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Summary
This study determined prey consumption in common sole as a function of prey size 
(0–0.5, 1–1.5, 2–2.5 and 4–5 g), sediment thickness (20 cm and 2 cm) and fish size 
(50 g, 125 g or 300 g). Prey consumption (in numbers of prey eaten per fish per day) 
was reduced with increasing prey size and sediment thickness, and was increased with 
increasing fish size (p < .001 for all factors). All 3 factors showed significant two way 
interactions (p < .001) when expressed in numbers of prey eaten. Prey consumption 
decreased with prey size when prey could not escape by burying (2 cm of sediment 
thickness) irrespective of fish size. We suggest that increasing effort to ingest and 
handle larger prey played a role. Prey consumption increased with fish size when prey 
could not bury (2 cm of sediment thickness). However, when prey was able to bury (at 
20 cm sediment thickness) prey consumption was similar irrespective of fish size 
(p < .001 for interaction fish size × sediment). This interaction suggests that with in-
creasing fish size there is an increasing mismatch between foraging adaptation and 
prey burial depth. This may explain the dominance of crustaceans in the diet of adult 
common sole in nature, despite the high abundance of polychaetes.

1  | INTRODUCTION

Prey selection in fishes is often not an active choice of the fish but 
simply related to the relative vulnerability of the food items (Ivlev, 
1962; Menge, 1974; Ware, 1972, 1973). One major factor influenc-
ing vulnerability of a prey is its size. Prey size vulnerability curves, 
i.e. numbers of prey consumed as a function of prey size, are usually 
dome shaped (Bailey & Houde, 1989; Lundvall, Svanbäck, Persson, & 
Byström, 1999; Manderson, Phelan, Bejda, Stehlik, & Stoner, 1999; 
Manderson, Phelan, Stoner, & Hilbert, 2000; Pastorok, 1981; Rice, 
Crowder, & Rose, 1993). The decrease in number of large prey eaten 
when approaching the upper prey size limit is related to increasing 
difficulties of capturing, ingesting and handling prey (Anderson, 1988; 
Sissenwine, 1984; Sogard, 1997). The decrease in number of small 
prey eaten when approaching the lower prey size limit on the other 
hand is explained by increasing difficulties to detect and retain small 
prey (Breck & Gitter, 1983; Howick & O’brien, 1983; Persson, 1987).

Prey selection also depends on the ability of the fish to adapt 
its foraging behavior to the escape strategies of the prey. Prey use 

structures such as sediment or vegetation to minimize the risk of 
predation (Persson & Eklov, 1995; Turner & Mittelbach, 1990). For 
example, the proportion of Eurasian perch (Perca fluviatilis) young of 
the year that was successfully attacked by Eurasian perch was about 
70% lower in tanks where refuge (vegetation) was available com-
pared to the success rate in tanks without refuge available (Lundvall 
et al., 1999). Though prey of the most vulnerable size may be highly 
abundant, it may not be selected due to efficient escape strategies. 
Therefore, when conducting experimental studies on prey vulnerabil-
ity as a function of size, prey’s anti-predator strategies must also be 
considered.

Common sole (Solea solea L.) feeds on benthic invertebrates such 
as polychaetes, bivalves and crustaceans (Braber & De Groot, 1973a,b; 
Cabral & Costa, 1999; De Groot, 1971; Molinero & Flos, 1991, 1992). 
Feeding grounds of common sole are often dominated by ragworm 
(polychaetes) species such as Hediste diversicolor (Müller, 1776) or 
Alitta virens (Sars) (formerly known as Nereis virens (Sars) (Cabral & 
Costa, 1999; Heip & Herman, 1979). The feeding behavior of common 
sole however seems not well adapted to the anti- predator defenses 
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used by these species. Common sole exhibits a slow moving search 
behavior and locates prey by olfactory and tactile cues (Appelbaum, 
Adron, George, Mackie, & Pirie, 1983; Appelbaum & Schemmel, 1983; 
De Groot, 1969). Prey recognition by tactile cues requires physical 
contact with the prey. Physical contact is possible with immobile or 
slow moving prey. Species such as A. virens rapidly however retreat 
into their burrows when sensing predation risk. Even small individuals 
of A. virens or N. diversicolor are commonly found at depth of more than 
5 cm (Caron, Desrosiers, Miron, & Retière, 1996; Esselink & Zwarts, 
1989), a depth which is considered a safe refuge from most benthic 
fish (Esselink & Zwarts, 1989). No studies have been conducted so far 
on the abilities of common sole to forage on buried polychaetes. The 
present study examines the influence of prey size, sediment thickness 
and fish size on prey consumption in common sole.

