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Summary

1.

 

The potential for seed dispersal by fish (ichthyochory) is likely to vary within aquatic
plant species, depending on intraspecific variation in phenotypic seed traits.

 

2.

 

We studied the effect of seed size variation within the unbranched burreed (

 

Sparganium

emersum

 

) on the potential for internal dispersal by the common carp (

 

Cyprinus carpio

 

),
by feeding them light (< 10 mg), medium (10–20 mg) and heavy ( > 20 mg) seeds, seed
mass being positively related to seed size.

 

3.

 

We hypothesized: (i) that ingestion, retention time, survival during gut passage and
viability after gut passage of 

 

S. emersum

 

 seeds would be affected by seed size; and (ii)
that this would translate into intraspecific variation in dispersal probability and dispersal
distance among seed size categories.

 

4.

 

Ingestion was negatively related to seed size, while survival during gut passage was
positively related to seed size. Seed viability after gut passage was not affected by seed
size. Since the negative effect of ingestion was counterbalanced by an equally strong but
positive effect on seed survival, the probability of dispersal did not differ between the
tested seed-size categories.

 

5.

 

The time that seeds remained in the digestive tract of carp did not differ between
seed sizes, suggesting equal potential dispersal distances for all seeds. Based on
optimum swimming speeds of carp, ranging from 0·9 to 1·8 km h

 

–1

 

, maximum dispersal
distances will most likely range from 13·5 to 27 km.

 

6.

 

This study highlights the importance of studying all stages of the endozoochorous
dispersal process in order to estimate the effect of  a phenotypic seed trait on plant
dispersal.
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Introduction

 

Seed dispersal is assumed to have important fitness
advantages for plants, by reducing density-dependent
mortality (Escape hypothesis) and increasing the
chances of  founding a lineage in a new locality
(Colonization hypothesis) (Howe & Smallwood 1982),
and plays a fundamental role in (meta)population ecology,
population genetics and evolutionary biology of plants
(Freckleton & Watkinson 2002; Pollux 

 

et al

 

. 2007).
In tropical regions, internal seed dispersal by fish

(endo-ichthyochory) is considered to be an important
mode of plant dispersal (Goulding 1980, 1983; De

Souza-Stevaux 

 

et al.

 

 1994; Kubitzki & Ziburski 1994;
Banack

 

 et al.

 

 2002; Mannheimer 

 

et al

 

. 2003) that has
important consequences for the vegetation along lakes
and rivers. Horn (1997), for example, suggested that
seed dispersal by the Neotropical characid fish 

 

Brycon

guatemalensis

 

 helps maintain an upstream distribution
of the riparian fig tree 

 

Ficus glabrata

 

 along river systems
of the Costa Rican rain forest, while Gottsberger (1978)
argued that the homogeneity of the inundated vegetation
along many Amazonian rivers and their tributaries
may be caused by the high frequency of fish-mediated
seed dispersal. While ichthyochory is also considered
to be an important dispersal mechanism in temperate
regions (Ridley 1930; Barrat-Segretain 1996), it has
hitherto received far less scientific attention (Pollux

 

et al

 

. 2006).
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The probability of endozoochory for seeds will
depend on: (i) the probability that seeds are ingested
(Alcántara & Rey 2003; Gómez 2004), which, in turn,
is related to both seed availability and the animals’
feeding preferences (Jordano 1995; Celis-Diez

 

 et al.

 

2004; Bruun & Poschlod 2006); (ii) the time seeds are
retained in the digestive system (i.e. retention time),
which together with disperser movements affects the
potential distance and direction of dispersal (Westcott

 

et al

 

. 2005); (iii) the resistance of seeds against digestion,
which determines the probability that seeds survive a
passage through the intestinal tract of animal dispersers
(Charalambidou & Santamaría 2002; Pollux

 

 et al.

 

2005); and (iv) the viability and germination rate of seeds
after gut passage, which may be decreased, enhanced
or unaffected, and determines the probability of ger-
mination and successful establishment of the defecated
seeds (Traveset 1998; Charalambidou & Santamaría
2002).

