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ABSTRACT 12 

Artificial structures can protect fish against predation by cormorants. However, their 13 

effectiveness in larger water bodies with different fish communities in the presence of 14 

natural vegetation still needs to be explored. Using a large scale field experiment with 15 

twenty-four ponds stocked with differently composed fish communities, the present study 16 

investigates the extent to which the effect of artificial refuges on fish is species-specific and 17 

determined by the characteristics of the fish community. This study provides strong 18 

experimental evidence for artificial refuges protecting fish against predation by cormorants, 19 

even in the presence of submerged vegetation. The effect of the refuges was, however, 20 

highly species-specific and depended on the composition of the fish community. Strong 21 

positive effects of refuges on rudd and roach populations were observed, especially in ponds 22 

where these species dominated from the start of the experiment. Overall, the total biomass 23 

of young-of-the-year, one-year-old and adult rudd and roach was on average 500, 7 and 15 24 

times lower in ponds without than in ponds with refuges, respectively. No effect of artificial 25 

refuges on other fish species were found. This study indicates that artificial refuges can 26 

facilitate the coexistence of predation vulnerable fish populations with cormorants in lakes 27 

and ponds.  28 
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INTRODUCTION 32 

Cormorants (Phalacrocorax spp.) are known as efficient, opportunistic piscivores (Casaux et 33 

al. 2009; Santoul et al. 2004) that are not limited to shallow littoral zones, but also efficiently 34 

exploit benthic and pelagic habitats in both marine and freshwater ecosystems (Grémillet et 35 

al. 1998; Grémillet et al. 1999; Nelson 2005). The remarkable recovery of cormorant 36 

populations in many parts of the world is often considered a great success in terms of nature 37 

conservation (Young et al. 2010). Yet, their successful comeback fuels conflicts between 38 

different stakeholder groups worldwide (Žydelis & Kontautas 2008; Carss et al. 2009; 39 

Marzano et al. 2013; Kloskowski 2011).  40 

Currently, there exists a highly polarized debate on the extent to which cormorants affect 41 

fish communities. Multiple investigations show that predation by cormorants has no or only 42 

marginal effects on fish communities (Engström 2001; Dalton et al. 2009; Barks et al. 2010; 43 

Östman et al. 2012). Other studies suggest that cormorants affect local fish populations 44 

negatively (Winfield et al. 2002; Rudstam et al. 2004; Steffens 2010; Salmi et al. 2015). 45 

Cormorants have since long been held accountable for considerable economic and socio-46 

cultural losses at aquaculture facilities and recreational fisheries (Lekuona 2002; Russell et 47 

al. 1996; Feltham et al. 1999). To what extent and under which circumstances this is most 48 

likely to occur, remains, however, largely unclear (Doucette et al. 2011).  49 

Cormorants are not only able to reduce fish community biomass, but may also alter the 50 

species and size-class composition through selective predation. Fish species vary in 51 
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vulnerability to predation, as a result of differences in body size, habitat use and anti-52 

predator behavior (Cosolo et al. 2010; Suter 1997). Small fish (<15 cm) are more susceptible 53 

than large fish and typically tend to dominate the diet of cormorants foraging in standing 54 

water (Emmrich & Düttmann 2011; Suter 1997; Troynikov et al. 2013; Diana et al. 2006). 55 

Especially small percids and cyprinids are known to be particularly vulnerable to predation 56 

by cormorants (Suter 1997; Salmi et al. 2015; Östman et al. 2012; Skov et al. 2014). 57 

Physical habitat structure is known to protect prey against predation (Putman 1994; Ellner et 58 

al. 2001). For example, macrophyte vegetation has been shown to reduce the foraging 59 

efficiency of cormorants (Eisenhower & Parrish 2009) by reducing the access to fish 60 

(Grémillet & Wilson 1999). Man-made structures may also provide shelter from predation 61 

(Orpwood et al. 2010). During recent decades, there is a growing interest in the use of 62 

artificial refuges to reduce fish stock losses by cormorants (McKay et al. 2003; Russell et al. 63 

2008; Orpwood et al. 2010; Russell et al. 2012). So far, experiments with artificial refuges 64 

have been promising (Russell et al. 2008; Russell et al. 2003), but remained limited to 65 

relative small ponds devoid of submerged vegetation. The effectiveness of refuges in the 66 

presence of aquatic vegetation still remains to be explored. As vegetation provides natural 67 

shelter for fish during the growth season, it may render artificial refuges superfluous. 68 