2  | MATERIALS AND METHODS

Common sole were obtained from a commercial fish farm (Solea BV, 
IJmuiden, Netherlands). The benthic polychaete, A. virens (subse-
quently referred to as ‘prey’) was used as prey and was obtained from 
a commercial producer (Topsy Baits, Wilhelminadorp, Netherlands). 
Experiments were conducted at the research facilities of Wageningen 
Imares in Yerseke, the Netherlands. This experiment did not need ap-
proval by the Ethical Committee for Animal Experiments as no animals 
were sacrificed or suffered stress during the study.

2.1 | General experimental conditions

We conducted two consecutive experiments using the same experi-
mental setup. This system consisted of 18 square plastic tanks (1 m2 
bottom area and a total water volume 300 L per tank) connected 
to a recirculation system equipped with a beadfilter. Outflow pipes 
were covered with screens to prevent prey from escaping experi-
mental tanks. Seven days prior to the experimental period tanks were 
filled with pre-washed Metsel sand (De Houtkaai, zand en grindhan-
del, The Netherlands) to a depth of 20 cm (Experiment 1) or 20 cm 
and 2 cm (Experiment 2). Four prey sizes were used (0–0.5, 1–1.5, 
2–2.5 and 4–4.5 g). Conditions were kept constant throughout the 
experimental periods (photoperiod 12L:12D; water flow-  5–6 L/
min; T-  21.0 ± 1.2°C; salinity at 29.5 ± 3.0; total ammonia nitrogen 
(TAN) < 0.73 mg/L; nitrite nitrogen (NO2-N) < 0.55 mg/L and nitrate 
nitrogen (NO3-N) < 5.5 mg/L, pH > 7.03). Oxygen (DO) was kept 
above >7.0 mg/L except for 1 day were DO was 3.42 mg/L due to a 
power failure.

2.2 | Experiment 1

Experiment 1 was designed to determine the inflection point, i.e. the 
time point after which no further increase in prey depth occurred. This 
time point was used in the subsequent main experiment as the latency 
time between introduction of prey and introduction of common sole 
to the tanks. In other words, prey was stocked and was allowed to 

bury for the given time until their deepest possible burying depth/re-
trieval depth was reached. At this time common sole were introduced 
and the experimental feeding period of 48-h started. The second aim 
of Experiment 1 was to determine if prey burial depth increased with 
increasing prey size. The relation of prey size and prey burial depth 
was used for interpretation of results from Experiment 2. All tanks 
in Experiment 1 were filled with 20 cm of sediment. We consid-
ered 20 cm of sediment sufficient depth to perform natural burying 
behaviour.

Each tank (n = 18) was divided into 4 compartments by plastic 
boards giving a total of 72 experimental units (bottom area of 0.25 m2). 
By dividing tanks into smaller compartments two compartments were 
available per prey size and time. Each compartment was then stocked 
with a single prey size at a density of 1.5 kg/m2. Prey were placed on 
top of the sediment layer. Two core samples (7.5 cm diameter) were 
taken per compartment at a random place. Core samples were taken 
at 8, 16, 32, 40, 56, 64, 72, 80, 88, 96, 104, 112 and 120 hr after intro-
duction of prey. Areas bordering walls were excluded from sampling. 
The core sampler was forced into the sediment until the tank bottom 
was reached. A plug was inserted from above and the core sampler 
was removed. After removal the sediment sample was pushed out of 
the core from below into an extension and sliced into 4 cm pieces to 
get core samples of 0–4, 4–8, 8–12, 12–16 and 16–20 cm. Each sam-
ple was sieved on a 0.1 cm sieve. Prey recovered for each sample was 
weighed individually to the nearest of 0.01 g. When disturbed at or 
near the surface, ragworms retreat rapidly to the bottom of its burrow 
(Vader, 1964). Therefore, we assume that prey was recovered at the 
deepest burial depth.

