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a consequence of resource or forager densities?      
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 Intraspecifi c competition has been shown to favor diet specialization among individuals. However, the question whether 
the competition takes the form of interference or exploitative in driving diet specialization has never been investigated. We 
investigated individual diet specialization in the isopod  Saduria entomon , in relation to forager and resource biomasses in 
a system that exhibits predator – prey fl uctuations in density. We found that individual diet specialization was only aff ected 
by the biomass of their preferred prey ( Monoporeia affi  nis ) and not by  Saduria  biomass; diet specialization was higher when 
 Monoporeia  biomass was low compared to when there were high  Monoporeia  biomass. Population diet breadth increased 
at low  Monoporeia  biomass whereas individual diet breadths were marginally aff ected by  Monoporeia  biomass. Overall, 
this led to the increase in diet specialization at low  Monoporeia  biomass. Th is study shows that predator – prey dynamics 
might infl uence diet specialization in the predator and that resource biomass, not forager biomass might be important for 
individual diet specialization.    

Numerous theoretical and empirical studies show that 
intraspecifi c competition is a diversifying force in nature 
(Dieckmann and Doebeli 1999, Bolnick 2004, Svanb ä ck and 
Persson 2004, Svanb ä ck and Bolnick 2005). For example, 
intraspecifi c competition may aff ect habitat choice in popu-
lations, such that only the preferred habitat is used at low 
degrees of competition, and more than one habitat is used 
at high levels of competition (Rosenzweig 1991, Svanb ä ck 
et al. 2008). Strong intraspecifi c competition may also favor 
diet specialization among individuals (Svanb ä ck and Pers-
son 2004, Svanb ä ck and Bolnick 2007, Tinker et al. 2008). 
 “ Individual diet specialization ” , occurs when a population is 
composed of ecologically heterogeneous individuals, each of 
which uses only a subset of the population ’ s overall resource 
base (Bolnick et al. 2003). As variation among individuals 
is necessary for natural selection and hence adaptation, it 
is important to understand the mechanisms underlying diet 
specialization. In this paper we investigate the relative impor-
tance of exploitation and interference competition for indi-
vidual diet specialization, an issue that has not been addressed 
before. 

 In exploitative competition, individual resource use is 
aff ected by the amount of resources that remains after it has 
been exploited by others. Th e optimal diet model was origi-
nally developed to predict how the diet of a forager is 
infl uenced by the density and quality of available resources 
(Stephens and Krebs 1986). It has also been used to predict 
how individual diet specialization changes with increasing 
competition for resources (Svanb ä ck and Bolnick 2005). 

Svanb ä ck and Bolnick’s model assumes that individual con-
sumers diff er in their handling time or attack rates on various 
prey. As a result, decreased density of preferred prey causes 
some but not all individuals to add less preferred prey, or dif-
ferent individuals to add diff erent less preferred prey. Either 
outcome results in greater individual diet specialization. Th us, 
diet use and specialization is driven by resource densities 
(exploitative competition), and especially the density of the 
most preferred resource (Stephens and Krebs 1986, Svanb ä ck 
and Bolnick 2005). 

 Besides being exploitative, competition can also take the 
form of interference. In interference competition individuals 
interact with each other directly, such that one individual 
prevents another from exploiting the resources within a por-
tion of the habitat or at certain times. Th is is normally seen 
in animals that defend territories but the extreme case of 
interference is cannibalism. Interference competition has in 
some cases been presumed to lead to diet variation among 
individuals when individuals defend territories with diff erent 
resource bases (reviewed by Bolnick et al. 2003). In mobile 
cannibalistic individuals, diet specialization may arise through 
interference if resources are patchily distributed and individ-
uals searching for food tend to avoid aggressive contacts with 
conspecifi cs. In this case it is expected that consumer density, 
rather than prey density, infl uences the degree of diet speciali-
zation. Pure exploitative and pure interference competition 
may be rare, especially in systems of mobile and cannibalistic 
consumers, suggesting that both consumer and prey densities 
aff ects the degree of diet specialization. 
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 In this study we will investigate the relative importance 
of exploitative and interference competition for individual 
diet specialization in the isopod  Saduria entomon . We study 
this in a benthic food web in the northern Baltic Sea where 
the food web and the density dynamics have been extensively 
studied and sampled yearly since 1983 (Leonardsson 1991a, 
Sparrevik and Leonardsson 1998, Albertsson and Leonards-
son 2001, Bergstr ö m et al. 2006, Englund et al. 2008). 
 Saduria  is mobile and cannibalistic, which suggests that both 
interference and exploitation competition are potentially 
important for individual diet specialization. We expect the 
degree of diet specialization in  Saduria  to be most strongly 
related to preferred prey density if competition is primarily 
exploitative, whereas it should be most strongly related with 
consumer ( Saduria ) density if interference dominates.  

