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Abstract 30 

1. Coexistence of predators that share the same prey is common. This is still the case in 31 

size structured predator communities where predators consume prey species of 32 

different sizes (interspecific prey responses) or consume different size classes of the 33 

same species of prey (intraspecific prey responses).  34 

2. A mechanism has recently been proposed to explain coexistence between predators 35 

that differ in size but share the same prey species, emergent facilitation, which is 36 

dependent on strong intraspecific responses from one or more prey species. Under 37 

emergent facilitation predators can depend on each other for invasion, persistence or 38 

success in a size structured prey community.  39 

3. Experimental evidence for intraspecific size-structured responses in prey populations 40 

remain rare and further questions remain about direct interactions between predators 41 

that could prevent or limit any positive effects between predators (e.g. intraguild 42 

predation).  43 

4. Here we provide a community wide experiment on emergent facilitation including 44 

natural predators. We investigate both the direct interaction between two predators 45 

that differ in body size (fish vs. invertebrate predator) and the indirect interaction 46 

between them via their shared prey community (zooplankton).  47 

5. Our evidence supports the most likely expectation of interactions between differently 48 

sized predators, that intraguild predation rates are high and interspecific interactions 49 

in the shared prey community dominate the response to predation (i.e. predator-50 

mediated competition). The question of whether emergent facilitation occurs 51 

frequently in nature requires more empirical and theoretical attention, specifically to 52 

address the likelihood that its pre-conditions may co-occur with high rates of 53 

intraguild predation. 54 

 55 

 56 

 57 

 58 

 59 

 60 
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Introduction  61 

Effects of predation on a diverse range of prey communities are often highly size-specific 62 

where predators, depending on life history characteristics, can drive the prey communities 63 

towards smaller or larger sizes (Zaret 1980; Kerfoot & Sih 1987; Hildrew, Raffaelli & 64 

Edmonds-Brown 2007). In doing so predators induce an interspecific response in prey 65 

communities by altering the abundance and coexistence patterns among differently sized prey 66 

species (Sprules 1972; Milbrink & Bengtsson 1991; Gurevitch, Morrison & Hedges 2000; 67 

Chase et al. 2002).  Moreover, shifts in the size structure across prey communities may 68 

feedback on predator performance and affect interactions between predators feeding on 69 

differently sized prey species, an interspecific feedback (Dodson 1970). An alternative route 70 

by which predator coexistence may be promoted by size selective predation is when predators 71 

feed on different sizes/stages of the same prey species (De Roos et al. 2008).  72 

Positive interactions between predators could occur via plastic responses of prey 73 

species to one predator, a non-consumptive predation effect, which results in increased prey 74 

availability to other predator species due to the a change in prey behaviour (Touchon et al. 75 

2013). These multiple-predation-effects (MPEs) on prey survival however, are often found to 76 

be non-additive which results in either negative or no effect of one predators actions on the 77 

other (Vonesh & Osenberg 2003; Vonesh 2005; Touchon et al. 2013).  Consumptive effects 78 

of predators have also been predicted to lead to positive interactions between predators 79 

through predator induced changes in prey population demography. Reduction in prey density 80 

by one predator can reduce confusion effects or increase efficiency of a second predator 81 

depending on the shape of its functional response (Vonesh & Osenberg 2003; McCoy et al. 82 

2011). A less well appreciated effect of size-specific predation is reduction of prey density in 83 

one stage or size class leading to increased densities of other size classes of prey (i.e. through 84 

release of density and stage dependent vital rates (De Roos et al. 2007)). Stage-structured 85 

biomass overcompensation is an intraspecific prey response to mortality demonstrated in 86 

experimental systems e.g. (Nicholson 1957; Cameron & Benton 2004; Schroder, Persson & 87 

de Roos 2009), and is predicted to occur wherever there are differences between life history 88 

stages in their net response to increasing resource availability, leading to ontogenetic 89 

asymmetry (Persson et al. 1998; De Roos, Metz & Persson 2013; Persson & de Roos 2013). 90 

Shifts in prey biomass caused by one predator could lead to facilitation between predators that 91 
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specialise on different sizes of the same prey species. This phenomenon, emergent facilitation, 92 

was identified in the analysis of stage structured predator-prey models (De Roos et al. 2008). 93 

De Roos et al (2008) and De Roos & Persson (2013) discussed several systems where 94 

the occurrence of an intraspecific prey response to predation could lead to emergent 95 

facilitation (e.g. terrestrial invertebrates (Nicholson 1957; Cameron & Benton 2004), aquatic 96 

invertebrates (Murdoch & Scott 1984; Leibold & Tessier 1991), aquatic vertebrates  (Olson, 97 

Green & Rudstam 2001; Zimmerman 2006)). While intuitively emergent facilitation should 98 

be possible in other stage or size-structured systems such as parasitoid-host communities or 99 

estuarine and marine food webs, clear empirical evidence of such intraspecific responses 100 

within prey giving rise to emergent facilitation is absent. It is clear that for emergent 101 

facilitation to occur, the responses of prey communities to mortality should be dominated by 102 

strong intraspecific interactions (in one or more species) such that competition leads to an 103 

increase in biomass production in one or other stage/class in response to mortality.  104 

We therefore present an experimental study of the interaction between two differently 105 

sized predators that share the same prey community, and more specifically we test for the role 106 

of intraspecific or interspecific responses of prey species to size-selective predation. One 107 

predator, European perch (Perca fluviatilis) has a large average size and feeds on large or 108 

adult zooplankton and macroinvertebrates (Bystrom, Huss & Persson 2012; Nunn, Tewson & 109 

Cowx 2012). The other predator, the invertebrate Bythotrephes longimanus, is small and 110 

largely feeds on small or juvenile zooplankton prey (Vanderploeg, Liebig & Omair 1993; Yan 111 