2.3 | Experiment 2

In Experiment 2 we examined prey consumption as a function of prey 
size, sediment thickness and fish size. The influence of prey size on 
common sole predation was studied using a thin sediment layer of 
2 cm. A minimum of sediment was necessary because common sole 
struggled to catch the prey on a plastic tank floor when no sediment 
was available (pers. Obs.). We used only 2 cm of sediment to avoid 
that capture effort by the fish would be influenced by other factors 
than prey size. The influence of capture effort related to prey depth 
was studied using 20 cm of sediment thickness. We considered 20 cm 
of sediment sufficient depth to perform natural burying behaviour.

Prior to starting Experiment 2, common sole were adapted for 
21-days to the present prey type either restricted in burying (2 cm 
sediment thickness) or unrestricted in burying (20 cm sediment 
thickness). This adaptation was necessary as fish were exclusively 
fed pelleted feed before. Fish were adapted in a separate system 
(not the experimental system) consisting of 2 shallow raceways and 
6 square plastic tanks connected to a recirculation system equipped 
with a drumfilter, trickling filter, ozone and UV. Conditions, i.e. sedi-
ment type, sediment depth, sediment settling time and water quality 
were the same as in the experimental system. During this adaptation 
period, prey of unsorted size were used. As a result, all common sole 
had access to all possible prey sizes. During the adaptation period, 
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prey densities declined due to consumption. To maintain a theoret-
ical density of 1.5 kg/m2, prey was re-stocked once a week, always 
during daytime. No feeding activity of common sole was observed 
in response to newly introduced prey. This was important as active 
feeding on unburied prey would have interfered with the desired 
adaptation of common sole to forage on buried prey.

In Experiment 2, a 4 × 2 × 3 factorial design was used includ-
ing the following factors and levels; prey size (mean initial body 
weight ± SD was 0.7 ± 0.2 g, 1.5 ± 0.2 g, 2.4 ± 0.2 g and 4.1 ± 0.3 g), 
sediment thickness (20 cm and 2 cm) and fish size (mean initial 
body weight ± SD of the three fish size classes was 51.8 ± 4.2 g, 
125.8 ± 8.8 g and 300.9 ± 20.9 g). Prey size classes were based on 
availability of prey rather than based on existing limited knowledge 
of prey size preferences. Each treatment was done in duplicate. 
It was not possible to study all treatment combinations at once. 
Therefore, the experiment was conducted in three series, start-
ing with small sole, followed by medium and large soles. Prey was 
stocked at densities of 0.2 kg/m2 with one size class per tank. An ad-
ditional 100 prey individuals were weighed to determine the mean 
initial body weight. Results from Experiment 1 (conducted prior to 
Experiment 2) showed that the inflection point, i.e. time point after 
which no further increase in prey depth occurred, did not vary be-
tween prey size classes and varied from 15 to 23 hr. Therefore we 
stocked prey 24 hr before introducing common sole. Common sole 
of one size class were individually weighed and introduced to the 
tanks at densities of 4 fish per tank. Common sole were starved for 
24-h before being introduced to their respective tanks. The feed-
ing period lasted for 48-h after which common sole were removed. 
Remaining prey was recovered from the sediment by sucking water, 
sediment and prey out of the tanks and separating prey by running 
the homogenate through a rotating drum. Prey was counted, and 
total biomass and individual weight of 100 individuals was recorded.

2.4 | Calculations and statistical analysis

A non-linear model was applied to estimate beta (slope of first linear 
part), the inflection point (first time point in hours at which no further 
increase in depth in cm takes place) and the plateau (slope of second 
linear part assumed to be 0) according to the equation depth = pla-
teau − log(1 + exp(beta × (inflextion − time))) The initial estimates 
(PARMS statement) were plateau = 8 (cm), beta = 1 (slope) inflec-
tion = 40 (hours). Consumption in grams of prey per fish per day was 
calculated as (IBM − FBM − Mprey) ÷ (n × d), where IBM is the prey 
initial biomass, FBM is the prey final biomass, Mprey is prey mortality, 
d is the number of experimental days and n is the number of fish per 
tank. Consumption in numbers of prey per fish per day was calculated 
by dividing consumption in grams of prey per fish per day by average 
prey weight.

