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Abstract Animal-mediated seed dispersal (zoochory) is
considered to be an important mechanism regulating biological processes at larger spatial scales. To date, intra-specific variation in seed disperser quality within seed-dispersing animals has not been studied. Here, I employed seed
feeding trials to quantify individual differences in disperser
quality within the common carp (Cyprinus carpio) using
seeds of two aquatic plants: unbranched bur-reed (Sparganium emersum, Sparganiaceae) and arrowhead (Sagittaria
sagittifolia, Alismataceae). I found substantial variation
among carp individuals in their propensity to ingest seeds
and their ability to digest them, resulting in up to 31-fold
differences in the probability of seed dispersal. In addition,
there were significant differences in the time that seeds are
retained in their digestive systems, generating a twofold
difference in the maximum distance over which they can
potentially disperse seeds. I propose that seed-eating animal species consist of individuals that display continuous
variation in disperser quality, with at one end of the continuum individuals that are likely to eat seeds, pass them
unharmed through their digestive tract and transport them
over large distances to new locations (i.e. high-quality seed
dispersers) and at the other end individuals that rarely eat
Communicated by Joel Trexler.
Electronic supplementary material The online version of this
article (doi:10.1007/s00442-016-3749-4) contains supplementary
material, which is available to authorized users.
* Bart J. A. Pollux
bart.pollux@wur.nl; b.pollux@gmail.com
http://www.bartpollux.nl
1

Experimental Zoology Group, Department of Animal
Sciences, Wageningen University, De Elst 1,
6708 WD Wageningen, The Netherlands

seeds, destroy most of the ones they ingest and transport
the few surviving seeds over relatively short distances (lowquality seed dispersers). Although individual differences in
seed dispersal quality could be the result of a variety of factors, these results underline the ecological and evolutionary
potential of such variation for both plants and animals.
Keywords Ichthyochory · Intra-specific variation ·
Long-distance dispersal · Seed retention time · Zoochory

Introduction
Natural populations often consist of individuals that exhibit
significant phenotypic variability in morphological, physiological or behavioural attributes (Bolnick et al. 2003; Careau et al. 2008; Bergmüller and Taborsky 2010; Biro and
Stamps 2010; Araújo et al. 2011; Violle et al. 2012). Such
intra-specific variation was long considered to be a troublesome source of variation in ecological studies; however,
recent insights highlight the ecological and evolutionary
significance of individual specialization within populations
(Bolnick et al. 2011; Burton et al. 2011; Edelaar and Bolnick 2012; Edelaar et al. 2012; Wolf and Weissing 2012).
Seed dispersal is an example of a phenotypic trait that
varies within plant species. The seeds of a single plant are
dispersed over a range of distances away from the parent. This range is modelled by dispersal kernels, which
typically have a positively skewed leptokurtic shape:
Most seeds end up in close proximity to the parent while
a smaller proportion, represented by the extended tail of
the distribution, is dispersed over greater distances (i.e.
long-distance dispersal; Nathan and Muller-Landau 2000).
Although relatively rare, long-distance dispersal is essential for biological processes that take place on larger spatial
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scales, including metapopulation dynamics, resilience of
regional communities or biological invasions (Cain et al.
2000; Nathan et al. 2003; Nathan 2006). Animal-mediated
seed dispersal (zoochory) is considered to be a particularly
important mechanism for long-distance dispersal, because
animals can move fast, in a directional manner and are
likely to transport seeds across dispersal barriers (Wenny
and Levey 1998; Purves and Dushoff 2005; Purves et al.
2007; Nathan et al. 2008; D’hondt et al. 2012; Bauer and
Hoye 2014).
Successful seed dispersal via animals is the culmination
of intimate plant–animal interactions. Whilst it has long
been known that large inter-specific differences in the ability to disperse seeds exist among animal species (e.g. Howe
and Smallwood 1982; Howe 1986; Schupp 1993), to date it
remains unclear if, and to what extent, intra-specific variation in disperser quality exists among individuals within
a single species. Animals may vary intra-specifically in
their propensity to ingest the seeds they encounter in the
field (Wilson et al. 1990) or their ability to digest them.
Such individual differences affect the likelihood that seeds
are transported intact to new locations. Figure 1 illustrates
a simple case of individual variation in disperser quality
among animals with two hypothetical individuals at opposing ends of a disperser quality continuum: Individual 1 is
representative of a ‘bad disperser’, having a low probability
of ingesting seeds when encountering them in the field and
a high probability of digesting them. Individual 2, on the
other hand, typifies a ‘good disperser’, having a high probability of ingestion and a low probability of seed digestion.
Individuals may further vary in the duration that seeds are
retained in their guts (Vander Noot et al. 1967; Sun et al.
1997), affecting the potential distance over which seeds
can be dispersed. In general, the longer seeds remain in the
digestive tract the greater the potential dispersal distance
(Pollux 2011), although the actual shape and scale of a dispersal kernel is ultimately determined by the movements
of the dispersers (Vellend et al. 2003; Westcott et al. 2005;
Russo et al. 2006). Many captive experiments with fishes,
birds and mammals show that, in single feeding trials,
there is much individual variation in seed ingestion, retention time and gut survival between individuals (reviewed
in Online Resource 1). However, none of these studies
repeated the experiments and, hence, it remains unclear
whether the observed variation is consistent (i.e. repeatable
over time).
In this study I employ repeated seed feeding trials to
study the extent and consistency of intra-specific variation
in disperser quality within the common carp (Cyprinus carpio) using seeds of two aquatic plant species: unbranched
bur-reed (Sparganium emersum, Sparganiaceae) and arrowhead (Sagittaria sagittifolia, Alismataceae). Recent studies highlight the prevalence of seed dispersal by fishes
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Fig. 1  Intra-specific variation in disperser quality in a single population comprising two hypothetical individuals at opposing ends of a
disperser quality continuum. The two individuals are represented by
separate dots. Individual 1 has a low disperser quality, characterized
by a low probability of seed ingestion and a high probability of seed
digestion translating into a low overall likelihood of seed dispersal.
Individual 2 has a high disperser quality, typified by a high probability of seed ingestion and low probability of digestion resulting in a
high overall likelihood of seed dispersal