Furthermore, there are several other factors that may complicate the efficacy of refuges. For 69 

example, the extent to which fish use shelter may be largely determined by the presence of 70 

piscivorous fish. Jacobsen and Perrow (1998) showed experimentally that the presence of an 71 

ambush predator, such as pike (Esox lucius L.), can reduce the use of macrophytes as shelter 72 

by roach (Rutilus rutilus L.). If such behavioral response results in an increased exposure to 73 

cormorants, we expect that the presence of pike will reduce the protective effect of refuges. 74 

Furthermore, cormorants are highly mobile predators capable of actively selecting the most 75 
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suitable foraging sites in a large area (Russell et al. 2003; Draulans 1987; Kumada et al. 2013; 76 

Bugajski et al. 2012). Predation pressure by cormorants, and the potential of refuges to 77 

protect their prey, may therefore be more pronounced in ponds with high compared to low 78 

densities of suitable prey. 79 

In this study, we tested how efficiently artificial refuges can protect fish against predation by 80 

cormorants in small, shallow ponds with natural macrophyte vegetation. Furthermore, we 81 

aimed to gain insight into the factors that may determine this refuge efficiency. Our 82 

hypothesis is that the extent to which artificial refuges protect fish against predation by 83 

cormorants is species-specific and largely determined by the characteristics of the fish 84 

community itself. We postulate that refuges are more effective in protecting small fish 85 

species compared to larger species due to negative size-selective predation by cormorants. 86 

Furthermore, due to the ability of cormorants to select for sites with high prey availability, 87 

we expect refuge effects to be more pronounced in ponds with high densities of vulnerable 88 

fish species. Finally, we hypothesize that the efficiency of refuges is lower in the presence of 89 

piscivorous fish because of increased use of open water by prey fish to avoid predation by 90 

predatory fish. To test these hypotheses, we conducted a large scale, well-replicated whole-91 

pond experiment in which we manipulated the fish community composition of 24 shallow 92 

ponds by drainage and subsequent restocking with four differently composed fish 93 

communities; (1) small-sized planktivorous species only, (2) larger sized benthivorous species 94 

only, (3) a combination of small-sized planktivorous and larger sized benthivorous fish , and 95 

(4) a combination of both in the presence of piscivorous fish. Half of the ponds of each fish 96 

stock treatment were provided with artificial refuges. 97 
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METHODS 98 

Study area 99 

The pond experiment was performed in the region “Vijvergebied Midden-Limburg”, situated 100 

in the North-eastern part of Belgium (50° 59' 00.92" N; 5° 19' 55.85" O and surroundings), 101 

and part of "De Wijers" area. The region comprises more than 1000 shallow ponds, many of 102 

which originated from the extraction of iron ore (between 1850 and 1900) and peat (until 103 

1930). Additional ponds were created after 1950 for the purpose of fish farming. Most ponds 104 

are interconnected by a complex network of rivulets. Although a majority of ponds is 105 

nowadays protected by national and international legislations (Natura 2000 status, Birds 106 

directive [79/409/EEC] and Habitats directive [92/43/ECC]) and managed for purposes of 107 

nature conservation, fish farming is still an important local practice that creates a substantial 108 

income for multiple family enterprises. Current fish farming activities are strongly directed 109 

towards farming of common carp (Cyprinus carpio L.), but also involve other species, such as 110 

rudd (Scardinius erythrophthalmus L.), roach (Rutilus rutilus L.), ide (Leuciscus idus L.), tench 111 

(Tinca tinca L.) and perch (Perca fluviatilis L.).  112 

According to annual bird counts (Devos et al. 2011), the number of cormorants in the region 113 

has remained relatively constant during the latest decade (250-300 individuals during winter 114 

period). Although Vijvergebied Midden-Limnburg is frequented by cormorants throughout 115 

the year, cormorant numbers tend to be considerably higher during the winter period when 116 

migrant birds visit the region. Currently, there is a relatively small breeding colony in 117 

Vijvergebied Midden-Limburg (approximately 15 breeding pairs). The extent to which 118 

predation by cormorants affects fish stocks in the area is strongly debated.  119 
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Experimental design 120 

We drained twenty-four former fish farming ponds (ranging in size from 0.239 to 2.224 ha) 121 

during autumn 2008 and removed the resident fish communities. The ponds were 122 

subsequently refilled in early spring 2009. During refilling, fine mesh stainless steel grids (2 123 

mm) were placed at the inlets to minimize the entrance of wild fish. After filling, all 124 

hydrological connections with rivulets and other ponds were closed. We stocked the ponds 125 

in early March 2009 with four differently composed fish communities, all with a total initial 126 

biomass of 100 kg ha-1. Fish treatments were defined as (1) small planktivorous fish only 127 