Data were analysed using the Statistical Analysis Systems statisti-
cal software package version 9.2 (SAS Institute, Inc., Cary, NC, USA). 
For determination of the inflection point (Experiment 1) a non-linear 
regression (SAS 9.1) was applied based on the mean depth frequency 
distribution of number of worm over time. Prey size as a function of 

prey depth data were analysed with a one-way analysis of variance 
(ANOVA). Data from Experiment 2 were subjected to a three-way anal-
ysis of variance (ANOVA). In all tests the general linear model (GLM) 
procedure was used, followed by multiple comparisons of means using 
Tukey’s multiple range test. In all tests, the statistical significant differ-
ence between groups were considered when p < .05.

3  | RESULTS

3.1 | Experiment 1

The non-  linear model estimated the inflection point (first point at 
which no further increase in depth takes place) was reached at 19.6 hr 
(0–0.5 g worm), at 22.5 hr (1–1.5 g worm) and at 16.8 hr (2–2.5 g 
worm). Mean prey burial depth after inflection between 24 and 
112 hr after stocking increased with increasing prey size as shown 
in Figure 1. The equation for the observed linear regression was y 
(depth) = 1.78 × (worm size) + 6.40, R² = .95; p < .001, Figure 1). Prey 
depth (mean ± SEM) ranged from 7.7 cm ± 0.34 (prey of 0–0.5 g) to 
13.3 cm ± 0.34 (prey of 4–5 g).

3.2 | Experiment 2

The three-way interaction of sediment thickness, fish size and prey 
size was significant for numbers of prey eaten (p < .01), but not for 
grams of prey eaten (p = .39). All 2 Way interactions were significant 
for numbers of prey eaten (Figure 2a, c and e), whereas only the inter-
action of sediment thickness with fish size was significant in grams of 
prey eaten (Figure 2f). All main effects were significant both in num-
bers and grams of prey eaten.

Prey consumption decreased with prey size (Figure 2a, b); how-
ever an interaction between sediment thickness and prey size was 
observed for the numbers of prey eaten (Figure 2a). This interaction 
was related to a less pronounced decrease in prey consumption with 
sediment thickness for the largest prey size.

F IGURE  1 The relationship of prey size (in g, x- axis) to prey 
depth (in cm, y- axis) after 24–112 hr (after which no further increase 
in burial depth was measured). Error bars show the standard error of 
means (SEM). The equation for the observed linear regression was y 
(depth) = 1.78 × (worm size) + 6.40, R² = .95; p < .001)
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Prey consumption increased with fish size (Figure 2c, d); an inter-
action between prey size and fish size was present for the numbers 
of prey eaten (Figure 2c). This interaction was caused by the fact that 
prey consumption increased with fish size for small and medium sized 
prey but not for largest prey.

Prey consumption (both in grams and number) was influenced by 
an interaction between fish size with sediment thickness (Figure 2e, f). 
Prey consumption increased with fish size when prey could not escape 
by burying (in tanks with 2 cm of sediment). When prey was able to 
escape by burying, i.e. in tanks filled with 20 cm of sediment consump-
tion was similar irrespective of fish size.

4  | DISCUSSION

Our results showed that prey consumption clearly decreased with 
prey size when prey could not escape by burying (i.e. in tanks filled 
with 2 cm of sediment) irrespective of fish size (Figure 2a–d). We as-
sume that the observed relation of prey consumption and prey size in 
2 cm is only influenced by handling and ingestion effort (see Section 
2 for details). A reduction in prey consumption with increasing prey 
size can occur when satiation is reached with fewer prey of larger size 
(Gill & Hart, 1994; Hambright, 1991; Hart & Connellan, 1984; Hart & 
Gill, 1992; Hart & Hamrin, 1988). The observed decline also in grams 
of prey eaten (in addition to decline in numbers of prey eaten) with 

increasing prey size (Figure 2b) however suggests that satiation was 
not the explanation for the observed reduction in consumption in 
the present study. A reduction in prey consumption with increasing 
prey size is commonly associated with increasing efforts to capture, 
ingest and handle prey approaching upper prey size limits (Anderson, 
1988; Sissenwine, 1984; Sogard, 1997). The observed decline in prey 
consumption with increasing prey size for all size classes of common 
sole suggests that all size classes of common sole approached upper 
prey size limits. This assumption is supported by the predator-prey 
mass ratio’s (PPMR) obtained for a related tongue sole (Cynoglossus 
sp.), showing a similar diet specialization. The PPMR reflects the order 
of magnitude by which a fish is larger than its common prey. Prey 
above this ratio is not selected due to increasing handling and inges-
tion effort. The PPMR for Cynoglossus sp. is about 3.1 (Kondoh, 2011). 
Applying this ratio to present common sole size classes would result 
in considerably smaller preferred prey sizes of approximately 0.04, 0.1 
and 0.24 g for small, medium and large common sole respectively.