(ichthyochory) (Correa et al. 2007; Horn et al. 2011; Correa et al. 2015b). Worldwide, over 275 fish species have
been shown to consume seeds in the field and, in the neotropics alone, at least 566 plants species (from 82 families)
have been identified whose seeds constitute part of a fish’s
diet (Horn et al. 2011; Correa et al. 2015b). The ecological
relevance of ichthyochory for high-quality, long-distance
seed dispersal (Anderson et al. 2009, 2011; Van Leeuwen
et al. 2016), the maintenance of genetic diversity (Markwith et al. 2009; Pollux et al. 2009a) and the structuring of
vegetation along rivers (Gottsberger 1978; De Souza-Stevaux et al. 1994; Horn 1997; Horn et al. 2011; Correa et al.
2015a) is also rapidly gaining recognition.
In the feeding trials employed in the present study, the
endo-zoochoric dispersal process is divided in a number of
discrete, consecutive steps that can be individually quantified (Charalambidou and Santamaría 2002; Pollux 2011),
namely: (i) seed ingestion, the probability that offered
seeds are ingested, which is affected by both seed availability and the animals’ feeding preferences; (ii) retention
time, the time that seeds are retained in the digestive system of the animal; (iii) seed survival, the probability that
seeds pass intact through the intestinal tract of animal dispersers and (iv) seed viability, the probability that recovered seeds are able to germinate. There is currently little or
no empirical information about the existence of individual
differences in disperser quality within seed-eating animal
species. Here, I test whether: (1) animals vary intra-specifically in their ability to disperse seeds; (2) whether this
variation occurs only in one, or in multiple stages, of the
dispersal process (i.e. ingestion, retention time, survival,
germination) and (3) if this individual variation is repeatable (consistent) over time, using the common carp as a
model species.
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Materials and methods
Study species
Cypriniform fishes represent the dominant seed-eating fish
lineage in the Palearctic (i.e. Europe, northern Asia, northern Africa and the northern and central parts of the Arabian
Peninsula) and Indomalayan (e.g. India, southern Asia,
Indonesia, the Philippines, Taiwan) ecozones (Horn et al.
2011). The common carp’s native range extends to the rivers draining into the Black, Caspian and Aral Sea (Koehn
2004). To date it is the most widely spread cyprinid fish
species in the world being commonly found in lakes, canals
and lowland rivers in temperate and tropical regions of Eurasia, Africa, Australia and North America. Dietary studies
show that the common carp is an opportunistic omnivore
that forages on a variety of food items (e.g. seeds, fruits,
plants and plant-associated invertebrates; Ridley 1930;
Crivelli 1981; Bergers 1991; Garcıa-Berthou 2001; Horn
et al. 2011; Grutters et al. 2015). Twelve common carps
with a mean (±SE) mass of 0.307 ± 0.01 kg (range 0.260–
0.359 kg) were obtained from Ruud Vonk Fish Hatchery
(Maurik, The Netherlands) in October 2003 (Pollux et al.
2006). The fish were individually kept in 100-L tanks in
a common garden setting at the fish facilities of Radboud
University Nijmegen, The Netherlands. The water in the
tanks was maintained at 24 °C and was continuously aerated (with airstones) and refreshed (50 l h−1). To ensure
homogenization of water quality among the 12 tanks, all
tanks were supplied with water coming from the same filtering system. The fish were kept on a diet of commercial
Trouvit pellets (with a pellet diameter of 2 mm) up to a
daily amount of 1 % of their body mass (Trouvit, Trouw &
Co, Putten, The Netherlands).
Unbranched bur-reed (S. emersum) and arrowhead (S.
sagittifolia) are aquatic, facultatively clonal, vascular
macrophytes that are widely distributed throughout Eurasia and North America (Cook and Nicholls 1986; Pollux et al. 2007a) where their distribution overlaps with
that of the common carp. They typically grow in a wide
band at the margins of canals, rivers and streams that
are characterized by shallow, slow-flowing waters. Both
species flower from June to August (Sargent and Otto
2004). Their fruits (hereafter called seeds) are released
in autumn. They remain dormant during the winter during which they are dispersed by water currents (Boedeltje
et al. 2004; Pollux et al. 2009b), fish (Ridley 1930; Pollux
et al. 2007b; Boedeltje et al. 2015) and waterfowl (Pollux et al. 2005; Soons et al. 2016), until they germinate
in the following spring. Ripe seeds were collected during
October 2003 from natural populations in The Netherlands (Pollux et al. 2006). The seeds were stored in glass
jars filled with tap water, in a dark cold room at 5 ± 1 °C
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at the Radboud University Nijmegen (The Netherlands),
to mimic the natural cold-stratified conditions of CentralNorth European winters required to break seed dormancy
(Muenscher 1936).
Experimental design
The common carp is an opportunistic omnivore that predominantly takes up seeds while foraging on vegetative
plant parts, or while sifting through detritus in search for
invertebrate prey (Horn et al. 2011; Pollux 2011). In the
present study the process of ‘accidental’ uptake was mimicked by hiding the seeds in food pellets (cf. Horn 1997).
Three weeks prior to the start of the first feeding trial, the
carp were trained to voluntarily ingest these self-made food
pellets, each containing five S. emersum and five S. sagittifolia seeds. The food pellets were prepared by adding
warm water to commercial Trouvit pellets until the mixture
procured a ‘doughy’ consistency. Five randomly selected S.
emersum and five S. sagittifolia seeds were then added to
a small amount of ‘Trouvit dough’ and kneaded into small
pill-shaped balls with a diameter of approximately 10 mm
(see Online Resource 2a). The pellets were subsequently
placed in a drying stove and left to dry and harden for 24 h
at a temperature of 28 °C.
To test for individual differences in seed disperser quality among the carp, I employed seed feeding trials. With
each of the 12 fish individuals I performed 12 repeated
feeding trials at weekly intervals (during January to April
2004), yielding a total of 12 × 12 = 144 separate trials.
All trials started at 8:00 am in the morning, the time at
which the carp were accustomed to receiving their daily
food. At the beginning of each trial the self-made food pellets were offered to the carp, one pellet at a time (Online
Resource 2b), until they were satisfied up to a maximum of
ten food pellets (equivalent to a maximum of 50 S. emersum and 50 S. sagittifolia seeds). Five to ten minutes after
feeding, non-ingested seeds (i.e. seeds that were expelled
by ‘spitting’; Sibbing et al. 1986) were removed from the
tanks with aquarium nets (gape size 10 × 15 cm; square
mesh size 1 mm) and counted. Next, for a period of 24 h
fish faeces were collected every 2 h from the bottom of the
tanks by means of aquarium nets (preliminary tests, lasting
48 h, showed that the fish always excreted all non-digested
seeds well within 24 h). Collected faeces were immediately
rinsed with tap water and sieved using a 500 μm square
mesh size sieve (diameter 19 cm) and retrieved seeds were
counted. Retrieved seeds were transferred to plastic containers (100 mL) filled with tap water and returned to the
dark cold room (5 ± 1 °C) for the remainder of the experiment to ensure an equal cold-stratification period for all
seeds in all feeding trials (from seed collection in the field
in October 2003 to the germination test in May 2004).
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In May 2004, all seeds were set to germinate simultaneously in a climate chamber with a photoperiod of 16L:8D
(light:dark), a daytime irradiance of 200 μmol photons
s−1 m−2 and a day/night temperature cycle of 25/18 °C.
Seeds were placed in transparent polystyrene microtiterplates (127 × 82 cm, 96 wells; Omnilabo International BV,
Breda, The Netherlands), filled with tap water (one seed per
well). Germination, in our study defined as the emergence
of the first foliage leaf, was checked daily for a period of
45 days (Pollux et al. 2006).
Statistical analyses
The probability of seed ingestion (proportion of offered
seeds that were ingested), survival (proportion of
ingested seeds recovered from the faeces) and germination (proportion of recovered seeds that germinated by
the end of the germination run) was assessed by fitting
generalized linear models to the data for each plant species separately, using the GLIMMIX procedure in SAS
9.3 (SAS Institute Inc., Cary, NC, USA) with fish individual included as a fixed factor, feeding trial as a random factor and a binomial distribution and logit link
function for the response variables. The GLIMMIX
procedure uses the number of offered, ingested and survived seeds as the binomial denominator, thereby controlling for the effects of sample size in the analyses on
the probability of ingestion, survival and germination,
respectively (Littell et al. 2006). Due to the sequential
nature of the three response variables in the study design
the sample sizes, and therefore the degrees of freedom,
tended to decline over the course of each feeding trial.
Models were qualitatively evaluated based on the dispersion parameter, calculated by dividing the deviance by its
degrees of freedom (deviance/df). When the dispersion
parameter approaches 1, standard errors and confidence
intervals are assumed to be unbiased and correlations
among observations accounted for (Littell et al. 2006;
Morel and Neerchal 2012). When the dispersion parameter was larger than 1, the model was assumed to be overdispersed. Failure to correct for overdispersion can lead
to erroneous inferences due to inflated Type I error rates.
Therefore, the model was rerun taking the overdispersion
into account by adding a multiplicative overdispersion
parameter to the variance function (Littell et al. 2006;
Morel and Neerchal 2012). Adding an overdispersion
parameter does not alter any of the parameter estimates,
but only adjusts the variance–covariance matrix of the
estimates by a constant factor (Littell et al. 2006; Morel
and Neerchal 2012). Pair-wise post hoc comparisons of
means were subsequently used to evaluate differences
with a sequential Bonferroni corrected comparison-wise
error rate (Holm 1979; Rice 1989).
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The degree of relationship of the probability of ingestion, survival and germination, respectively, between the
two plant species was assessed by computing Pearson
product-moment correlation coefficients (r) with Fisher’s
z transformation using arcsin square-root transformed proportions (Sokal and Rohlf 2001).
Differences in retention time were tested in a survival
analysis by fitting a Cox proportional hazards regression
model to the retrieval time data (the time between ingestion
and defecation of seeds, in hours) for each individual seed
that was recovered from the faeces, using the PHREG procedure in SAS 9.2. For each plant species we fitted separate
models with fish individual included as a fixed factor. Pairwise post hoc comparisons of means were used to evaluate
the significance of differences among fish individuals with
a sequential Bonferroni corrected comparison-wise error
rate (Holm 1979; Rice 1989).