(adult rudd and roach, one year old ide and small perch, PL); (2) benthivorous fish only (one 128 

year old common carp, B); (3) planktivorous and benthivorous fish (50 kg ha-1 of each, PL+B); 129 

and (4) planktivores, benthivores and piscivores (pike fingerlings, PL+B+PI). We refer to Table 130 

1 for more details on the stocked fish communities. Each of these fish stock treatments was 131 

replicated with six randomly selected ponds. In half of the ponds of each fish treatment (n = 132 

3), we constructed cages meant to act as refuges for fish against cormorant predation. These 133 

refuges were constructed following the design of Russell et al. (2008) and consisted of cubic 134 

frames, covering a surface of 144 m² (Fig. S1). The four sides of the refuges were closed with 135 

nylon nets (10 cm mesh width) to make them encompass the entire water column. To 136 

enhance the attractiveness of the refuges for fish, we covered 1/3rd of their upper part with 137 

an opaque nylon cloth and created internal structure by placing pine wood branches inside 138 

each cage. The number of refuges per pond was chosen such that they covered 139 

approximately 5% of the total pond surface (cumulative surfaces per pond ranging from 179 140 

to 1197 m2). The experiment lasted almost two years (from early spring 2009 to late autumn 141 

2010) and thus incorporated an entire winter period during which predation pressure by 142 

cormorants is expected to be most pronounced since migrant birds visit the area, submerged 143 
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aquatic vegetation is absent and swimming speeds of fish are lower due to low water 144 

temperature. 145 

Pond characteristics 146 

We assessed major environmental pond variables during the growth season (May - 147 

September) in 2009 and 2010 to ensure that observed effects of artificial refuges cannot be 148 

attributed to coincidental differences for other pond characteristics. Daytime oxygen 149 

concentrations and pH were measured in July using standard electrodes (Hach Multimeter). 150 

We collected depth-integrated water samples with a tube sampler (length: 1.2 m; diameter 151 

75 mm) at five random locations in the pelagic zone of each pond to measure the 152 

concentration of chlorophyll a, suspended solids and nutrients (total nitrogen, total 153 

phosphorus). In vivo chlorophyll a concentrations were determined monthly with a handheld 154 

fluorometer (AquaFluor, Turner Designs, Sunnyvale, CA). The amount of suspended solids in 155 

the water column was determined gravimetrically twice during both summers (July and 156 

August of both years) by filtering a known volume of pond water through a GF/F filter 157 

(Whatman). We measured total nutrient concentrations from July water samples with a 158 

Technicon Auto analyzer II (Technicon, Tarrytown, New York, USA) after alkaline persulphate 159 

digestion (Koroleff 1970). Water samples for the measurement of nutrients and suspended 160 

solids were stored on ice in the dark during transportation to the laboratory and were stored 161 

at -20 °C until further analysis. We visually estimated the percentages of pond surface 162 

covered by submerged, emergent and floating vegetation in August of both years. 163 

Fish community assessments 164 

We assessed the total biomass, species composition and size distribution of the fish 165 

community for each pond separately at the end of the experiment in autumn 2010. Fish 166 
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communities were harvested via pond drainage and the use of seine nets. The collected fish 167 

were sorted into different size fractions. Large size classes of common carp, ide, rudd and 168 

roach were sorted manually. The remaining fish were sorted by using multiple consecutive 169 

nets with decreasing mesh widths (5 cm, 2 cm, 1 cm, 0.5 cm) suspended in the water. We 170 

determined the total weight of each size fraction of each pond and took one subsample (at 171 

least 10 individuals for common carp, ide and large rudd and roach; > 30 individuals for 172 

subsamples from smaller size classes) from each fraction to determine the species identity, 173 

standard body length (SL) and body weight of individuals.  174 

Data analysis  175 

We reconstructed the species and size composition of the fish communities by combining 176 

the compositional data from the subsamples with the data on the biomass of the size 177 

fractions. We reconstructed the age distribution for the stocked species in each pond by 178 

assigning length cohorts to age classes. Data for rudd and roach were pooled and are further 179 

referred to as planktivorous cyprinids (YOY cyprinids, Y1Y cyprinids and adult cyprinids). 180 

