and breeding success of bivalve feeding shore Brd®ll recorded (Atkinsoet al.2003).

IGP will not occur between different shorebird spscindeed while feeding occurs on the
same bivalve beds it can be seasonally separatdacistative interactions could well have
positive population scale effects.

Conclusion

Our research shows that the interaction betweesnjlesperch an@ythotrephess
negative and can be explained by IGP. Althoughauad that the two predators prefer
different prey sizes, we found no evidence of syieific responses of prey through size-
selective predation by perch biolopedium Instead our results support predators having
species specific prey preferences, and that theferpnces have clear effects on the seasonal
succession of prey community composition. The adion between two predators that share
the same prey community can be complicated by I&Pcamplex interspecific responses.

We look to communities where IGP is less likelyoteur between predators of large and

small prey as systems where emergent facilitatoariccoccur.

Acknowledgements

This work was funded by a Marie Curie Intra-Eurap&allowship to TCC (FANTI-SIZE,
275873), Erasmus travel grants (HTB, JH) and by &tieiversity (LP, MAKA). HTB, JH
and MAKA undertook this research as part of theidg for Masters Degrees in Ecology.



583

584
585
586

587

588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627

20

Data Accessibility

Individual zooplankton measurements per mesocoshiuactional response experimental
data from field chambers and laboratory experimddisY AD entrydoi:10.5061/dryad.qg372
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767  Figurelegends

768  Figure 1. Mean number oBythotrepheper n?volume per predator treatment from weeks 3-
769 7. Error bars are bias corrected and adjusted tvappsed 95% confidence intervals of the
770  mean (n=1000), and those that do not overlap treméa comparable treatment can be

771 considered statistically different@at= 0.05.

772 Figure 2. Plots of thea) size frequency of individual zooplankton per tneaht and) mean
773 biomass (micrograms/litre) of sma#f@.75mm) or large (>0.75mm) body sized prey for
774  weeks 3-5. Full plot of distributions in weeks tah be found in supplementary online
775 material. Error bars on biomass plots are biasected and adjusted bootstrapped 95%
776  confidence intervals of the mean (n=1000), anddhbat do not overlap the mean of a

777  comparable treatment can be considered statistidéderent ato, = 0.05.

778

779  Figure 3. Mean biomass (micrograms/litre) @f adult orb) juvenileHolopediumper

780  predator treatment from weeks 1-7. Error bars & ¢orrected and adjusted bootstrapped
781  95% confidence intervals of the mean (n=1000),tAnde that do not overlap the mean of a
782  comparable treatment can be considered statistidéderent ato, = 0.05.

783  Figure 4. Barchart of the mean absolute biomass per prettetment each week and the
784  community composition of that biomass. Copepodsiared into two main taxonomic

785  groups; calanoids and cyclopoids.

786  Figure5. Plots of community species composition per mesodualfvay through the

787  experiment (week 4) colour coded by predator treatiralong two redundancy analysis axes.
788 In plota) the axes are constrained to the variance in speomposition explained by

789 treatment and in pldi) to the variance in species and body size compos#xplained by

790 treatment. The arrows points to the plot space medby a given explanatory variable (e.g.

791  increased calanoid copepod biomass).
792
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Table 1. Summary of the average of maximum capture/attaes r@ither calculated from raw
capture data (*) or estimated attack rates frotm§tfunctional response model to raw
capture data. Mean across all predator sizes isrsh8tandard Errors are shown unless
otherwise stated (Cl= 95% confidence interval) cRettack rates estimated using Hollings
Type I or Rogers random predation equali¢average over all sizes, see methods). Perch
attack rates oBosmind and copepodﬂyclopssp.d) taken from (Wahlstrénet al. 2000)

and (Persson 1987) respectively. Attack rates aftparvae and small juveniles/YOY on
Bythotrephe®r copepods are unknown. Prey selectivity expemmshow that small juvenile
perch have strong positive selection for copepads cladocerans in the 12-25mm size class
(Fulford et al.2006; Huss, Persson & Bystrom 2007).
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Tablel

Average Capture/ Attack Rate on Prey

Small Cladocergn
) (e.g. 0.5mm

Predator Holopediuni Bythotrephe’s Bosmina Copepods
Bythotrephes 0.005 L/s + 0.001 - 0.008 L/s +0.001  0.004 L/s.aa
YOY Perch (12- zero 0.215 L/s £0.04 0.05 L/s° -
30mm) (only 24mm+)
OYO (45- 0.06 L/s £ 0.006 0.41 L/s £0.05 0.15L/s 0.04 L/s
100mm) 0.02(CI)*
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