Results
The probability of seed ingestion differed significantly among fish individuals, both for S. emersum
(F11,121 = 13.78, P < 0.0001) ranging from a mean ± SE
of 20.90 ± 6.10 % (individual 11) to 91.53 ± 2.95 %
(individual 5; Fig. 2a) and S. sagittifolia (F11,121 = 6.03,
P < 0.0001) where it ranged from 58.24 ± 10.51 % (individual 10) to 97.71 ± 2.10 % (individual 5; Fig. 2a), indicating that some individuals are consistently more inclined
to consume seeds when offered to them than others. The
positive correlation between the probability of ingestion of S. emersum and of S. sagittifolia (Pearson: n = 12,
r = 0.79814, P = 0.0007) indicates that individuals that
ingested more S. emersum seeds also ingested more S. sagittifolia seeds (Online Resource 3a).
The probability of seed survival also differed significantly among the 12 fish, both for S. emersum
(F11,117 = 13.28, P < 0.0001) ranging from 4.33 ± 2.59 %
(individual 3) to 69.05 ± 6.69 % (individual 6; Fig. 2b) and
S. sagittifolia (F11,118 = 7.23, P < 0.0001) ranging from
6.60 ± 2.79 % (individual 3) to 36.59 ± 5.10 (individual
5; Fig. 2b), indicating that some individuals are far more
efficient in digesting seeds than others. There was a positive correlation between the probability of survival of S.
emersum and S. sagittifolia (Pearson: n = 12, r = 0.81889,
P = 0.0004), suggesting that individuals that digested more
S. emersum seeds also digested more S. sagittifolia seeds
(Online Resource 3b).
The pattern of seed retrieval over time followed a leptokurtic curve, with all seeds being retrieved within 16 h
(Fig. 3). Cox proportional hazards regressions revealed significant differences in retrieval rate among fish individuals,
both for S. sagittifolia (χ2 = 42.338, df = 11, P < 0.0001)
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seeds fed to 12 common carp
(Cyprinus carpio). Each box
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The box and whisker plots were
created with Prism 5.0c (GraphPad Software Inc., La Jolla, CA,
USA)
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and S. emersum (χ2 = 85.778, df = 11, P < 0.0001) (Fig. 3;
for post hoc comparisons among individuals see Online
Resource 4).
Although the probability of germination of S. emersum seeds did differ significantly among fish individuals
(F11,92 = 2.84, P < 0.0030), ranging from 62.50 ± 16.14 %
(individual 7) to 92.84 ± 2.10 % (individual 8; Fig. 1h),
post hoc analyses revealed that only one individual (individual 3) was significantly different from one other individual (individual 2), while the remaining individuals
did not significantly differ from one another; Fig. 2c).
Moreover, the probability of germination of S. sagittifolia
seeds did not differ significantly among any of the 12 fish
(F11,101 = 1.72, P < 0.0795), ranging from 13.26 ± 9.21 %
(individual 7) to 39.71 ± 9.83 % (individual 6; Fig. 2c).
Finally, there was no correlation between the probability
of germination of S. emersum and S. sagittifolia (Pearson:
n = 12, r = 0.34496, P = 0.2593; Online Resource 3c).
Together, these results suggest that differences in the digestive physiology among the carp individuals do not translate into clear differences in the germination probability of
either plant species.