& Pawson 1997; Wahlström & Westman 1999; Yurista et al. 2010). This is a suitable system 112 

to study as Huss and Nilsson provided evidence that emergent facilitation between perch and 113 

Bythotrephes could occur due to positive size-selective predation on the large cladoceran; 114 

Holopedium gibbernum (2011). However this study did not take into account predation by 115 

perch on Bythotrephes in addition to their sharing of prey. Therefore, despite the theoretically 116 

and empirically demonstrated potential of an intraspecific response of prey to predation (De 117 

Roos et al. 2008; Huss & Nilsson 2011), empirical evidence including all major ecological 118 

feedbacks are still missing (e.g. intraguild predation, continuous predator presence).  119 

We undertook a large scale lake enclosure experiment where we tested the effects of 120 

Bythotrephes, Young-of-Year perch (YOY, 12-30mm) and larger One-Year-Old juvenile 121 

perch (OYO, 80-100mm) in isolation or in combination on the abundance of each other and 122 
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on the abundance and size structure of their shared zooplankton prey community. We have 123 

combined this with laboratory and field experiments to estimate size-dependent attack rates of 124 

perch and Bythotrephes feeding on zooplankton or of perch feeding on Bythotrephes (i.e. 125 

IGP). Our objectives were to (1)  characterise the different size-selective effects of predators 126 

on prey species/communities (e.g. YOY, OYO and Bythotrephes);  (2)  determine which of 127 

any predators undergoes significant shift in predation effect through the season (e.g. as a 128 

consequences of growth); (3) to determine whether Holopedium undergoes compensatory 129 

shifts in absolute biomass of smaller individuals in response to predation (e.g. intraspecific 130 

response or emergent facilitation) and (4) to characterise the net interaction between the 131 

vertebrate predator, perch, and the invertebrate predator Bythotrephes. Our results support that 132 

predation on zooplankton results in shifting prey community species composition, perch and 133 

Bythotrephes largely avoid competition through niche separation and intraguild predation 134 

(IGP) by perch on Bythotrephes is comparatively high.  135 

 136 

Materials and Method 137 

Site description 138 

The enclosure experiments, and field collection for feeding trials, were conducted at an 139 

Experimental Lake Research Area in central Sweden (64°477’N, 19°429’E). Further 140 

particulars about the site are published (Persson et al. 1996).  141 

Enclosure experiment: description of enclosures 142 

Enclosure experiments were conducted in 32 transparent mesocosm enclosures in Lake 143 

Abborrtjärn 3 (AT3) in the summer of 2012. The enclosures had a diameter of 1.6 meter and 144 

were 6.5 meter deep; the volume was 13 m3. Each enclosure was attached to a floating 145 

wooden frame. The frames were placed in two sets each with two rows of eight mesocosms. 146 

There were three pontoons between two of these rows. The distance between the two sets of 147 

pontoons and their attached enclosures was approximately 8 m. Both pontoons were placed in 148 

an east-west position. We used 16 of the 32 enclosures for this experiment, of which 12 were 149 

attached to the first set of pontoons and 4 to the second.  150 

Inoculation of enclosures 151 
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In the last week of May (29-31st May) the enclosures were filled with lake water. The 152 

enclosures were assigned to one of 4 treatments with 4 replicates each. As the primary 153 

question of interest was the fate of and effect of predators in different predator-predator 154 

interactions, the treatments were Bythotrephes only (control), YOY perch only, both 155 

Bythotrephes and YOY perch or both Bythotrephes and 1 year old perch (hereafter OYO 156 

perch). To prevent inoculation of Bythotrephes in the enclosures that were assigned to the 157 

YOY perch only treatment, the lake water was filtered through 50 µm-mesh nylon net. On the 158 

4th of June zooplankton was collected from the lake with a 0.5-mm mesh zooplankton net 159 

(diameter 0.6 m). The zooplankton were inspected for Bythotrephes, and any removed, before 160 

adding to the four enclosures that were assigned to the YOY perch only treatment. This 161 

ensured that the species composition in this treatment was the same as in others other than 162 

receiving no Bythotrephes. One week later (11-12th June) the enclosures were inoculated with 163 

12 YOY perch individuals (YOY perch treatment), 50 Bythotrephes individuals (Bythotrephes 164 

only treatment), both (Bythotrephes and YOY treatment) or 50 Bythotrephes individuals and 165 

two OYO perch (Bythotrephes + OYO treatment). The densities used correspond to 0.9 YOY 166 

perch per m3, 0.15 OYO perch per m3 and 3.8 Bythotrephes per m3.  Two weeks later (26-27th 167 

June) all enclosures containing Bythotrephes were inoculated with an additional 100 168 

Bythotrephes individuals such that the density was 11.5 per m3corresponding to average 169 

natural densities in Lake AT3 at this time of year (12.6 ± 3.3s.e.). Because survival of YOY 170 

perch in the mesocosms is substantially higher than in the lakes, we used a lower initial 171 

density than the average natural density around this time of year (mean 2.7 ± 0.67s.e.) to 172 

capture the average density over the experimental period. Densities of OYO perch were 173 

higher than in the lake, but allowed for death of any one fish of the two per mesocosm. 174 

Sampling enclosures 175 

The first sampling of zooplankton was taken one week after the initial inoculation of perch 176 

and Bythotrephes (on 3-4th July). Thereafter samples were taken once a week for a period of 7 177 

weeks. Bythotrephes were sampled once a week for a period of five weeks starting three 178 

weeks after the inoculation, this was because Bythotrephes densities were too low at the start 179 

of the experiment. At each sampling occasion the position of the thermocline was determined 180 

with a thermistor. Zooplankton samples were taken separately from the epilimnion and 181 

hypolimnion. Because ours and previous experiments showed that epilimnetic and 182 

hypolimnetic samples were qualitatively similar (Wahlström & Westman 1999), we present 183 
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only the epilimnetic data. Zooplankton were sampled with vertical hauls using a 100-µm 184 

mesh net (diameter 0.25 m). Samples were first put in carbonated water 10 seconds to 185 

anesthetise the zooplankton. This prevents the zooplankton from releasing eggs in response to 186 

preservative fluid. After this the zooplankton samples were preserved in Lugol’s solution. In 187 

the laboratory the zooplankton was classified under an Olympus inverted microscope 188 