Phenotypic seed traits (e.g. seed size, shape, seed
coat hardness and the presence of external structure)
will have different impacts on each of these four steps
in the dispersal process. Both within and between plant
species, studies have shown that seed size and seed
morphology may negatively impact seed ingestion, yet
at the same time, may positively effect seed survival
and seed viability, leading to unexpected relationships
between phenotypic seed traits and the dispersal and
establishment success of seeds (Alcántara & Rey 2003;
Gómez 2004; Pollux 

 

et al

 

. 2006). Thus, when studying
the effect of a phenotypic seed trait on the dispersal
success of animal-dispersed seeds, it is essential to study
all four steps that may affect the probability of seed
dispersal (Charalambidou & Santamaría 2002).

Seed size is a phenotypic trait that varies widely within
plant species (Michaels 

 

et al

 

. 1988). When zoochory
plays a prominent role in the dispersal of a plant species,
differences in probability and distance of dispersal and
subsequent success of establishment among differently
sized seeds might translate into directional selection
pressures on seed size within plant species. Yet, few
experimental studies have investigated the effect of
intraspecific variation in seed size on the dispersal
success and dispersal distance by studying all four steps
(Alcántara & Rey 2003; Gómez 2004). In this study we
performed a series of controlled feeding experiments
to evaluate the effect of seed-size variation within the
temperate aquatic macrophyte 

 

Sparganium emersum

 

(Rehmann 1872, Sparganiaceae) on the probability of
dispersal by the common carp (

 

Cyprinus carpio

 

,
Cyprinidae). We compared the dispersal probabilities
of differently sized seeds by assessing the effect of seed
size on each of the four aforementioned steps in the
process of endozoochorous dispersal. We hypothe-
sized that seed size would have different (potentially
counteracting) effects on each of these four dispersal
components. Furthermore, we hypothesized that this
would translate into differences in dispersal probability
and dispersal distance between differently sized seeds.

 

Materials and Methods

 

experimental design

 

Ripe seeds of 

 

S. emersum

 

 were collected during October
2003 from 75 plants in three natural populations along
the River Rur (from Germany to the Netherlands),
and stored in a climate chamber (at 5 ± 1 ºC) in glass
jars filled with tap water. To determine the intraspecific
variation in seed mass, the fresh weights of a total of
6463 

 

S. emersum 

 

seeds were individually measured on
a microbalance. Relationships between seed mass and
seed size related traits were determined by measuring
the mass, length and width of 693 randomly selected 

 

S.

emersum

 

 seeds.
Twelve common carp with a mean mass of 0·307 ± 0·045

(SD) kg were obtained from Ruud Vonk Fish Hatchery
(Maurik, the Netherlands) in October 2003. The fish
were individually kept in 100-L tanks (at 24 ºC) in the
fish facilities of Radboud University Nijmegen (the
Netherlands), and daily fed on a stable diet of com-
mercial pellets (Trouvit, Trouw & Co, Putten, the
Netherlands) amounting to 1% of their body mass. To
ensure homogenisation of water quality among the
twelve tanks, all tanks were supplied with fresh water
coming from the same filtering system.

To test the effect of seed mass of 

 

S. emersum

 

 seeds on
the probability of their dispersal, three (repeated) feed-
ing trials were performed at weekly intervals (during
April and May 2004). In each feeding trial, each of the
12 carp was fed 50 

 

S. emersum

 