Discussion
Consistent individual differences
This study discloses remarkable variation among carp individuals in their propensity to ingest seeds of aquatic plants
and their ability to subsequently digest them. This intraspecific variation is significant and repeatable over time
(Fig. 2; Online Resource 5) and hence most likely reflects
consistent individual differences (CIDs; Biro and Stamps
2010) in disperser quality among the carp. Such intra-specific variation may be caused by differences in genotype,
phenotype, environment, social interactions or combinations of these factors (Santamaría et al. 2002; Sargeant
2007); however, the relative importance of ‘nature’ versus
‘nurture’ currently remains insufficiently understood. Disentangling the potentially confounding causes underlying
the observed individual differences in seed disperser quality among carp will therefore require further investigation
(e.g. parent–offspring regressions to estimate the heritability of seed disperser quality).
Ingestion, survival and germination
Differences in seed ingestion between carp individuals
results from seed selection in the fish’s oral cavity. Carp
have highly complex intra-oral food selection mechanisms
for the detection and investigation of potential food items.
Purification of food is achieved by repetitive rinsing and
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resuspension in the oral cavity by orobuccal expansion,
aided by pumping of water through the opercular valves.
Edible items are separated from the remaining material through size-dependent selection of particles by the
branchial sieve (with minimal mesh width ranging from
250 to 500 µm; Sibbing et al. 1986), followed by a quality-dependent selective “taste and sort” mechanism that
separates palatable food from the remaining waste material using abundant taste buds lining the palatal organ (up
to 820/mm2; Sibbing and Uribe 1985). Inedible particles
are expelled by ‘spitting’, a reversed suction pump action
of the orobuccal and opercular cavities, while palatable
food items are retained and transported to the pharyngeal
teeth and chewing pad in the posterior pharynx where they
are subjected to mastication (crushing and grinding) and
subsequently swallowed (deglutition) (Sibbing 1982; Sibbing and Uribe 1985; Sibbing et al. 1986; Sibbing 1988;
Callan and Sanderson 2003). This study demonstrates that
some individuals are more likely to qualify seeds as inedible food particles and expel them by ‘spitting’ than others.
The underlying mechanism for this individual variation in
seed selection requires further study, but is likely linked to
differences in the structure of the branchial sieve (Sibbing
et al. 1986) or the density of taste buds lining the palatal
organ (Sibbing and Uribe 1985).
Seed survival also varied significantly among the carp,
possibly due to differences in the morphology of the gut
and/or intestinal mucosa (Dabrowski 1983; Lee and Cossins 1988) or the enzymatic activity of the digestive juices
(Bondi and Spandorf 1954). Unfortunately, studies focussing on intra-specific variation in the gut morphology and
enzymatic activity of the digestive juices are lacking in
fishes. Differences in bite force exerted on the seeds during
mastication (Sibbing 1988) among the carp are not likely
to have played a role in the present study, because bite
force is strongly correlated with fish size and differences in
body weight among the experimental subjects (mean ± SE
307 ± 10 g, N = 12 carp) are insufficient to explain the
observed variation in seed survival (Nand Sibbing, personal
communication).
Fish individual had no effect on the germination of S.
sagittifolia seeds and only a minor effect on S. emersum
seeds. These two plant species both produce non-fleshy
fruits: S. emersum produces a drupe-like fruit consisting of
a seed enclosed in a hard scleridial endocarp and a tough
spongy mesocarp, while S. sagittifolia produces a nutletlike seed surrounded by a soft membranous endocarp and
a semi-transparent, laterally compressed disc-like mesocarp
(Pollux et al. 2006). In these species, any effect of gut passage on seed germination (either positively or negatively) is
most likely caused by the mechanical or chemical treatment
(scarification) of the seed coat in the animal’s gut (Traveset
1998; Traveset and Verdú 2002; Pollux et al. 2006; Traveset
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et al. 2007). This study therefore suggests that intra-specific
differences in gut structure or digestive physiology of carp
are not large enough to cause substantive differences in
seed scarification. Whilst I did not measure the gut length
of our carp, it is known that the length of their intestine
correlates with body size: e.g. it has been shown to vary
from 50 cm in carp that weigh 300 g up to 80 cm in carp
of 700 g (Dabrowski 1983). Given the limited variation in
body weight among the experimental subjects used in this