We applied partial redundancy analyses (RDA) to assess the unique effects of fish stock 181 

treatments, artificial refuges and their interactions on local environmental pond variables 182 

and fish community composition. Partial RDA is a canonical ordination technique designed to 183 

explore the relationships between multiple explanatory variables and a multivariate set of 184 

response variables in the presence of covariates. As such it is the multivariate equivalent of 185 

partial linear regression. We used biomass data of the fish populations in all statistical 186 

analyses. Fish biomass data and all continuous environmental variables, except pH, were log-187 

transformed to improve distributional properties of the data. Pond variables that were 188 

measured multiple times a year were represented by their means. Most ponds contained 189 
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also fish species that had not been stocked by us (see also SI1). We included all fish species 190 

in the response matrices when analyzing the effects of initial stock treatments. When testing 191 

for the effects of refuges, however, we only included the species of interest to us, i.e. the 192 

initially stocked species. Significance levels were assessed with random Monte-Carlo 193 

permutations (n=999, full model) (Borcard et al. 2011).  194 

To further explore the effects of refuges at the species and age class level, we performed 195 

ANCOVA analyses on biomass data of each stocked species and its age classes separately. In 196 

these analyses initial fish stock treatment, presence of refuges, the interaction and the 197 

percentage cover by submerged vegetation were specified as explanatory variables. 198 

Partial RDA-analyses were performed in CANOCO v4.5 (Lepš & Šmilauer 2003) and all 199 

univariate analyses were done with the software package STATISTICA v10 (StatSoft, Inc., 200 

Tulsa, Oklahoma). 201 

RESULTS 202 

Partial RDA analyses revealed that the experimental treatments had no effect on the set of 203 

investigated environmental pond variables in 2009 (Table 2). In contrast, we found evidence 204 

for a refuge effect in 2010. More detailed univariate analyses on data of this year indicated a 205 

lower percentage of submerged vegetation cover in ponds without refuges compared to 206 

ponds with refuges (average coverage 7.6% and 25.6%, respectively; Kruskal-Wallis test: 207 

H1,23= 5.549, P = 0.019). Ponds without refuges tended to have a lower coverage with 208 

submerged vegetation in 2010 compared to 2009 (average coverage 7.4% and 26.0%, 209 

respectively; paired T-test: t = 2.17, P = 0.055), whereas the coverage with submerged 210 

vegetation remained similar among years in the presence of refuges (average coverage 211 

30.0% and 25.6% in 2009 and 2010 respectively; paired T-test: t = 0.512, P = 0.619) (Fig. S2). 212 
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We found no significant differences between treatments and years for other environmental 213 

pond variables.  214 

RDA analysis revealed that the refuge treatment had a marginally significant effect on fish 215 

community composition (R² = 13.2%, F = 1.503, P = 0.090) (Fig. 1). However, when limited to 216 

small predation vulnerable fish species, such as rudd, roach, ide and perch, RDA revealed 217 

significant interaction effects between refuges and the fish stock treatment (R² = 16.5%, F = 218 

2.323, P = 0.040). Refuge effects tended to be more pronounced in the pure planktivorous 219 

fish treatment compared to the combined fish treatments (PL+B and PL+B+Pi) (Fig. 1).  220 

Additional ANCOVA analyses (Table 3) performed on the biomass data of individual species 221 

showed positive refuge effects for adult, YOY and to a lesser extent also for Y1Y 222 

planktivorous cyprinids (Fig. 2). These effects were especially strong in ponds of the 223 

planktivorous fish treatment. In this fish stock treatment, YOY fish were almost entirely 224 

absent in ponds without refuges and YOY fish biomass in these ponds was on average 500 225 

times lower than in ponds with refuges. Similarly, the biomass of Y1Y and adult planktivores 226 

was 7 and 15 times higher in the ponds with than without refuges, respectively. There was 227 

also a tendency for effects of refuges on planktivorous cyprinids in the other fish community 228 

types, but these were less pronounced and not consistent. Despite the strong positive refuge 229 

effects on planktivorous cyprinids, the biomass of adults of these species were strongly 230 

reduced by the end of the experiment in all experimental ponds (on average 90% of the 231 

initially stocked biomass). We found no indications of refuge effects on other fish species. 232 