(magnification 2X). All Holopedium individuals were counted and measured. For each other 189 

taxon a subsample (~1/10 of the sample) was counted and the body length of at least 10 190 

individuals (all, if fewer) was measured.  The lengths were transformed to biomass using 191 

length to weight regressions (Bottrell et al. 1976). Total biomass was calculated per species 192 

and for different size classes. Five size classes were used (1: up to 0.4 mm, 2: 0.4-0.6 mm, 3: 193 

0.6-0.8 mm, 4: 0.8-1.0 mm, 5: >1 mm). The number of eggs per female was counted for 194 

Holopedium. From week three, the full depths of the enclosures were sampled weekly for 195 

Bythotrephes with a 0.5-mm mesh net (diameter 0.6 m). Bythotrephes were counted in the 196 

field and then preserved in Lugol’s solution. At the termination of the experiment (31 July) 197 

the full depth of the enclosures was sampled for YOY perch with a 0.5-mm mesh net 198 

(diameter 1.6 m) to get an estimate about the number of fish that survived. Because only a few 199 

fish were caught this way, one week later (7 August) the enclosures were inspected for 15 200 

minutes each and any fish were caught with a hand net.   201 

 As an estimate of phytoplankton biomass chlorophyll-a content was measured halfway 202 

through (week 4) and at the end (week 7) of the experiment in half of the mesocosm 203 

enclosures. Samples were taken at the thermocline with a Rhuttner water sample after mixing 204 

the water column. From each sample 100 ml was filtered through Whatman GF/C filters. The 205 

filters were dried and frozen until further analyses. The algae on the filters were extracted in 206 

ethanol for 24 hours and the absorbance at 433 and 673 nm was measured in a 207 

spectrophotometer.  208 

Statistical analyses 209 

One of the enclosures (Bythotrephes only treatment) looked less full than the others. During 210 

the experiment we also observed a YOY perch in this enclosure. Based on these two 211 

observations we concluded that there was a hole in the mesocosm. Because of this the data 212 

from this enclosure were removed from the analyses. There were thus 3 replicates for the 213 

treatment with Bythotrephes only and 4 replicates for the other three treatments. 214 
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To investigate whether there was a positive effect of perch on Bythotrephes due to 215 

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

Bythotrephes, the biomass of juvenile and adult Holopedium individuals and the proportion of 217 

fecund Holopedium individuals. Generalized linear mixed models (GLMM’s) with mesocosm 218 

as the random intercept were used. The data were poisson distributed and therefore log-link 219 

functions, or binomial and ratios, were used. Models were tested for overdispersion and if 220 

needed fitted using a quasi-distribution to account for this. Based on the experimental design, 221 

a series of apriori candidate models were selected based on the explanatory variables and their 222 

interactions (e.g. holopedium biomass ~ week, ~ predator treatment, ~ week + predator 223 

treatment, etc). Each candidate model was fitted using maximum likelihood estimation using 224 

the Laplacian approximation. To determine the best predictive model we calculated the 225 

Akaike Information Criteria score for each model, using the best practice for GLMM (e.g. 226 

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

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

significance of effects in the selected best model(s) was then determined with a likelihood 229 

ratio test. A Wald Z-test was used to evaluate the properties of individual coefficients. The 230 

biomass of Holopedium after week 5 of the experiment was very low and therefore week 6 231 

and 7 were not included in the models that tested the effect of treatment on Holopedium 232 

biomass and fecundity. A breakdown of model weights and the selection of the best model(s) 233 

for each analysis are listed in Tables S1 and S2 in the supplementary material. In figures we 234 

present the weekly mean or final number of predators and zooplankton biomass, with bias 235 

corrected and adjusted bootstrapped estimates of treatment confidence intervals based on 236 

1000 resamples. 237 

Multivariate analysis was used to investigate the effects of different predators on the 238 

species and size composition of the zooplankton prey community. This was done with 239 

redundancy analysis (RDA). RDA is an ordination method that is comparable with principal 240 

component analysis (PCA) (ter Braak. 1995). The ordination axes in RDA are, however, 241 

constrained to be linear combinations of the environmental variables (predator treatments). 242 

The axes in RDA thus only reflect the variation that can be explained by the different 243 

treatments. RDA were performed on the biomasses of the most abundant zooplankton species 244 

(Holopedium, Bosmina, Ceriodaphnia, Calanoid copepods, Cyclopoid copepods) and on both 245 

the biomasses of the species and of the size classes for week 4 (halfway through the 246 
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experiment). The results were qualitatively the same in week 2 and week 4. Monte Carlo 247 

permutations (n=1000) were used to assess significance of predator treatments. 248 

All statistical analyses were carried out using R 2.15.1 (R Core Team. 2012). 249 

GLMM’s were fitted in the package glmmADMB version 0.7.2.12 (Skaug et al. 2012). 250 

Redundancy analyses were conducted using the package vegan version 2.0-5 (Oksanen et al. 251 

2012). 252 

Instantaneous attack rates of Predators on Prey 253 

Maximum Instantaneous attack rates were estimated by examining the relationship between 254 

prey consumption and prey density by estimating the best fit parameters from the data to 255 

describe a type II Hollings functional response equation (Hjelm & Persson 2001). The 256 

functional response equation for perch feeding on Holopedium was formulated to estimate the 257 

maximum instantaneous attack rate a for each predator size class. No account was made for 258 

prey depletion as Holopedium densities were very high and only the data from the first 5 prey 259 

items were used. Model parameters were estimated using non-linear regression. For the 260 

functional response equation for perch feeding on Bythotrephes, prey densities are low and 261 

depletion is likely. Therefore the Rogers random-predator equation was used to estimate 262 

attack rate, a, in L/s; predator and prey densities are per unit Litre (Bolker 2008). Model 263 

parameters were estimated using a maximum likelihood function (R function “mle2” in 264 

package “bbmle” version 2.12.2). All model fitting exercises were carried out using R 2.15.1 265 