Individual differences in disperser quality
The variation in seed ingestion and seed survival during
gut passage translates into remarkably large individual differences in disperser quality among the 12 carp individuals. These differences are summarized in Fig. 4. Figure 4a
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Fig. 4  Summary of individual differences in disperser quality among
the common carp (Cyprinus carpio). a Graphical representation of
individual differences in fish-mediated dispersal of Sparganium emersum (left) and Sagittaria sagittifolia (right) seeds among 12 carp. The
dots represent different carp individuals (the numbers next to the dots
identify the exact individual). The position of the dots in the graph
conveys information about individual disperser quality: Carp individuals at the top left corner of the graph rarely eat seeds and are likely
to digest them (low P[ingestion], high P[digestion]) and thus have a low
disperser quality; carp individuals at the bottom right corner of the
graph are likely to ingest and transport seeds intact to new locations
(i.e. high P[ingestion], low P[digestion]), having a high disperser quality.

b The dispersal probabilities for each carp, calculated as P[dispersal] =
P[ingestion] × (1 − P[digestion]), showing the continuous variation in disperser quality among the 12 individuals. c Individual differences in
the shape of the dispersal kernels for S. emersum (left) and S. sagittifolia (right) seeds among 12 carp. The dispersal kernels were modelled based on seed excretion rates over a period of 24 h (faeces were
collected every 2 h), assuming non-stop, linear swimming at a constant optimum speed of 1.25 body lengths s−1 (or 1.125 km h−1). To
correct for potential biases towards the right limit of the observation
intervals, excretion events were assigned to the mid-value of each
time interval
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graphically shows the differences in dispersal capacity
among the carp individuals. At one end of the spectrum we
find individuals that have a high tendency to ingest seeds
(i.e. high P[ingestion]) and a low tendency to digest these
seeds (low P[digestion]). These individuals are thus likely to
eat seeds and transport these intact to new locations and can
therefore be typified as having a high disperser quality. At
the other end of the spectrum we find individuals that rarely
eat seeds (low P[ingestion]) and digest most of the ones they
ingest (high P[digestion]). These latter individuals have a low
disperser quality (Fig. 4a). A similar negative correlation
between ingestion and digestion was observed in waterfowl,
at an inter-specific level. Figuerola et al. (2002) analysed
bird droppings collected in the field in the Doñana wetlands (south–west Spain) and found that duck and coot species that tended to ingest more widgeongrass seeds (Ruppia
maritima) also tended to produce droppings with a smaller
fraction of digested seed fragments and, hence, a larger proportion of seeds that survived gut passage. Together these
findings suggest that this may reflect a general phenomenon
in the digestive processing of seeds by zoochoric dispersers that occurs both at an intra- and inter-specific level: the
more seeds an animal ingests, the less efficient its digestion.
The probability of carp-mediated seed dispersal can also
be calculated for each individual as: P[dispersal] = P[ingestion]
× (1 − P[digestion]). This too reveals large differences in
seed dispersal potential between carp individuals: There is
more than a 31-fold difference in dispersal probability of
S. emersum seeds among carp individuals (ranging from
P[dispersal] = 0.01995 for carp 3 to P[dispersal] = 0.62106
for carp 5) and a nearly sevenfold difference in the dispersal probability of S. sagittifolia seeds (ranging from
P[dispersal] = 0.05297 for carp 3 to P[dispersal] = 0.35750 for
carp 5) (Fig. 4b). The differences between the two plant
species are most likely related to differences in seed morphology (Pollux et al. 2006).
Figure 4c shows individual differences in the shape of the
dispersal kernels. These kernels were modelled by combining information on seed retention times over a period of 24 h
with information on the optimum swimming speed (Uopt;
defined as that at which the energy required per unit of distance travelled is minimized) of the common carp (Beamish
1978; Pollux 2011). The optimum swimming speed for the
common carp in our experiment (with a body mass of ca.
300 g and body length of ca. 0.25 m) is close to 1.25 body
lengths per second or 1.125 km per hour (Ohlberger et al.
2006). The kernels depicted in Fig. 4c assume non-stop, linear swimming at a constant optimum speed of 1.125 km per
hour and herewith provide information about differences in
the maximum potential distances over which the different
carp can disperse seeds (Pollux 2011). The models reveal a
more than twofold difference in maximum potential dispersal distances among carp individuals, ranging from 7.875 to
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16.875 km for S. emersum seeds and 7.875 to 19.125 km for
S. sagittifolia seeds over a period of 24 h (Fig. 4c). These
distances are realistic, as a recent study showed that migrating common carp can swim distances of up to 21.6 km per
day (Jones and Stuart 2009). Actual dispersal distances in
the field may differ from those depicted in Fig. 4c, because
while some carp may swim continuously in a single direction, most carp will sometimes rest or change speed or
direction while swimming. Nevertheless, it is clear that
some individuals have a far greater potential for long-distance dispersal than others. If one considers an individual’s
maximum potential seed dispersal distance to be an important aspect of disperser quality (Albert et al. 2011; Wolf
and Weissing 2012), then one can argue that this too adds
to the remarkable individual differences in disperser quality
among carp individuals found in this study.
Individual differences in disperser quality
under experimental versus natural conditions
This study demonstrates the existence of large, consistent differences in disperser quality among carp individuals kept under relatively homogenous laboratory conditions
(i.e. relative to field conditions). One could argue that even
larger differences may be found among individuals in the
wild, because these latter individuals are likely to exhibit
greater genetic diversity and experience far more heterogeneous environmental conditions throughout their life. Under
more natural conditions, conspecific individuals are often
known to actively select different food items from their
shared environment (West 1986; Werner and Sherry 1987).
And although the common carp is generally known to be an
omnivore, some carp individuals may still prefer to eat seeds,
while others are perhaps more partial to invertebrate prey
(e.g. snails, crustaceans, worms or aquatic insects) or aquatic
plants. This ‘individual specialization’ (or ‘niche variation’
sensu Van Valen 1965)—in which individuals each use a different subset of the population’s resource base—has been
shown to be a widespread phenomenon in many animal taxa
(Bolnick et al. 2003). Thus, the individual differences in disperser quality among animal individuals in the wild is likely
to be even more pronounced than inferred from the present
study and may have potentially important ecological, evolutionary and conservation implications (Bolnick et al. 2011;
Burton et al. 2011; Wolf and Weissing 2012), both for the
animal vector as well as the dispersed plant species.
Acknowledgments I kindly thank Nand Sibbing for the helpful discussions on carp feeding mechanisms and two anonymous reviewers
for their constructive criticism that improved the manuscript.
Author contribution statement BJAP conceived, designed, and executed this study and wrote the manuscript. No other person is entitled
to authorship.