 Methods  

 Study system and fi eld sampling 

 Th e isopod  Saduria entomon  is found throughout the Baltic 
Sea where it occupies soft bottom sediments (Haahtela 
1990, Leonardsson 1991a). In the northern Baltic Sea, 
 Saduria  preys mainly on the amphipod  Monoporeia affi  nis  
but the diet can also include other benthic invertebrates as 
well as fi sh and conspecifi cs (Sparrevik and Leonardsson 
1998, Bergstr ö m and Englund 2002). At depths greater than 
40 – 50 m in the northern part of the Baltic Sea, the Gulf 
of Botnia, the benthic community is dominated by  Saduria  
and  Monoporeia . It is believed that  Saduria  and  Monoporeia  
make up a tightly coupled predator – prey system (Aljetlawi 
et al. 2004, Bergstr ö m et al. 2006) as other predators of these 
species are scarce at these depths (Leonardsson 1991b). It has 
furthermore been shown that  Saduria  and  Monoporeia  exhibit 
oscillatory density dynamics, cycling over a period of 6 – 8 
years. Th e most important alternative prey for large and interme-
diate sized  Saduria  are Mysid shrimps (Englund et al. 2008) 
which are pelagic predators that sometimes feed near the bot-
tom (Zouhiri et al. 1998), and eventually end up there when 
they die due to non-predatory causes. 

 Th e density dynamics of this food web in the Gulf of Botnia 
(63 ° 20’N, 20 ° 20’E) have been studied in an environmen-
tal monitoring program. Samples were taken in late May or 
early June each year during the period 1983 – 2002 at depths 
between 46 – 129 m. A van Veen grab (0.1 m 2 ) was used to col-
lect three replicate samples at each station and the program 
was designed to produce quantitative density estimates for 
macrobenthic organisms as  Saduria  and  Monoporeia . It was 
not aimed for smaller organisms such as copepods and ostra-
cods due to the use of a sieve with a 1.0 mm mesh.   

 Analyses of stomach contents 

 To obtain estimates of diet specialization for  Saduria  in 
the fi eld, we used stomach content of individuals collected 
at 10 of the stations in the monitoring programme (N15 –
 N24 in Leonardsson 1991b), and analyzed for another 
study (Englund and Leonardsson 2008, Englund et al. 
2008). Englund et al. (2008) analyzed 263 individuals 
collected during the period 1983 – 2002. Th ey were in the 

size range 25 – 35 mm, which includes the modal size in 
most years. Th e individuals were collected at the same 10 
sites each year, separated spati ally by on the average 10.7 km. 
For the analyses of stomach contents, identifi able remains 
of prey exoskeletons were recovered and measured. Th e 
number of diet items (average 3.6, range: 1 – 37 items per 
stomach) in the stomach of an individual was determined 
based on the size and number of diff erent body parts. One 
limitation of this method is that soft bodied prey such as 
dead fi sh and newly molted conspecifi cs are less likely to be 
detected than those with a hard exoskeleton.   

 Quantifying niche breadth and individual diet 
specialization 

 We used the proportion by number of each prey type in an 
individual ’ s stomach to estimate the individual diet breadth 
using Levins ’  D (Levins 1968) where D pj

2�1 ∑  and p j  is the 
proportion of the diet that is represented by diet category 
j. Th e average proportion of each prey type in the whole 
population was then used to measure the population ’ s diet 
breadth, also using Levins ’  D. 