With the exception of a positive effect on pike, we found no evidence for any effects of 233 

submerged vegetation cover on the biomass of the investigated fish species and size classes 234 
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(Table 3, Fig. S3). We refer to supporting information for detailed information on the overall 235 

fish community characteristics in the ponds (SI. 1).  236 

DISCUSSION 237 

Our study provides experimental evidence for positive effects of artificial refuges on fish 238 

populations, even in the presence of submerged aquatic vegetation. The effect of artificial 239 

refuges was, however, highly species-specific and tended to depend on the composition of 240 

the fish community itself. More specifically, we found profound positive effects of refuges on 241 

populations of rudd and roach, but not on other fish species. Positive refuge effects were 242 

more pronounced in fish communities that were dominated by these species from the 243 

beginning of the experiment. We found no evidence for an effect of pike on the efficiency of 244 

refuges.  245 

The observed species-specific refuge effects are in line with our expectations. They likely 246 

resulted from interspecific differences in vulnerability to cormorant predation, although they 247 

may to some extent also reflect differences in refuge use intensity. The positive effects of 248 

artificial refuges on rudd and roach populations in our study are also consistent with results 249 

from previous investigations (Russell et al. 2008). In our experiment, we observed strong 250 

positive effects of artificial refuges on both juvenile (YOY and Y1Y) and adult rudd and roach. 251 

However, the density of initially stocked adults of these species was reduced considerably in 252 

all experimental ponds during the experiment. This observation suggests that predation 253 

losses of adult rudd and roach remained high, even in the presence of artificial refuges. 254 

Artificial refuges seem to have resulted in higher reproduction success of these species. We 255 

can only speculate about the exact mechanism that underlies this result. Nevertheless, our 256 
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study provides clear evidence that refuges can promote the viability of rudd and roach 257 

populations in the presence of cormorants on the longer term.  258 

Our results indicate that the effect of refuges also depends on the characteristics of the fish 259 

community itself. Indeed, the positive effect of refuges on rudd and roach populations in our 260 

experiment tended to be much more pronounced in fish communities that were dominated 261 

by these species from the beginning of the experiment by design. This observation suggests 262 

that predation intensity by cormorants depended on the density of favored prey. 263 

Cormorants are highly mobile predators that actively select foraging sites based on the 264 

availability of suitable prey (Kumada et al. 2013; Grémillet & Wilson 1999; Eisenhower & 265 

Parrish 2009). Given the high suitability of roach as prey (Dirksen et al. 1995; Suter 1997), we 266 

argue that ponds of the planktivorous fish treatment may have been visited more frequently 267 

by foraging cormorants due to their relatively high densities of rudd and roach. 268 

In contrast to our expectations, we found no evidence for an effect of pike on the 269 

effectiveness of artificial refuges. Possibly, predation by pike was too low to induce reduced 270 

use of refuges as shelter against cormorants by prey fish. Indeed, the densities of stocked 271 

pike fingerling in our experiment were considerably lower than those typically 272 

recommended as part of biomanipulation management (>1000 fingerlings ha-1) (Prejs et al. 273 

1994; Berg et al. 1997). However, we aimed to assess the effect of realistic pike densities in 274 

our experiment, rather than exerting extremely strong top-down effects on prey fish 275 

populations. In our experiment, the ratio of prey fish biomass to pike biomass in the 276 

investigated ponds at the end of the experiment averaged circa 4 (large inedible size classes 277 

of common carp excluded), which is comparable to ratios frequently found in other ponds of 278 

the area (Joachim Mergeay and Johan Auwerx, unpublished results). 279 
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Multiple studies have shown that percids are particularly vulnerable to cormorant predation 280 

(Skov et al. 2014; Rudstam et al. 2004; Östman et al. 2012). Both the use of artificial refuges 281 

by perch and reduced predation losses of perch in the presence of artificial refuges have 282 

previously been demonstrated in short-term experiments (Russell et al. 2008; Russell et al. 283 

2003). Nevertheless, we were unable to demonstrate such beneficial effects on perch in our 284 

experiment. It should be noted, however, that perch densities were highly variable between 285 

ponds, most probably due to relatively low initial stocking densities combined with a high 286 

variability in reproduction success among ponds. Such large variation may have 287 

overwhelmed any refuge effect. Although we were not able to demonstrate refuge effects 288 

for this species, it would be unsafe to conclude on the basis of our results that the potential 289 

of artificial refuges to protect perch is low. Similarly, we observed no effect of artificial 290 

refuges on common carp. This observation likely resulted from the high somatic growth 291 

rates of this species, which enabled it to outgrow the vulnerable prey size range already 292 

after the first summer of the experiment (average standard length of common carp in 293 

autumn 2009 = 23 cm, data not shown). The absence of refuge effects on pike likely results 294 

from their territorial ambush predator behavior (Craig 2008), which may reduce collective 295 

use of refuges by pike and can thus limit the effectiveness of artificial refuges for this 296 

species.  297 

Artificial refuges had no effects on environmental pond conditions, except that they seem to 298 

have reduced the rate of decline of macrophytes in the second year of the experiment. The 299 

mechanism responsible for this remains unclear. One possibility might be that artificial 300 

refuges favored macrophytes by reducing wind-induced water turbulence (Bornette & 301 