Oecologia (2017) 183:81–91
Compliance with ethical standards
Ethical approval All applicable institutional and/or national guidelines for the care and use of animals were followed.
Funding BJAP was supported by VIDI grant 864.14.008 of The Netherlands Organisation for Scientific Research (NWO-KNAW).
Conflict of interest The author declares that there are no conflicts of
interest.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References
Albert CH, Grassein F, Schurr FM, Vieilledent G, Violle C (2011) When
and how should intraspecific variability be considered in trait-based
plant ecology? Perspect Plant Ecol Evolut Syst 13:217–225
Anderson JT, Rojas JS, Flecker AS (2009) High-quality seed dispersal
by fruit-eating fishes in Amazonian floodplain habitats. Oecologia 161:279–290
Anderson JT, Nuttle T, Saldaña Rojas JSS, Pendergast TH, Flecker
AS (2011) Extremely long-distance seed dispersal by an overfished Amazonian frugivore. Proc R Soc B 278:3329–3335
Araújo MS, Bolnick DI, Layman CA (2011) The ecological causes of
individual specialisation. Ecol Lett 14:948–958
Bauer S, Hoye BJ (2014) Migratory animals couple biodiversity
and ecosystem functioning worldwide. Science 344:1242552.
doi:10.1126/science.1242552
Beamish FWH (1978) Swimming capacity. In: Hoar WS, Randall DJ
(eds) Fish physiology. Academic Press, New York, pp 101–187
Bergers PJM (1991) Feeding ecology of fishes in the Dutch Rhinebranches. Netherlands Institute for Fishery Investigations, IJmuiden
Bergmüller R, Taborsky M (2010) Animal personality due to social
niche specialisation. Trends Ecol Evol 25:504–511
Biro PA, Stamps JA (2010) Do consistent individual differences
in metabolic rate promote consistent individual differences in
behavior? Trends Ecol Evol 25:653–659
Boedeltje G, Bakker JP, Ten Brinke A, Van Groenendael JM, Soesbergen M (2004) Dispersal phenology of hydrochorous plants in
relation to discharge, seed release time and buoyancy of seeds:
the flood pulse concept supported. J Ecol 92:786–796
Boedeltje G, Spanings T, Flik G, Pollux BJA, Sibbing FA, Verberk WCEP
(2015) Effects of seed traits for the potential of seed dispersal by
fish with contrasting modes of feeding. Freshw Biol 60:944–959
Bolnick DI, Svanbäck R, Fordyce JA, Yang LH, Davis JM, Hulsey
CD, Forister ML (2003) The ecology of individuals: incidence
and implications of individual specialization. Am Nat 161:1–28
Bolnick DI, Amarasekare P, Araújo MS, Bürger R, Levine JM, Novak
M, Volker HWR, Schreiber SJ, Urban MC, Vasseur DA (2011)
Why intraspecific trait variation matters in community ecology.
Trends Ecol Evol 26:183–192
Bondi A, Spandorf A (1954) The action of the digestive enzymes of
the carp. Br J Nutr 8:240–246
Burton T, Killen SS, Armstrong JD, Metcalfe NB (2011) What
causes intraspecific variation in resting metabolic rate