(R Core Team. 2012).  266 

Attack rates of Bythotrephes on zooplankton were measured insitu lake AT3 in 2011-2013 267 

using two Paired-Schinder Patalis plankton chambers (Aquatic Research Instruments, Hope, 268 

ID, USA) (Vanderploeg, Liebig & Omair 1993). An average per capita capture rate (L/s) of 269 

Bythotrephes on the five most common zooplankton species was calculated by estimating the 270 

per capita reduction in zooplankton abundance per unit time in the chamber where 271 

Bythotrephes were released compared to the predator free paired control. The experiments ran 272 

between 4 and 20 hours between early June and late August in each year at a range of 273 

predator densities as appropriate for that time of year in lake AT3 (0.16-0.66 Bythotrephes/L) 274 

at natural prey densities.  275 

 276 
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Results 277 

Predator – Predator interactions 278 

Bythotrephes densities were highest in the Bythotrephes alone treatment, first 279 

increasing to 9.1 individuals per m3 in week 5 (95%CI=6.5-10.9, GLMM Wald Z=3.36, 280 

P=0.0008) before the densities decreased. In the YOY perch + Bythotrephes treatment, 281 

Bythotrephes decreased from 4.7 individuals per m3 in week 3 (95% CI=4.1-5.6) to only 1.5 282 

individuals per m3 (95% CI=0.3-3.1 GLMM Wald Z=-3.35, P=0.0008) in week 6. In the 283 

treatment with OYO Perch and Bythotrephes, excluding one outlier, there was no significant 284 

increase/change in Bythotrephes density in the OYO perch treatment from week 3-6 (2.4 285 

individuals per m3 over the same period GLMM Wald Z=-0.06, P=0.95, Figure 1).   286 

At the end of the experiment the number of YOY perch that were caught back was 287 

significantly lower in the treatment with Bythotrephes than in the YOY perch alone treatment 288 

(ANOVA, F1,6=10.57, P<0.02, YOY perch alone on average 3.5 fish (± 1 standard deviation 289 

(sd)), YOY perch + Bythotrephes on average 1.25 fish (± 0.96 sd) per mesocosm). 290 

Maximum attack rates of perch on Bythotrephes estimated from individual based experiments 291 

peaked with 55mm sized perch at 0.6L/s (Table 1).  292 

Size-dependent predator effects on prey community 293 

There was a clear seasonal change in the size composition of the zooplankton communities in 294 

the YOY perch treatment as the fish grew, and also in the Bythotrephes alone treatment as 295 

their densities increased (ANOVA, F7,97=12.53, P<0.001, Figure 2a and b). At the start of the 296 

experiment in the YOY alone treatment there was a dominance of large prey biomass 297 

(0.76±0.2 sd mm) and overall large biomasses (104 ug L-1 ± 63 sd, week 2). By week 4 298 

overall numbers of zooplankton were reduced (27 ug L-1 ±11 sd), particularly the biomass of 299 

large individuals, and the biomass of small individuals (≤0.75 mm) became dominant 300 

(0.46±0.17 s.d. mm, week 4). In the Bythotrephes only treatment there was a maintained or 301 

increasing predation pressure on small individuals (0.72 ±0.3sd mm at week 2, 0.81±0.2 sd 302 

mm at week 4, Figure 2), zooplankton were heavily suppressed (62 ug L-1 ±5.6 sd at week 2, 303 

25 ug L-1 ±5.6sd at week 4), and the large individuals dominated the biomass (Figure 2b). 304 

There was no significant difference in the total biomass of large or small individuals in any 305 
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week in the OYO + Bythotrephes treatment (ANOVA, OYO:week interaction, t3,6= 1.224, 306 

P>0.22, Figure 2b).  307 

 308 

Emergent facilitation 309 

Adult Holopedium biomass decreased after the second week of the experiment (Figure 310 

3a). In the YOY perch only treatment the biomass was more than 3.3 times higher than in 311 

other treatments at that point (95% CI of difference =0.97 – 11.46, GLMM Wald Z=1.92, 312 

P=0.055). After the third week the biomass of adult Holopedium continued to decrease in the 313 

OYO perch, the YOY perch only and the Bythotrephes + YOY perch treatments.  314 

After an initial increase in the biomass of juvenile Holopedium, biomass decreased rapidly in 315 

all treatments (Figure 3b). In the second and third week of the experiment the juvenile 316 

Holopedium biomass was 2.7 times higher in the YOY perch only treatment compared to the 317 

other treatments (95% CI=1.69 – 4.44, GLMM Wald Z=4.1, P<0.001). The biomass of 318 

Holopedium juveniles consistently decreased from week 2 onwards in all mesocosms and 319 

disappeared completely after the fifth week of the experiment. 320 

In the invertebrate predator treatment (Bythotrephes only) adult and juvenile 321 

Holopedium biomass was significantly reduced at the onset of the experiment (i.e. Figure 3, 322 

week1), despite total zooplankton biomass being similar across all treatments (ANOVA on 323 

total zooplankton at week 1, F2,11=2.007, P>0.15, Figure S3). The Bythotrephes only 324 

Holopedium biomass recovered to levels seen in other treatments containing Bythotrephes in 325 

week 2 (ANOVA, F=1.62,9, P>0.2), and thereafter declines as in all other treatments. 326 