Prey consumption was reduced when prey could escape by bury-
ing (i.e. in tanks with 20 cm of sediment), irrespective of prey size 
(Figure 2a) and fish size (Figure 2e). However, the highest numerical 
reduction was not observed for the deepest prey but for prey found at 
the lowest depth as can be seen by the interaction between prey size 
and sediment thickness. On average, consumption of the smallest prey 
found at the lowest depth was reduced by 3.6 individuals, whereas 
consumption of large prey was only reduced by 0.2 individuals. This 

F IGURE  2 The effect of prey 
size × sediment thickness (a), prey size x 
fish size (c) and sediment thickness × fish 
size (e) on numbers of prey eaten 
(prey per fish per day). The effect of 
prey size × sediment thickness (b), 
prey size × fish size (d) and sediment 
thickness × fish size (f) on grams of prey 
eaten (prey per fish per day). The x- axis in 
Figure a–d shows prey size. The x- axis in 
Figure e–f shows fish size. The y- axis  
in Figure a, c and e shows the numbers of 
prey eaten per fish per day. The y- axis in 
Figure b, d and f shows the grams of prey 
eaten per fish per day. Values are least 
square means of duplicate tanks. Error bars 
show the standard error of means (SEM)
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suggests high capture effort for smallest prey size. Though smallest 
prey were found at lower depth than preceding prey size classes, 
they were not located within the first few centimeters of sediment. 
Common sole is a benthic feeder and known to rely mainly on olfactory 
and tactile cues to search and detect prey (Appelbaum & Schemmel, 
1983; Appelbaum et al., 1983). In addition common sole pushes its 
head down on to the substratum prior to each attack probably recog-
nising a prey item (Holmes & Gibson, 1983). This behaviour was also 
observed in the present study and may be used to fluidize the top 
sediment layer and reach shallow buried prey. However, olfactory, tac-
tile cues and/or palpation may be foraging strategies not adapted for 
prey which bury in excess of the first few centimetres (Geluso, 2005; 
Reichman & Oberstein, 1977).

We would have expected that capture efforts further increase with 
increasing burial depth. The absence of such an effect may partly be 
related to the fact that consumption of large prey was already limited 
by the low numbers of prey eaten (on average only 0.4 individuals) 
in tanks filled with 2 cm of sediment (prey size effect). Also sediment 
characteristics may have played a role by limiting large prey to es-
cape predation. In the present study large N. virens were mainly found 
within the depth range of 12–14 cm (Figure 1), whereas in nature 
larger N. virens (>1 g) are found in excess of this depth (Caron et al., 
1996). The lower depth relative to N. virens burying potential may be 
related to prey not being able to stabilize deeper burrows in the coarse 
sediment which we used.

Largest common sole ate the highest numbers of prey when prey 
could not escape by burying (e.g. in tanks with 2 cm of sediment). In tanks 
filled with 20 cm of sediment, i.e. when prey was able to escape by bury-
ing, similar numbers of prey were eaten irrespective of fish size, which is 
shown by the significant interaction (Figure 2e, f). This finding appears 
not in line with the major ecological concept that foraging abilities im-
prove with fish size (Chattopadhyay & Baumiller, 2009). The interaction 
of fish size x sediment thickness found in the present study suggests that 
with fish size there is an increasing mismatch between foraging adap-
tation and the prey burial depth. As a consequence, in our study, larger 
common sole could possibly not benefit from better foraging abilities.

In conclusion, the observed reduction of prey consumption with 
increasing sediment thickness (i.e. prey burial depth) suggests that 
the foraging behaviour of common sole is less well adapted to this 
prey type. This poor adaptation particularly affects large common sole 
which were not able to consume high numbers of buried prey. Present 
results may explain why in nature common sole progressively substi-
tute polychaetes by crustaceans as they grow.
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