89
and what are its ecological consequences? Proc R Soc B
278:3465–3473
Cain ML, Milligan BG, Strand AE (2000) Long-distance seed dispersal in plant populations. Am J Bot 87:1217–1227
Callan WT, Sanderson SL (2003) Feeding mechanisms in carp: crossflow filtration, palatal protrusions and flow reversals. J Exp Biol
206:883–892
Careau V, Thomas D, Humphries MM, Reale D (2008) Energy metabolism and animal personality. Oikos 117:641–653
Charalambidou I, Santamaría L (2002) Waterbirds as endozoochorous
dispersers of aquatic organisms: a review of experimental evidence. Acta Oecol 23:165–176
Cook CDK, Nicholls MS (1986) A monographic study of the genus
Sparganium (Sparganiaceae). Part 1. Subgenus Xanthosparganium Holmberg. Bot Helv 96:213–267
Correa SB, Winemiller KO, López-Fernández H, Galetti M (2007)
Evolutionary perspectives on seed consumption and dispersal by
fishes. Bioscience 57:748–756
Correa SB, Araujo JK, Penha JMF, Nunes da Cunha C, Stevenson PR,
Anderson JT (2015a) Overfishing disrupts an ancient mutualism
between frugivorous fishes and plants in Neotropical wetlands.
Biol Conserv 191:159–167
Correa SB, Costa-Pereira R, Fleming T, Goulding M, Anderson JT
(2015b) Neotropical fish-fruit interactions: eco-evolutionary
dynamics and conservation. Biol Rev 90:1263–1278
Crivelli AJ (1981) The biology of the common carp, Cyprinus carpio
L. in the Camarque, southern France. J Fish Biol 18:271–290
D’hondt B, D’hondt S, Bonte D, Brys R, Hoffmann M (2012) A
data-driven simulation of endozoochory by ungulates illustrates
directed dispersal. Ecol Model 230:114–122
Dabrowski K (1983) Digestion of protein and amino acid absorption
in stomachless fish, common carp (Cyprinus carpio L.). Comp
Biochem Physiol 74A:409–415
De Souza-Stevaux MC, Negrelle RRB, Citadini-Zanette V (1994)
Seed dispersal by the fish Pterodoras granulosus in the Parana
River basin, Brazil. J Trop Ecol 10:621–626
Edelaar P, Bolnick DI (2012) Non-random gene flow: an underappreciated force in evolution and ecology. Trends Ecol Evol
27:659–665
Edelaar P, Alonso D, Lagerveld S, Senar JC, Björklund M (2012)
Population differentiation and restricted gene flow in Spanish
crossbills: not isolation-by-distance but isolation-by-ecology. J
Evol Biol 25:417–430
Figuerola J, Green AJ, Santamaría L (2002) Comparative dispersal effectiveness of wigeongrass seeds by waterfowl wintering in south-west
Spain: quantitative and qualitative aspects. J Ecol 90:989–1001
García-Berthou E (2001) Size- and depth-dependent variation in habitat and diet of the common carp (Cyprinus carpio). Aquat Sci
63:466–476
Gottsberger G (1978) Seed dispersal by fish in the inundated regions
of Humaita, Amazonia. Biotropica 10:170–183
Grutters BMC, Pollux BJA, Verberk WCEP, Bakker ES (2015) Native
and non-native plants provide similar refuge to invertebrate prey,
but less than artificial plants. PLoS One 10:e0124455
Holm S (1979) A simple sequentially rejective multiple test procedure. Scand J Stat 6:65–70
Horn MH (1997) Evidence for dispersal of fig seeds by the fruit-eating characid fish Brycon guatemalensis Regan in a Costa Rican
tropical rain forest. Oecologia 109:259–264
Horn MH, Correa SB, Parolin P, Pollux BJA, Anderson JT, Lucas C,
Widmann P, Tjiu A, Galetti M, Goulding M (2011) Seed dispersal by fishes in tropical and temperate fresh waters: the growing
evidence. Acta Oecol 37:561–577
Howe H (1986) Seed dispersal by fruit-eating birds and mammals. In:
Murray DR (ed) Seed dispersal. Academic Press, New York, pp
123–190

13

90
Howe FH, Smallwood J (1982) Ecology of seed dispersal. Annu Rev
Ecol Syst 13:201–228
Jones MJ, Stuart IG (2009) Lateral movement of common carp
(Cyprinus carpio L.) in a large lowland river and floodplain. Ecol
Freshw Fish 18:72–82
Koehn JD (2004) Carp (Cyprinus carpio) as a powerful invader in
Australian waterways. Freshw Biol 49:882–894
Lee JAC, Cossins AR (1988) Adaptation of intestinal morphology in
the temperature-acclimated carp, Cyprinus carpio L. Cell Tissue
Res 251:451–456
Littell RC, Milliken GA, Stroup WW, Wolfinger RD (2006) SAS system for mixed models, 2nd edn. SAS Institute Inc, Cary
Markwith SH, Davenport LJ, Shelton J, Parker KC, Scanlon MJ
(2009) Ichthyochory, the Suwannee Strait, and population divergence in Hymenocallis coronaria. Fla Sci 72:28–36
Morel JG, Neerchal NK (2012) Overdispersion models in SAS®. SAS
Institute Inc, Cary
Muenscher WC (1936) Storage and germination of seeds of aquatic
plants. Cornell Univ Agric Exp Stn Bull 652:1–17
Nathan R (2006) Long-distance dispersal of plants. Science
313:786–788
Nathan R, Muller-Landau HC (2000) Spatial patterns of seed dispersal, their determinants and consequences for recruitment. Trends
Ecol Evol 15:278–285
Nathan R, Perry G, Cronin JT, Strand AE, Cain ML (2003) Methods
for estimating long-distance dispersal. Oikos 103:261–273
Nathan R, Schurr FM, Spiegel O, Steinitz O, Trakhtenbrot A, Tsoar A
(2008) Mechanisms of long-distance seed dispersal. Trends Ecol
Evol 23:638–647
Ohlberger J, Staaks G, Holker F (2006) Swimming efficiency and the
influence of morphology on swimming costs in fishes. J Comp
Physiol [B] 176:17–25
Pollux BJA (2011) The experimental study of seed dispersal by fish
(ichthyochory). Freshw Biol 56:197–212
Pollux BJA, Santamaría L, Ouborg NJ (2005) Differences in endozoochorous dispersal between aquatic plant species, with reference to plant population persistence in rivers. Freshw Biol
50:232–242
Pollux BJA, de Jong M, Steegh A, Ouborg NJ, van Groenendael JM,
Klaassen M (2006) The effect of seed morphology on the dispersal of aquatic macrophytes by the common carp (Cyprinus carpio). Freshw Biol 51:2063–2071
Pollux BJA, de Jong M, Steegh A, Verbruggen E, van Groenendael
JM, Ouborg NJ (2007a) Reproductive strategy, clonal structure
and genetic diversity in populations of the aquatic macrophyte
Sparganium emersum in river systems. Mol Ecol 16:313–325
Pollux BJA, Ouborg NJ, van Groenendael JM, Klaassen M (2007b)
Consequences of intraspecific seed-size variation in Sparganium
emersum for dispersal by fish. Funct Ecol 21:1084–1091
Pollux BJA, Luteijn A, van Groenendael JM, Ouborg NJ (2009a)
Gene flow and genetic structure of the aquatic macrophyte Sparganium emersum in a linear unidirectional river. Freshw Biol
54:64–76
Pollux BJA, Verbruggen E, Ouborg NJ, van Groenendael JM (2009b)
Intraspecific variation of seed floating ability in Sparganium
emersum suggests a bimodal dispersal strategy. Aquat Bot
90:199–203
Purves DW, Dushoff J (2005) Directed seed dispersal and metapopulation response to habitat loss and disturbance: application to
Eichhornia paniculata. J Ecol 93:658–669
Purves DW, Zavala MA, Ogle K, Prieto F, Rey-Benayas JM (2007)
Environmental heterogeneity, bird-mediated directed dispersal,
and oak woodland dynamics in Mediterranean Spain. Ecol Monogr 77:77–97
Rice WR (1989) Analyzing tables of statistical tests. Evolution
43:223–225