Puijalon 2011). Protection of vegetation from herbivorous birds by refuges cannot have been 302 

a reason because no macrophytes were found to grow within refuges. It is unlikely that the 303 
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positive effect of refuges on submerged vegetation has been responsible for the observed 304 

refuge effect on planktivorous cyprinids in our experiment. We specified macrophyte cover 305 

as a covariable in our analyses and as such accounted for it. In addition, we found no 306 

evidence for any effect of submerged vegetation on fish biomass, with the exception of a 307 

positive effect on pike. Therefore, our study indicates that artificial refuges do effectively 308 

protect rudd and roach populations against predation by cormorants in the presence of 309 

aquatic vegetation. The absence of macrophyte effects on the majority of fish species in our 310 

experiment may also result from a more pronounced cormorant predation during the winter 311 

period when vegetation is absent and ponds are visited more frequently by cormorants 312 

(pers. observation). We argue that artificial refuges may be particularly valuable during 313 

winter periods when aquatic vegetation is absent.  314 

In conclusion, the results of our pond experiment provide strong evidence for positive 315 

effects of artificial refuges on populations of rudd and roach. The use of artificial refuges of 316 

the type used by us and earlier work (Russell et al. 2008) may therefore be an effective and 317 

sustainable method to facilitate the coexistence of predation vulnerable fish populations 318 

with cormorants in ponds and shallow lakes. However, it is important to realize that the 319 

efficiency of the refuges is highly species-specific and seems to depend on the characteristics 320 

of the fish community. We argue that artificial refuges can be a valuable alternative to the 321 

suppression of cormorant populations by hunting, a practice that has recently been shown 322 

to be ineffective on the longer time (Bregnballe et al. 2015; Chamberlain et al. 2013). Finally, 323 

our results provide circumstantial evidence that the presence of refuges themselves may 324 

promote vegetation cover.  325 

 326 
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TABLES 465 

Table 1. Median standard length and stocked biomass (kg ha-1) for each species for the 466 

different fish community treatments. (PL) planktivores; (B) benthivores; (PL+B) planktivores 467 

and benthivores; (PL+B+PI) planktivores, benthivores and piscivores.  468 

  median size (min.- max.) PL B PL+B PL+B+PI 

Roach (Rutilus rutilus L.) 16.3 cm (7.0 - 23.0) 43 0 21 21 

Rudd (Scardinius erythrophthalmus L.) 12.0 cm (9.0 - 21.0) 43 0 21 21 

Perch (Perca fluviatilis L.) 9.5 cm (8.5 - 13.5) 4 0 3 3 

Ide (Leuciscus idus L.) 8.5 cm (7.5 - 9.5) 10 0 5 5 

Common carp (Cyprinus carpio L.) 11.5 cm (9.5 - 14) 0 100 50 50 

Pike (Esox lucius L.) * 9 cm (7 - 13) 0 0 0 0.63 

Total fish biomass 100 100 100 100.63 

* pike was stocked as fingerlings (150 ind ha-1, mean individual body weight = 4.2 gr) 

 469 

Table 2. RDA results for the effect of fish, refuges and the interaction between both on the 470 

investigated environmental pond characteristics (suspended solids, conductivity, alkalinity, 471 

chlorophyll a concentration, pH, water transparency, day-time oxygen concentration, and 472 

coverage with submerged and emergent vegetation) in 2009 and 2010. Significant P values 473 

are shown in bold. 474 

    R² (%) F P 

2009 Fish 15.1 1.08 0.387 

 

Refuges 1.3 0.28 0.932 

 

Fish*Refuges 15.6 0.83 0.652 

2010 Fish 12.6 1.00 0.455 

 

Refuges 11.5 2.72 0.048 

  Fish*Refuges 0.2 1.33 0.216 

 475 

 476 

 477 

 478 

 479 
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Table 3. Results of ANCOVA analyses testing for the effect of fish treatment, the presence of 480 

artificial refuges, the interaction between fish treatment and refuges, and the percentage of 481 

submerged vegetation cover on the biomass of each stocked species separately. Significant P 482 

values are shown in bold.  483 

    SS df MS F P 

Planktivorous cyprinids (adults) 

     
 

Fish 0.0483 2 0.0242 0.27 0.765 

 
Refuges 0.6819 1 0.6819 7.73 0.018 

 
Fish*Refuges 0.2956 2 0.1478 1.68 0.232 

 
Submerged vegetation cover 0.0459 1 0.0459 0.52 0.486 

 
Error 0.9702 11 0.0882 

  Planktivorous cyprinids (Y1Y) 