 We quantifi ed diet specialization by fi rst calculating 
the mean overlap between each individual ’ s diet and the  
population diet PSi. PS i  was calculated as PS = min(p ,q )i ij jj∑ , 
where p ij  is the frequency of diet category j in indivi-
dual i ’ s diet, and q j  is the frequency if diet category j in the 
population as a whole (Bolnick et al. 2002). Th e degree of 
diet speciali zation (V) was then calculated as V � 1 – PSi. 
Th is means that the degree of diet specialization ranges from 
0 when all individuals use the full range of resources used by 
the population, towards higher decimal values when individ-
uals are more heterogeneous and use smaller subsets of the 
resources used by the population. PSi were calculated using 
Indspec 1.0 (Bolnick et al. 2002). In these analyses we defi ne 
populations based on the grouping of individuals into either 
1) density combinations, or 2) year of capture.   

 Data analyses 
 We analyzed the data in three diff erent ways. First we inves-
tigated if individual diet specialization in  Saduria  was due 
to exploitative or interference competition. Second, as the 
 Saduria – Monoporeia  system is experiencing density fl uc-
tuations over time, we analyzed the eff ect of yearly density 
on individual diet specialization in  Saduria . In this analy-
sis we used the  Monoporeia  density as determinant for diet 
speciali zation in  Saduria  as  Monoporeia  was found to be 
the main determinant for diet specialization in the fi rst 
analysis. Th ird, we verifi ed that the increase in individual 
diet specialization came from increased population diet 
breadth. 

 First, as the individuals analyzed for diets came from a 
variety of  Saduria  and  Monoporeia  biomass combinations 
we divided the individuals into four groups of low and high 
biomass of  Saduria  and  Monoporeia , respectively, exclud-
ing individuals from intermediate biomass combinations 
(Supplementary material FigFig. S1). Th is would ensure that 
the individuals within a group experience fairly similar envi-
ronments when it comes to competitor and resource bio-
masses. Th ough, the division into these groups were arbitrary 
defi ned, changing the limits would give similar results and 
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  Figure 1.     Relationships between the biomasses of consumers and resources ( Saduria  and  Monoporeia ) and (A) the degree of diet specializa-
tion (V), (B) population diet breadth, (C) individual diet breadth, and (D) the proportion of  Monoporeia  in the diet of  Saduria . Mean  �  SE 
are given. An asterix in (A) denotes a degree of diet specialization diff erent (p  �  0.05) from random, see text for explanation.  

the same conclusions (Supplementary material Fig. S2). We 
then analyzed the degree of diet specialization, individual 
diet breadth and the proportion of  Monoporeia  in the diet 
using separate two-way ANOVAs with individuals from the 
groups as replicates. As the diet of a population can appear 
heterogeneous if there is limited diet information for each 
individual in the population, for example, if stomach size 
is small or resource competition constrains the number of 
prey consumed per individual; gut contents may underesti-
mate niche widths. Th erefore, to test whether the observed 
degree of diet specialization, V, diff ers from random expec-
tations, we used a nonparametric Monte Carlo procedure 
implemented in IndSpec 1.0 to generate replicate null diet 
matrices drawn from the population distribution (Bolnick 
et al. 2002), from which the signifi cance of the observed value 
can be computed. We used 10 000 replicates in Monte Carlo 
bootstrap simulations to obtain p-values for V. Furthermore, 
to obtain a null distribution of the population diet breadth 
to test for signifi cance among the density combinations 
we also used 10 000 replicates in Monte Carlo bootstrap 
simulations. 

 Second, we used linear regressions to investigate the rela-
tionship between the main determinant of diet specialization 
( Monoporeia  biomass, determined from the previous analy-
sis) and the diet breadth measures (Levines ’  D) as well as the 
degree of diet specialization, V. In these analyses we used 

the yearly averages and individual stomachs within a year as 
replicate. Th e spatial covariance between predator and prey 
densities varied substantially between stations and years. Th is 
means that the overall mean density of prey is an inaccurate 
descriptor of the prey density experienced by the predators. 
Th us we used a predator weighted biomass for  Monoporeia . 
Th e predator weighted biomass is the mean of the biomasses 
experienced by the predators used in the analysis, assuming 
that a sample (0.1 m 2 ) provides a reasonable measure of the 
density experienced by a predator (see Englund and Leon-
ardsson 2008 and Englund et al. 2008 for more details). Due 
to too few stomachs analyzed in 1989, 2001 and 2002 (n  �  
2, 2 and 1, respectively) we omitted these years from these 
analyses. 