In all treatments the proportion of fecund Holopedium decreased after the second 327 

week, on average by 60% (95% CI=33% - 77%, GLMM Wald Z = -3.44, P<0.001). In the 328 

YOY perch only treatment and the OYO perch treatment the proportion fecund females were 329 

lower compared to the Bythotrephes only treatment (85% lower in the YOY perch only 330 

treatment (95 % CI =70 – 92%, GLMM Wald Z = -5.46, P<0.001), 45% lower in the perch 331 

80+ treatment (95% CI=16 – 65%, GLMM Wald Z = -2.74, P=0.006) compared to 332 

Bythotrephes alone in week 2). In the fourth week there were no fecund individuals in the 333 

YOY perch only and the OYO perch treatment. There was a significant difference in the 334 

number of eggs per fecund female between predator treatments, but only for Holopedium in 335 
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the YOY alone treatment where we found lower fecundity than all other treatments at week 2 336 

(Linear mixed effects model with poisson error: #Eggs/female per predator treatment; 337 

Χ
2=31.282,5, P<0.001). This difference in fecundity was not sustained from week 3 and 338 

onwards. 339 

Maximum attack rates (Litres of lake water cleared per second) of perch on adult Holopedium 340 

were not affected by predator body size above a threshold of 25mm (ANOVA: L/s ~body 341 

length; F=1.131, 397, P>0.25).  Juvenile perch <25mm could not consume adult Holopedium. 342 

Perch attack rates on Holopedium peaked at 0.1L/s at a 100mm body size (Table 1). 343 

Maximum Bythotrephes attack rates on all zooplankton were 0.007 L/s (Table 1), with attack 344 

rates on Bosmina, Holopedium and copepods being 0.008, 0.005 and 0.004 L/s respectively 345 

(Table 1). 346 

Community effects 347 

The species composition changed over the course of the experiment and was different among 348 

different predator treatments (Figure 5). There were some clear seasonal patterns across all 349 

treatments. Holopedium was abundant in all treatments near the beginning of the experiment, 350 

especially in the YOY perch only treatment. In the second half of the experiment, however, it 351 

disappeared from the mesocosms. Ceriodaphnia quadringula, in contrast, was almost absent 352 

early in the experiment but was highly abundant at the end. Overall there were contrasting 353 

effects of either YOY perch or Bythotrephes as predators (MANOVA on cladoceran vs 354 

copepod biomass in Bythotrephes alone vs. YOY alone; appx. F= 33.421,52, P<0.0001). In the 355 

treatment with only YOY perch there were relatively many cladocerans (pink, orange and 356 

yellow in Figure 4) and relatively few copepods (blue and green bars in Figure 4). In contrast, 357 

when Bythotrephes was present there were relatively many copepods and few cladocerans in 358 

the mesocosms. The MANOVA demonstrates that any shift in the proportion of copepods in 359 

the zooplankton communities is driven by changes in cladoceran biomass (MANOVA output 360 

on response of total copepod biomass to predator*week; appx. F=1.073,104, P>0.3). 361 

An RDA ordination of week 4 zooplankton species biomasses (halfway through the 362 

experiment, results were qualitatively similar in weeks 2-4 when Holopedium densities 363 

remained high) showed that 80% of the variance in the species composition could be 364 

explained by predator treatment (Figure 5a). Considered separately, the first axis of the 365 

species-based RDA plot explained 60% of the variance (RCA1), the second axis 15% 366 



13 

 

(RCA2). The first axis was mainly related to Bosmina longirostis, Ceriodaphnia and the 367 

copepods while the second axis was mainly related to Holopedium biomass. Predator 368 

treatment was highly significant (Monte Carlo permutation test P=0.001). The species 369 

composition of the YOY perch only treatment was dominated by Ceriodaphnia and Bosmina. 370 

In contrast, the species composition in all the treatments with Bythotrephes present was 371 

dominated by calanoid and cyclopoid copepods. The Bythotrephes only treatment had a 372 

relatively high abundance of Holopedium and calanoid copepods and the RDA plot shows that 373 

these are negatively correlated with Bosmina biomasses. The combined YOY perch and 374 

Bythotrephes treatment was more similar to the Bythotrephes alone treatment on the RCA1 375 

axis (Figure 5a). 376 

An RDA ordination of zooplankton species and size class biomasses in week 4 showed that 377 

predator treatment explained 78% of the variance in size and species composition (Figure 5b), 378 

and was highly significant (Monte Carlo permutation test P=0.001). Considered separately, 379 

the first axis of the RDA ordination plot explained 56% of the variance (RCA1); the second 380 

axis explained 16% (RCA2). Holopedium was correlated with the largest size class, while 381 

Bosmina was correlated with the two smallest size classes. The YOY perch only treatment 382 

was dominated by Bosmina and small individuals while the Bythotrephes only treatment was 383 

dominated by Holopedium and large individuals. The other two treatments were dominated by 384 

calanoid copepods and individuals of average size.  385 

Phytoplankton in Mesocosm Experiments 386 

There was no significant difference between the chlorophyll-a content between the different 387 

predator treatments (F3,12=0.9206, p=0.46, mean=0.88, std=0.31). 388 

Results summary 389 

Our main result was that YOY perch switched from negative to positive size selective 390 

predation as they grow while Bythotrephes negatively size selected for smaller prey. The 391 

effects of OYO perch were unclear. Increased juvenile or total biomass of Holopedium in 392 

response to predation was not found, and we saw no competitive release of female fecundity. 393 

Our community analysis demonstrated how the predation generated changes in prey 394 

community size structure were largely caused by species specific changes in the community 395 

composition. Perch, once greater than 25mm length, were formidable predators of 396 

Bythotrephes. 397 
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Discussion 398 