     
 

Fish 1.7844 2 0.8922 1.42 0.284 

 
Refuges 2.3935 1 2.3935 3.80 0.077 

 
Fish*Refuges 2.3753 2 1.1876 1.88 0.198 

 
Submerged vegetation cover 0.6133 1 0.6133 0.97 0.345 

 
Error 6.9335 11 0.6303 

  Planktivorous cyprinids (YOY) 

     
 

Fish 0.3065 2 0.1532 0.72 0.508 

 
Refuges 1.3476 1 1.3476 6.34 0.029 

 
Fish*Refuges 1.5359 2 0.768 3.61 0.062 

 
Submerged vegetation cover 0.0145 1 0.0145 0.07 0.799 

 
Error 2.3395 11 0.2127 

  Perch 

     
 

Fish 0.1864 2 0.0932 0.22 0.805 

 
Refuges 0.0205 1 0.0205 0.05 0.829 

 
Fish*Refuges 0.1202 2 0.0601 0.14 0.868 

 
Submerged vegetation cover 0.6228 1 0.6228 1.48 0.249 

 
Error 4.6276 11 0.4207 

  
Ide 

     
 

Fish 0.5659 2 0.2829 1.17 0.346 

 
Refuges 0.5263 1 0.5263 2.18 0.168 

 
Fish*Refuges 0.4947 2 0.2473 1.02 0.391 

 
Submerged vegetation cover 0.0045 1 0.0045 0.02 0.894 

 
Error 2.6558 11 0.2414 

  Common carp 

     
 

Fish 0.4416 2 0.2208 1.51 0.264 

 
Refuges 0.3265 1 0.3265 2.23 0.164 

 
Fish*Refuges 0.1783 2 0.0892 0.61 0.562 

 
Submerged vegetation cover 0.0027 1 0.0027 0.02 0.894 

 
Error 1.6124 11 0.1466 

  
Pike 

     
 

Refuges 0.0236 1 0.0236 2.06 0.247 

 
Submerged vegetation cover 0.1642 1 0.1642 14.33 0.032 

  Error 0.0344 3 0.0115     

 484 

 485 

 486 

 487 
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FIGURES 488 

 489 

Figure 1. Biplot of Principal Component Analysis (PCA) representing the association between 490 

fish species and fish treatment (PL = planktivores, B = benthivores, PL+B = planktivores + 491 

benthivores, PL+B+Pi= planktivores + benthivores + piscivores) in the presence and absence 492 

of artificial refuges (black and white triangles respectively). Triangles represent the centroids 493 

of the experimental treatments and do not influence the ordination. Arrows represent the 494 

linear responses of fish species and their size classes. The numbers behind the species 495 

abbreviations indicate the different age cohorts (see Table S3. for full species names and the 496 

distinguished age classes). 497 

 498 
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 499 

Figure 2. Boxplots with the median (solid line) and the average (dotted line) of the total 500 

biomass for each stocked fish species separately at the end of the experiment in the 501 

presence and absence of artificial refuges. PL= planktivorous fish treatment, B= benthivorous 502 

fish treatment, PL+B= combination of planktivores and benthivores, PL+B+Pi= combination 503 

of planktivores, benthivores and piscivores. Boxes represent the 25th and 75th percentile. 504 

 505 

 506 
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SUPPORTING INFORMATION 507 

SI 1. Detailed information on the fish community characteristics in the experiment ponds.  508 

The initial fish stock treatment significantly determined fish community composition (R2
 = 509 

41.4%, F = 4.617, P = 0.005) at the end of the experiment. Fish biomasses in the ponds 510 

averaged 245 kg ha-1 at the end of the experiment (Fig. S4). The majority of ponds (n=17) 511 

contained a fraction of non-stocked fish species, in which topmouth gudgeon 512 

(Pseudorasbora parva Temminck & Schlegel) was numerically dominant, but also gibel carp 513 