 Th ird, to test if the population had a more heteroge-
neous diet (high degree of diet specialization) during years 
with high population diet breadth we regressed the degree of 
diet specialization on Levines ’  D. Here we also used a resa-
mpling procedure following Bolnick et al. (2007) to create 
a null expectation for the relationship between population 
diet breadth and the degree of diet specialization. Th en to 
evaluate whether our observed trend can be explained by 
this null model alone we used a general linear model to test 
for a diff erence between the slopes of the observed and the 
simulated degree of diet specialization against population 
diet breadth.    
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the observed values than for the null model values 
(F 2,5   �  492.77, p  �  0.001).    

 Discussion 

 In this study we found that the degree of diet specialization 
in  Saduria  was correlated with resource densities and not to 
forager densities, suggesting exploitative competition to be 
the factor determining diet specialization. Th e degree of diet 
specialization was greater at lower biomass of  Monoporeia . 
Both population diet breadth and individual diet breadth 
increased with decreasing  Monoporeia  biomass when compar-
ing among years. Exploitative competition led to increased 
diet specialization because population diet breadth increased at 
a faster rate than individual diet breadth, due to increased 
between-individual diet variation. Increasing diet specializa-
tion with increasing levels of intraspecifi c competition has 
been shown before for fi sh (Svanb ä ck and Bolnick 2007, 
Svanb ä ck and Persson 2004) but this is the fi rst study show-
ing that diet specialization is due to resource density and 
not forager density a result suggested by optimal diet models 
(Stephens and Krebs 1986, Svanb ä ck and Bolnick 2005). 
Our results are also the fi rst to show that the strength of 
intraspecifi c competition also might explain diet specializa-
tions in natural populations ’  of invertebrates (but see Agashe 

 Results  

 Diet specialization in Saduria 

 Th e degree of diet specialization in  Saduria  was only depen-
dent on the  Monoporeia  biomass (Fig. 1A; ANOVA,  Monopo-
reia  biomass: F 1,113   �  49.73, p  �  0.001) and not on  Saduria  
biomass or the interaction between  Monoporeia  and  Saduria  
biomasses ( Saduria  biomass: F 1,113   �  0.19, p  �  0.662, 
 Monoporeia   �   Saduria : F 1,113   �  0.083, p  �  0.774). From 
MonteCarlo simulations it was evident that only when there 
were low biomasses of  Monoporeia  the index of diet speciali-
zation, V, was found to diff er from a null expectation (p  �  0.05). 
Th e reason for the higher degree of diet specialization in low 
 Monoporeia  environments was an increase in the population 
diet breadth compared to the high  Monoporeia  environments 
(Fig. 1B; Median test: DF  �  3,  χ  2   �  4000, p  �  0.001) whereas 
there were no diff erences in individual diet breadths among 
the density combinations (Fig. 1C; ANOVA,  Monoporeia  
biomass: F 1,113   �  2.29, p  �  0.133,  Saduria  biomass: F 1,113   �  
0.059, p  �  0.809,  Monoporeia   �   Saduria : F 1,113   �  0.001, 
p  �  0.998). At high density of  Monoporeia , all  Saduria  fed 
primarily on  Monoporeia , leading to a higher proportion of 
Monoporeia in the populations diet compared to at low 
biomass of  Monoporeia  (Fig. 1D, ANOVA,  Monoporeia  bio-
mass: F 1,113   �  11.91, p  �  0.001,  Saduria  biomass: F 1,113   �  
0.032, p  �  0.857,  Monoporeia   �   Saduria : F 1,113   �  0.018, 
p  �  0.893). 