13

Oecologia (2017) 183:81–91
Ridley HN (1930) The dispersal of plants throughout the world.
Reeve & Co., Ltd, Ashford
Russo SE, Portnoy S, Augspurger CK (2006) Incorporating animal
behavior into seed dispersal model: implications for seed shadows. Ecology 87:3160–3174
Santamaría L, Charalambidou I, Figuerola J, Green AJ (2002) Effect
of passage through duck gut on germination of fennel pondweed
seeds. Archive fur Hydrobiol 156:11–22
Sargeant BL (2007) Individual foraging specialization: niche width
versus niche overlap. Oikos 116:1431–1437
Sargent RD, Otto SP (2004) A phylogenetic analysis of pollination
mode and the evolution of dichogamy in angiosperms. Evol Ecol
Res 6:1183–1199
Schupp EW (1993) Quantity, quality and the effectiveness of seed dispersal by animals. Vegetatio 107(108):15–29
Sibbing FA (1982) Pharyngeal mastication and food transport in the
carp (Cyprinus carpio L)—a cineradiographic and electromyographic study. J Morphol 172:223–258
Sibbing FA (1988) Specializations and limitations in the utilization of
food resources by the carp, Cyprinus carpio: a study of oral food
processing. Environ Biol Fishes 22:161–178
Sibbing FA, Uribe R (1985) Regional specializations in the oro-pharyngeal wall and food-processing in the carp (Cyprinus carpio L).
Neth J Zool 35:377–422
Sibbing FA, Osse JWM, Terlouw A (1986) Food handling in the carp
(Cyprinus carpio): its movement patterns, mechanisms and limitation. J Zool Ser A 210:161–203
Sokal RR, Rohlf FJ (2001) Biometry, 3rd edn. W.H. Freeman & Co.,
New York
Soons M, Brochet AL, Kleyheeg E, Green AJ (2016) Seed dispersal
by dabbling ducks: an overlooked dispersal pathway for a broad
spectrum of plant species. J Ecol 104:443–455
Sun C, Ives AR, Kraeuter HJ, Moermond TC (1997) Effectiveness
of three turacos as seed dispersers in a tropical montane forest.
Oecologia 112:94–103
Traveset A (1998) Effect of seed passage through vertebrate frugivores’s guts on germination: a review. Perspect Plant Ecol Evol
Syst 1(2):151–190
Traveset A, Verdú M (2002) A meta-analysis of gut treatment on seed
germination. In: Levey DJ, Galetti M, Silva WR (eds) Frugivores
and seed dispersal: ecological, evolutionary and conservation
issues. CABI Publishing, Wallingford, pp 339–350
Traveset A, Robertson AW, Rodríguez-Pérez J (2007) A review on the
role of endozoochory in seed germination. In: Dennis AJ, Green
RJ, Schupp EW, Westcott DA (eds) Seed dispersal: theory and its
application in a changing world. CABI Publishing, Wallingford,
pp 78–103
Van Leeuwen CHA, Beukeboom R, Nolet BA, Bakker ES, Pollux
BJA (2016) Locomotion during digestion changes current estimates of seed dispersal kernels by fish. Funct Ecol 30:215–225
Van Valen L (1965) Morphological variation and width of ecological
niche. Am Nat 99:377–389
Vander Noot GW, Symons LD, Lydman RK, Fonnesbeck PV (1967)
Rate of passage of various feedstuffs through the digestive tract
of horses. J Anim Sci 26:1309–1311
Vellend M, Myers JA, Gardescu S, Marks PL (2003) Dispersal of
Trillium seeds by deer: implications for long-distance migration
of forest herbs. Ecology 84:1067–1072
Violle C, Enquist BJ, McGill BJ, Jiang L, Albert CH, Hulshof C, Jung
V, Messier J (2012) The return of the variance: intraspecific variability in community ecology. Trends Ecol Evol 27:244–252
Wenny DG, Levey DJ (1998) Directed seed dispersal by bellbirds in a
tropical cloud forest. Proc Natl Acad Sci 95:6204–6207
Werner TK, Sherry TW (1987) Behavioral feeding specialization in
Pinaroloxias inornata, the “Darwin’s finch” of Cocos Island,
Costa Rica. Proc Natl Acad Sci 84:5506–5510

Oecologia (2017) 183:81–91
West L (1986) Interindividual variation in prey selection by the snail
Nucella (=Thais) emarginata. Ecology 67:798–809
Westcott DA, Bentrupperbaumer J, Bradford MG, McKeown A
(2005) Incorporating patterns of disperser behaviour into models
of seed dispersal and its effects on estimated dispersal curves.
Oecologia 146:57–67

91
Willson MF, Graff DA, Whelan CJ (1990) Color preferences of
frugivorous birds in relation to the colors of fleshy fruits. Condor
92:545–555
Wolf M, Weissing FJ (2012) Animal personalities: consequences for
ecology and evolution. Trends Ecol Evol 27:452–461

13