Bythotrephes and YOY perch fed on differently sized prey, a necessary condition for 399 

positive effects between them via intraspecific or interspecific processes. However, a main 400 

result is that despite this the population growth of Bythotrephes was highest when on its own 401 

without perch. There was also a lower number of YOY perch in the YOY + Bythotrephes 402 

mesocosms at the end of the experiment than the YOY alone. The effect of the two predator 403 

species on the species composition of their prey communities was markedly different. We 404 

shall discuss these results firstly in light of intraspecific or interspecific responses of the prey 405 

communities to predation and the interactions between differently sized predators, and 406 

secondly what these results say about the likelihood for emergent facilitation across animal 407 

communities in general. 408 

 409 

Exploring intraspecific responses of prey communities to multiple predation 410 

While Huss and Nilsson (2011) found that positive size-selective mortality of a 411 

zooplankton community using a size-selective net increased the biomass of juvenile 412 

Holopedium, leading to increased Bythotrephes population growth rate, we did not. There are 413 

several reasons why we can expect different results with live predators: (1) a single net 414 

predation event occurred at the beginning instead of continuous predation, (2) the net was 415 

constrained to cause high mortality on large Holopedium and (3) netting was carried out once 416 

the prey population growth rate was limited by high densities. We shall discuss each of these 417 

points that lead us to refute that responses of the prey community to perch predation were 418 

dominated by intraspecific responses in Holopedium. 419 

First, the intensity of fish predation on zooplankton generally changes over season as a 420 

result of the dynamics of recruiting YOY cohorts (Gliwicz & Pijanowska 1989), but is always 421 

present to some extent. Moreover, strong between year variation in predation on zooplankton 422 

may be present as a result of variation in mortality rates of YOY fish. For example, YOY 423 

perch mortality in the studied lakes may vary as much as 50 times between years as a result of 424 

variation in cannibalism (Persson et al. 2004). Although a single pulsed net predation event 425 

represents an extreme form of mortality, we suggest that such a mortality event captures the 426 

situation only in years with very high YOY fish mortality, and hence that the extent to which 427 

intraspecific overcompensation is present in the system may vary between years. The 428 
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continuous predation in the current experiment may prevent or reduce the effects of any 429 

intraspecific response that might occur in a pulsed experiment. 430 

 Second, while our estimated attack rates of perch on Holopedium were lower than those 431 

estimated on Bosmina or Daphnia by 50-100mm perch (e.g. 0.06-0.1L/s vs. 0.24-0.45L/s), 432 

they were similar to attack rates on copepods where clear ecological responses of predation 433 

are well documented (Persson 1987; Persson & Greenberg 1990; Bystrom & Garcia-Berthou 434 

1999). However, the net was a less efficient predator of other zooplankton prey species and 435 

indeed Huss and Nilsson found no evidence of zooplankton community composition changes 436 

in their study (n.b. excluding rotifers (Huss & Nilsson 2011)). Live predators are not 437 

constrained to feed only on large adult Holopedium and as we discuss in later sections, have 438 

significant effects on prey community structure as a consequence. 439 

Third, in the experiment by Huss & Nilsson (2011), the Holopedium populations grew 440 

without predation for several weeks and the net predation occurred once the Holopedium 441 

population densities were high. This is in contrast to our experiment where prey and predators 442 

were introduced to the mesocosms almost simultaneously, similar to how they emerge 443 

seasonally in nature. While adult Holopedium biomasses peaked at similar densities in the two 444 

experiments, it was only after the net predator had invaded the community to remove large 445 

Holopedium that Bythotrephes was added. We suggest that the constant presence of predators 446 

in our experiment, whether they affect Holopedium directly or not, leads to transient dynamics 447 

in the Holopedium population structure with juvenile biomasses of up to 50% of the adult 448 

population. This suggests that Holopedium females were not resource limited during this 449 

period. More explicitly, we found no evidence of increased per capita or proportion of 450 

population fecundity in Holopedium populations from any treatment in response to time 451 

exposed to predation. We similarly found no increase in juvenile:adult ratio of other 452 

zooplankton species exposed to predation by perch. Therefore the mechanism that was 453 

proposed to lead to overcompensatory biomass responses of zooplankton to predation, 454 

through release of adults from competition and a subsequent increase in individual and 455 

population fecundity, did not occur in any of the perch treatments.  456 

 457 

Interspecific community responses – community compensation 458 
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We have established that there are significant shifts in the size structure of 459 

zooplankton prey communities caused by size-selective predation, as evidenced by the 460 

shifting dominance of biomass to large or small individuals. We also established that the size 461 

structured changes observed are not likely to have been caused by intraspecific compensatory 462 

responses within individual prey species. Instead, predation effects on size distributions of 463 

prey are more parsimoniously explained by shifts in the competitive dominance of differently 464 

sized zooplankton species (Paine 1966; Dodson 1974), or through the interaction of predation 465 

effects and seasonal succession as also identified in phytoplankton communities (Hansson, 466 

Bergman & Cronberg 1998). Including individual body sizes of prey did not improve on a 467 

model that contained only species labels due to the high correlation between them. Prey body 468 

mass is often said to be an important factor determining susceptibility of a prey to a certain 469 

predator, e.g. (Brose et al. 2006). We do not refute this, but we found that prey body size 470 

variation was largely reflected in species variation.  471 

On their own, Bythotrephes and YOY perch had markedly different effects on the prey 472 

species composition. Bythotrephes selected against small cladocerans, Bosmina in particular. 473 

We see this in both the species composition RDA and the size frequency histograms where 474 

there is a selection against 0.5-0.6mm zooplankton corresponding to these small cladocerans. 475 

That the seasonal switch of late-season dominance to small cladocerans is entirely driven by 476 

Ceriodapnia in the presence of Bythotrephes, but otherwise by both Bosmina and 477 

Ceriodaphnia, is further evidence of this. Our attack rate estimates from in situ chambers 478 

supports Bosmina as a preferred prey for Bythotrephes in our study lakes. In its North 479 