 When comparing among years, the degree of diet special-
ization was negatively related to the biomass of  Monoporeia  
(FigFig. 2A; R 2   �  0.491, F 1,15   �  14.5, p  �  0.002), confi rm-
ing the previous results. Both population diet breadth and 
individual diet breadth decreased with  Monoporeia  biomass 
(Fig. 2B; population diet breadth: R 2   �  0.391, F 1,15   �  9.62, 
p  �  0.007, individual diet breadth: R 2   �  0.260, F 1,15   �  5.28, 
p  �  0.036). Even though both population diet breadth and 
individual diet breadth increased with the level of competi-
tion, population diet breadth increased faster than the individ-
ual diet breadth (Fig. 2B;  Monoporeia  biomass: F 2,31   �  6.03, 
p  �  0.006). When testing for diet specialization and diet 
breadths for the lower ranked prey (mysidae) we did not fi nd 
any signifi cant relationships (p  �  0.14 for all comparisons).   

 Is Saduria more specialized in years of high total 
niche width? 

 Th e degree of diet specialization increased with population 
diet breadth (FigFig. 3) both for the observed values (F 1,15   �  
38.08, p  �  0.001) and for the null model simulated val-
ues (F 1,15   �  49.59, p  �  0.001). However, the degree of 
diet specialization increased more steeply for the observed 
values than for the null model values (F 2,31   �  46.13, p  �  
0.001) indicating that  Saduria  is more specialized in years 
of high total niche width. Th e same relationship was found 
when diet specialization was calculated on the four groups 
based on biomass (Fig. 1A – B, Supplementary material Fig. 
S1), i.e. the degree of diet specialization increased with the 
groups diet breadth (Supplementary material Fig. S3) both 
for the observed values (F 1,3   �  907.58, p  �  0.001) and for 
the null model simulated values (F 1,3   �  364.96, p  �  0.003), 
and the degree of diet specialization increased steeper for 

Figure 2. Correlation between Monoporeia biomass (g m�2) and 
(A) degree of diet specialization, V, in Saduria and (B) population 
diet breadth (fi lled symbols and full drawn line) and individual diet 
breadth (open symbols and dotted line).
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diff erent prey types (Harlioglu 2000). Physiological tradeoff s 
such as digestive enzymes have also been a suggested mecha-
nism for diet specialization in crustaceans (Christensen 
1977). Cognitive constraints where individuals need to learn 
search images, search behaviors or prey handling behaviors 
can, however, also be important in restricting individual diet 
specialization (Persson 1985, Lewis 1986). Search behaviors 
have been thought to be related to prey use in  Saduria . For 
example, when foraging,  Saduria  have been shown to use 
either a sit and wait strategy or hunt actively, walking on 
the sediments (Bergstr ö m and Englund 2002). Th ese two 
strategies can be hypothesized to be adaptations to catch-
ing the more mobile mysids (sit-and-wait) or the less mobile 
 Monoporeia  (actively hunting) (Leonardsson and Johansson 
1997, Englund and Harms 1999). However, it still remains 
to be determined if the foraging modes of  Saduria  gener-
ates tradeoff s leading to individual diet specialization as sug-
gested by this study. 

 Th e pattern of increase in diet specialization with an 
increase in generalization (higher population diet breadth) 
has been described for several other animal taxa (Bolnick 
et al. 2007). Th is pattern suggests that the  Saduria  popula-
tion can be subject to frequency-dependent interactions that 
drive disruptive selection (Bolnick 2004, Pfennig et al. 2007, 
Bolnick and Lau 2008, Martin and Pfennig 2009, Svanb ä ck 
and Persson 2009) which in turn may lead to evolutionary 
divergence (Dieckmann and Doebeli 1999, Doebeli and 
Dieckmann 2000). However, evolutionary divergence may 
not be likely in the  Saduria – Monoporeia  system due to its 
cyclic nature. It has recently been shown that in cyclic popu-
lations, the fi tness landscape will change with density and 
favor diff erent phenotypes at diff erent parts of the popu-
lation cycles (Svanb ä ck and Persson 2009). Such density 
 fl uctuations will favor the evolution of phenotypic plasticity 
over evolutionary branching (Svanb ä ck et al. 2009). 