(Carassius gibelion Bloch), pumpkinseed sunfish (Lepomis gibbosus L.), tench (Tinca tinca L.), 514 

silver bream (Blicca bjoerkna L.) and brown bullhead (Ameirus nebulosus Lesueur) were 515 

observed. These fishes may have passed the fine mesh at the inlets as juveniles during 516 

refilling the ponds prior to the experiment, but may in some cases also have survived the 517 

winter in small puddles and pools that remained after drainage in some ponds. Populations 518 

of stocked planktivorous cyprinids (rudd and roach) had reproduced successfully in both 519 

years and their populations were characterized by a considerable fraction of young of the 520 

year (YOY) and one year old fish (Y1Y) (on average 16.27 % and 44.30 % of total population 521 

biomass, respectively). We found evidence for reproduction of perch in 12 of the 19 ponds 522 

that had been stocked with this species, but biomasses of juvenile perch in these ponds 523 

were highly variable (min., max. and median biomass of juveniles 0.01 kg.ha-1, 51.65 kg ha-1 524 

and 1.73 kg ha-1, respectively). Ide increased in body size and overall population biomass 525 

(mean SL = 21.2 cm, mean population biomass 25.11 kg ha-1), but the species did not 526 

reproduce during the experiment. Populations of common carp and pike were characterized 527 

by a strong increase in biomass (mean population biomass at the end of the experiment 528 

182.65 kg ha-1 and 14.33 kg ha-1, respectively) and high somatic growth (mean SL of adult 529 
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common carp and pike at the end of the experiment 28.1 cm and 32.9 cm, respectively). 530 

Both species reproduced in one pond in 2010.  531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 
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 550 

Figure S1. A schematic overview of the structure of the artificial refuges. The top frame 551 

floats on the water surface and follows the natural variation in water level. The four sides of 552 

the refuges are closed with nylon nets and encompass the entire water column. We covered 553 

1/3rd of the upper part with opaque nylon cloth and created internal structure using pine 554 

wood branches. The number of refuges per pond was chosen such that they covered 555 

approximately 5% of the total pond surface.  556 

 557 

 558 

Figure S2. Mean percentage of coverage with submerged vegetation in 2009 and 2010 in the 559 

absence and presence of refuges (white and grey bars respectively). Error bars denote the 560 

standard error of the mean (ns: not significant, *Kruskal-Wallis test: P < 0.05). 561 

 562 
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 563 

Figure S3. Association between percentage of pond surface covered by submerged 564 

vegetation and pike community biomass (Spearman rank correlation, r = 0.88, P = 0.033). 565 

 566 

 567 

Figure S4. Mean total fish biomass and species composition at the start (T0) and end (Tend) of 568 

the experiment for the different fish stock treatments. PL= planktivorous fish only, B= 569 

benthivorous fish only, PL+B= planktivores and benthivores, PL+B+Pi= planktivores, 570 

benthivores and piscivores. Error bars show the standard error of the mean total fish 571 

biomass.  572 
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Table S1. Common names and scientific names of all fish species in this study and their body 573 

size ranges.  574 

code scientific name name body size * 

Aneb1 Ameiurus nebulosus Brown bullhead  7-18 

Bbjo1 Blicca bjoerkna Silver bream 0-8 

Bbjo2 Blicca bjoerkna Silver bream 8-12 

Bbjo3 Blicca bjoerkna Silver bream >12 

Ccar1 Cyprinus carpio Common carp 0-10 

Ccar3 Cyprinus carpio Common carp >18 

Cgib1 Carassius gibelio auratus Gibel carp 0-6 

Cgib2 Carassius gibelio auratus Gibel carp 6-10 

Cgib3 Carassius gibelio auratus Gibel carp <10 

Chyb1 - Gibel hybrid 0-6 

Eluc1 Esox lucius Pike 0-18 

Eluc2 Esox lucius Pike >18 

Lgib1 Lepomis gibbosus Pumpkinseed sunfish 0-4.8 

Lgib2 Lepomis gibbosus Pumpkinseed sunfish >4,8 

Lidu3 Leusiscus idus Pumpkinseed sunfish 16-30 

Pflu1 Perca fluviatilis Perch 0-7 

Pflu2 Perca fluviatilis Perch 7-12 

Pflu3 Perca fluviatilis Perch >12 

Ppar1 Pseudorasbora parva Topmouth gudgeon all sizes 

Ppun1 Pungitius pungitius Ninespine stickleback all sizes 

Rrut1 Rutilus rutilus Roach 0-9 

Rrut2 Rutilus rutilus Roach 9-15 

Rrut3 Rutilus rutilus Roach >15 

Sery1 Scardinius erythropthalmus Rudd 0-7 

Sery2 Scardinius erythropthalmus Rudd 7-13 

Sery3 Scardinius erythropthalmus Rudd >13 

Ttin1 Tinca tinca Tench 0-7 

Ttin2 Tinca tinca Tench 7-13 

Ttin3 Tinca tinca Tench >13 

* standard length in cm 575 

 576 