American invasive range the consensus is that Bythotrephes causes large reductions in mainly 480 

small cladoceran zooplankton as we found here (Vanderploeg, Liebig & Omair 1993; 481 

Dumitru, Sprules & Yan 2001). In this mesocosm study YOY perch largely select against 482 

copepods. At the smaller YOY sizes examined, and certainly in systems where larger 483 

Daphnia spp. are not common, copepods are found to be an important food source for YOY 484 

European and Yellow perch (Perca flavescens) (Wang & Appenzeller 1998; Bystrom & 485 

Garcia-Berthou 1999; Persson et al. 2000).  486 

The species composition of YOY perch + Bythotrephes treatment and larger juvenile 487 

OYO perch + Bythotrephes treatment were very similar halfway through the experiment at 488 

weeks 4 and 5 (delineated together in the RDA plots), which suggests that both larger YOY 489 

and OYO perch had a similar effect on the zooplankton community.  From other experiments 490 
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it is known that juvenile perch predate larger copepods and cladocerans in addition to more 491 

preferred prey (Persson 1987; Persson & Greenberg 1990; Nunn, Tewson & Cowx 2012). The 492 

juvenile OYO perch + Bythotrephes treatment has the strongest negative correlations with 493 

Bosmina and Holopedium and positive correlations with copepods. We interpret this as OYO 494 

perch not being such efficient predators on copepods as YOY perch. However, without an 495 

adequate control it is difficult to quantify the effects OYO perch have on the zooplankton prey 496 

community that is different from YOY perch.  497 

We found a clear predation effect of YOY perch on copepods when Bythotrephes was 498 

not present. However, copepod biomasses were higher in treatments with Bythotrephes (up to 499 

x25 greater calanoid copepod biomass in the two multiple predator treatments). It appears that 500 

the predation effect of perch on copepods was much smaller in the presence of Bythotrephes. 501 

The most parsimonious explanation for the high density of copepods despite perch predation 502 

is competitive release in the presence of Bythotrephes. Because of the lower densities of 503 

cladocerans due to strong predation by Bythotrephes, especially of Bosmina (e.g. in week 5 504 

Bosmina densities were 12.15 µg/L (5.7 std) in the YOY only treatment, compared to 0.39 505 

µg/L (0.4 std) in the treatment with YOY Perch and Bythotrephes) this is likely to increase the 506 

growth, survival and fecundity of the copepods (Vanni 1986; Sommer et al. 2001).  507 

Our results highlight the importance of taking into account invertebrate predator 508 

effects in aquatic community structure (Brooks & Dodson 1965; Dodson 1970; Dodson 509 

1974). It is often assumed that the structure of aquatic prey communities are determined by 510 

fish predation, but here we have shown that while fish predation always reduced the mean 511 

size of zooplankton, the species composition that led to those size distributions differed when 512 

invertebrate predators were present (Lane 1979; Hoffman, Smith & Lehman 2001; Gal et al. 513 

2006; Bunnell et al. 2011). While individual consumption rates by YOY perch are 6 times 514 

that of Bythotrephes (0.05 vs. 0.008 L/s), Bythotrephes are 6 times more abundant on average 515 

than the highest observed YOY perch density across our study lakes (19.7 vs. 3.49 /m3). This 516 

results in a high population level predation effect and is evident from the higher suppression 517 

of zooplankton densities in the Bythotrephes alone treatment. Unlike vertebrate predators, 518 

Bythotrephes has very high investment in large clutches of large offspring (c.70% adult size at 519 

birth) and consume up to 40% of their lifetime prey consumption during their pre-adult stages 520 

with each individual killing 60-300 small cladocerans per day (Yurista & Schulz 1995). 521 
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 522 

Predator-predator interactions and the likelihood of emergent facilitation in animal 523 

communities 524 

This study presents the first estimates of natural consumption rates of Bythotrephes by 525 

juvenile fish from native European lakes. The most parsimonious explanation for reduced 526 

invertebrate predators, IGP, is likely given our estimated attack rates of 20-100mm perch on 527 

Bythotrephes. At average lake densities of 5-10 Bythotrephes/m3, juvenile perch can clear the 528 

epilimnion volume of one mesocosm of Bythotrephes in 72 hours (N.B. assuming no 529 

alternative prey). On its own this is not evidence that interspecific facilitative interactions via 530 

shared prey could not operate. But it is evidence that in natural systems where such 531 

facilitative mechanisms were operating, IGP could cancel any positive effect on the growth, 532 

survival and fecundity of smaller predators. As we only have a simple measure of YOY 533 

success we cannot easily distinguish between YOY mortality caused by competition or other 534 

interactions with Bythotrephes. Competition between Bythotrephes and juvenile fish is a 535 

major concern where it has invaded non-native habitats in North America (Hoffman, Smith & 536 

Lehman 2001; Yurista et al. 2010); but we instead propose the question of why such complex 537 

fish communities as in the North American great lakes do not reduce Bythotrephes densities 538 

via the high IGP predation rates we observed in this study? 539 

 540 

The role of IGP on the likelihood of emergent facilitation to occur across animal communities 541 

remains unexplored in theoretical approaches that otherwise predict the importance of 542 

emergent facilitation in predator coexistence and extinction cascades in top predators.  Body 543 

size ratios between size at birth and maturation of prey species, and between predators and 544 

prey can be used to ascertain the likelihood of conditions promoting emergent facilitation and 545 

IGP occurring simultaneously. A crude consideration of this based on parameters summarised 546 

by Peters (Peters 1983) and confirmed by later reviews and analyses (Brose et al. 2006; 547 

Barnes et al. 2010; De Roos & Persson 2013) suggests where prey neonate-maturation body 548 

mass ratio’s vary from 0.08-0.0001 and average predator-prey body mass ratios vary from 549 