 Th e change in individual diet specialization with density 
dynamics might infl uence food web connections as the diet 
use of foragers will change with competition. For example, 
FigFig. 4 illustrates the benthic food web in deep areas of the 
northern Baltic (described in other studies, e.g. Leonardsson 
1991a, Albertsson and Leonardsson 2001, Englund et al. 
2008). As shown in this study, however, at high abundance 
of  Monoporeia ,  Saduria  will mainly feed on  Monoporeia  
whereas at low density of  Monoporeia , the  Saduria  popula-
tion as a whole will feed on several diff erent prey types. Th us, 
the density dynamics in this system should alter connectance 
of the food web, and, thus, its dynamics. Using a model 
that only included the two dominant prey taxa,  Monopor-
eia  and mysids, Englund et al. (2008) found that the diet 
dynamics of  Saduria  reduced density oscillations in  Saduria  
and  Monoporeia  and decreased the extinction risk of  Sadu-
ria . Interestingly, Svanb ä ck and Persson (2004) found in a 
population of Eurasian perch  Perca fl uviatilis  that fl uctuates 
in density over time that population diet breadth increased 
with increasing perch population, suggesting that the food 
web dynamics seen in  Saduria  might be common. However, 
the eff ect of individual diet specialization and adaptive forag-
ing on food web dynamics remains to be investigated. 

 In conclusion, we have shown that density fl uctuations 
between predators and prey infl uence the degree of individ-
ual diet specialization in the predator. Th is diet specialization 

and Bolnick 2010 for a lab population). As many inver-
tebrate species have been shown to exhibit individual diet 
specialization within populations (Bolnick et al. 2003) our 
results thus suggests that a positive relationship between diet 
specialization and the intensity of exploitative competition 
might be more common than previously thought. 

 Why is exploitative competition and not interference 
competition causing diet specialization in  Saduria?  One pos-
sible explanation is that the interactions from exploitation 
are stronger than the interactions from interference (canni-
balism) in this system. Other studies have showed that inter-
ference in the form of territorial defense may lead to diet 
variation among individuals (reviewed by Bolnick et al. 2003). 
In these studies, diet variation is due to that territories diff er 
in their resource base. Th us, interference may aff ect individ-
ual diet specialization but, whether interference in the form 
of cannibalism may lead to diet specialization needs further 
investigations, e.g. will interference infl uence diet specializa-
tion among individuals more if the eff ect of cannibalism is 
stronger? 

 Diet specialization among individuals has been shown to 
be driven by intraspecifi c competition (Svanb ä ck and Pers-
son 2004, Svanb ä ck and Bolnick 2005, 2007) or predation 
(Ekl ö v and Svanb ä ck 2006) but other food web interactions 
such as interspecifi c competition and intraguild predation 
may also infl uence diet specialization (Bolnick et al. 2010). 
Th e underlying mechanisms are believed to be functional 
tradeoff s that prevent any given individual from using the 
whole set of available resources (Bolnick et al. 2003). Th ese 
tradeoff s can be morphological, cognitive or physiological 
(Persson 1985, Lewis 1986, Schluter 1995, Estes et al. 2003, 
Svanb ä ck and Ekl ö v 2003, Olsson et al. 2007). We don ’ t know 
which of these tradeoff s is aff ecting  Saduria  diet choice but 
basically it can be any or all of them at the same time. For 
example, for other crustaceans, the morphology of mouth 
parts have been hypothesized to be related to handling time of 

Figure 3. Correlation between degree of diet specialization (V) and 
the total niche width (population diet breadth) of the population. 
Th e empirical results are shown with fi lled symbols and solid line. 
Open symbols and dotted regression line indicate the expected trend 
under a null model in which diet arises solely by individuals randomly 
sampling from a limited set of prey from a shared prey distribution.
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is dependent on resource levels and might in turn infl uence 
the length and the size (number of links) of a food web. Our 
results therefore suggest that including individual diet spe-
cialization into food web studies might increase our under-
standing of the complex structures of food webs. 
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