0.1-0.02 across a wide variety of taxa, predators on immature prey will always be vulnerable 550 

to predators large enough to consume adult prey as they will fall within 10-0.1% of the mass 551 

of large predators. Emergent facilitation therefore is more likely to be found where gape size 552 
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is less important or feeding mechanisms are highly specialist. We suggest two systems that fit 553 

these criteria where research into emergent facilitation could be undertaken. Firstly in insect 554 

communities with strong intraspecific interactions between prey stages and where natural 555 

enemies are often highly specialist in their mode of feeding (e.g. parasitoids vs. Anthocordids) 556 

(Cameron et al. 2007a; Cameron et al. 2007b). Here parasitoids of eggs or juvenile prey can 557 

facilitate predators of later stages without direct interactions between predators. Secondly 558 

negative density dependent effects on growth, reproduction, and post-settlement survival is 559 

widespread in intertidal bivalve beds (Kristensen 1957; Jensen 1992; Jensen 1993). Predation 560 

by birds on bivalves is often size-selective with specialists on large adults or small juveniles 561 

(Sutherland 1982; Zwarts & Blomert 1992) and effects of food limitation on winter survival 562 

and breeding success of bivalve feeding shore birds is well recorded (Atkinson et al. 2003). 563 

IGP will not occur between different shorebird species, indeed while feeding occurs on the 564 

same bivalve beds it can be seasonally separated, so facilitative interactions could well have 565 

positive population scale effects.  566 

 567 

Conclusion 568 

Our research shows that the interaction between juvenile perch and Bythotrephes is 569 

negative and can be explained by IGP. Although we found that the two predators prefer 570 

different prey sizes, we found no evidence of intraspecific responses of prey through size-571 

selective predation by perch on Holopedium. Instead our results support predators having 572 

species specific prey preferences, and that these preferences have clear effects on the seasonal 573 

succession of prey community composition. The interaction between two predators that share 574 

the same prey community can be complicated by IGP and complex interspecific responses. 575 

We look to communities where IGP is less likely to occur between predators of large and 576 

small prey as systems where emergent facilitation could occur.  577 
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Table S1: Breakdown of model selection and Akaike weights for Bythotrephes abundance 760 

Table S2: Breakdown of model selection and Akaike weights for Holopedium analysis 761 

Figure S1: Full time series of prey size frequency histogram per predator treatment 762 

Figure S2: Full time series of small and large prey biomass per predator treatment 763 

Figure S3: Full time series of total zooplankton biomass per predator treatment 764 
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Figure legends 767 

Figure 1. Mean number of Bythotrephes per m3 volume per predator treatment from weeks 3-768 

7. Error bars are bias corrected and adjusted bootstrapped 95% confidence intervals of the 769 

mean (n=1000), and those that do not overlap the mean of a comparable treatment can be 770 

considered statistically different at α = 0.05. 771 

Figure 2. Plots of the a) size frequency of individual zooplankton per treatment and b) mean 772 

biomass (micrograms/litre) of small (≤0.75mm) or large (>0.75mm) body sized prey for 773 

weeks 3-5. Full plot of distributions in weeks 1-7 can be found in supplementary online 774 

material. Error bars on biomass plots are bias corrected and adjusted bootstrapped 95% 775 

confidence intervals of the mean (n=1000), and those that do not overlap the mean of a 776 

comparable treatment can be considered statistically different at α = 0.05.  777 

 778 

Figure 3. Mean biomass (micrograms/litre) of a) adult or b) juvenile Holopedium per 779 

predator treatment from weeks 1-7. Error bars are bias corrected and adjusted bootstrapped 780 

95% confidence intervals of the mean (n=1000), and those that do not overlap the mean of a 781 

comparable treatment can be considered statistically different at α = 0.05. 782 

Figure 4. Barchart of the mean absolute biomass per predator treatment each week and the 783 

community composition of that biomass. Copepods are dived into two main taxonomic 784 

groups; calanoids and cyclopoids. 785 

Figure 5. Plots of community species composition per mesocosm halfway through the 786 

experiment (week 4) colour coded by predator treatment, along two redundancy analysis axes. 787 

In plot a) the axes are constrained to the variance in species composition explained by 788 

treatment and in plot b) to the variance in species and body size composition explained by 789 

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

increased calanoid copepod biomass).  791 
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Table 1. Summary of the average of maximum capture/attack rates either calculated from raw 794 

capture data (*) or estimated attack rates from fitting functional response model to raw 795 

capture data. Mean across all predator sizes is shown. Standard Errors are shown unless 796 

otherwise stated (CI= 95% confidence interval). Perch attack rates estimated using Hollings 797 

Type IIa or Rogers random predation equationb (average over all sizes, see methods). Perch 798 

attack rates on Bosmina c and copepods (Cyclops sp. d) taken from (Wahlström et al. 2000) 799 

and (Persson 1987) respectively. Attack rates of perch larvae and small juveniles/YOY on 800 

Bythotrephes or copepods are unknown. Prey selectivity experiments show that small juvenile 801 

perch have strong positive selection for copepods over cladocerans in the 12-25mm size class 802 

(Fulford et al. 2006; Huss, Persson & Bystrom 2007). 803 
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Figure 3b 861 
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Table 1 915 

 916 

 Average Capture/ Attack Rate on Prey 

 

Predator 

 

Holopediuma 

 

Bythotrephesb 

Small Cladoceranc 
(e.g. 0.5mm 
Bosmina) 

 

Copepods 

Bythotrephes* 0.005 L/s ± 0.001 - 0.008 L/s ± 0.001 0.004 L/s ± 0.001 

YOY Perch (12-
30mm) 

zero 0.215 L/s ±0.04 
(only 24mm+) 

0.05 L/s c - 

OYO (45-
100mm) 

0.06 L/s ± 0.006 0.41 L/s ±0.05 0.15 L/s c 0.04 L/s ± 
0.02(CI) d 
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Figure 4 (greyscale) 934 
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