 seeds, though in each
trial seeds with a different seed mass: either (L) ‘light’
seeds (< 10 mg), (M) ‘medium’ seeds (10–20 mg), or
(H) ‘heavy’ seeds (> 20 mg). The 50 seeds were placed
in food pellets (Trouvit pellets soaked with water and
formed to pill-shaped balls containing the seeds)
before feeding to the carp. The order in which the L, M
and H seeds were fed to the carp during the three
repeated experiments was partitioned in a randomized
complete block design (RCB), with three blocks (block
1: L–H–M; block 2: M–L–H; block 3: H–M–L). Five
minutes after feeding, non-ingested seeds (seeds that
were expelled by ‘spitting’; Sibbing, Osse & Terlouw
1986) were removed from tanks and counted. Next, for
a period of 24 h, faeces were collected at 2 h-intervals
(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. Retrieved seeds were transferred to plastic
containers (100 mL) filled with tap water and returned
to the climate chamber for the remainder of the exper-
iments to ensure an equal stratification period for
seeds obtained from the three feeding trials (from seed
collection in the field in October 2003 to the germination
test in May 2004). For each seed mass, three batches of
50 randomly selected non-ingested seeds were used as
controls in the germination experiment. These control
seeds received a similar pre- and post-experimental
treatment as the seeds used in the feeding experiments
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to exclude possible effects of  pre- or post-feeding
treatment of the seeds.

In May 2004, all retrieved and (non-ingested)
control seeds were simultaneously set to germinate in
a climate chamber with a photoperiod of 16L : 8D, a
daytime irradiance of 200 

 

μ

 

mol photons s

 

–1

 

 m

 

–2

 

 and a
day/night temperature cycle of 25/18 ºC. Seeds were
placed in transparent polystyrene microtiterplates
(Omnilabo International BV, the Netherlands), filled
with tap water (one seed per well). The morphology of
germination of 

 

S. emersum

 

 is similar to that of 

 

S. erectum

 

(Cook 1962). Germination, in our study defined as the
emergence of the first foliage leaf, was checked daily
for a period of 45 days.

 

statistical analyses

 

Relationships between seed mass and seed size (width
and length) were assessed by means of linear regression
analysis, using 

 

sas 

 

9·1·3 (SAS Institute Inc., Cary, NC,
USA).

The probability of  seed ingestion (i.e. proportion
of  offered seeds that were ingested), survival (i.e.
proportion of  ingested seeds recovered from the
faeces) and germination (i.e. proportion of seeds that
germinated by the end of the germination run) was
assessed by fitting generalized linear models to the
data, using the 

 

genmod

 

 procedure in 

 

sas 

 

9·1·3 with
a binomial response distribution and a logit link
function (SAS Institute Inc., Cary, NC, USA). In the
analyses, seed mass and ‘block’ (of the RCB design)
were included as fixed factors. Data from repeated
experiments using the same fish individuals were expected
to be correlated. To adequately account for this effect
and statistically remove the ‘nuisance effect’ of differences
among fish individuals, models were fitted according
to the Generalized Estimating Equations (GEE) method
(Liang & Zeger 1986) using the REPEATED statement
with fish individual treated as the SUBJECT effect and
an independent covariance structure (Stokes

 

 et al.

 

1995). To evaluate differences between seed masses (L,
M and H), pair-wise 

 

post hoc

 

 comparisons of means
were performed with a Bonferroni significance level
adjustment. In addition, for each seed-mass category
the probability of germination of fish-ingested seeds
was compared to that of non-ingested (control) seeds,
using a 

 

P

 

 < 0·0167 comparison-wise error rate after
Bonferroni correction.

Variation in retention time among seed masses was
analysed by fitting General Linear Models, using the
MIXED procedure for repeated measures (Littell

 

 et al.

 

1998), to seed retrieval rates over time with seed mass,
block and retention time as fixed effects and fish as the
SUBJECT effect (Charalambidou

 

 et al.

 

 2003). Prior to
the analyses, the data were arcsine (square root) trans-
formed to assure homoscedasticity and normality of
residuals. To remove the effect of total survival from
this analysis, data were standardized by dividing data
from each retrieval event (at each measured retention

time) by the total survival measured in that individual
fish (Charalambidou 

 

et al

 

. 2003).
Differences in germination rates (the number of

days to germination) were tested in a survival analysis
by fitting a Cox proportional hazards regression to the
number of days between setting for germination and
seedling emergence for each individual seed that ger-
minated, using S-plus 2000 (Mathsoft Engineering
and Education Inc., Zoetermeer, the Netherlands). To
separate the effects of germination rate from those of
total germination, non-germinated seeds were excluded
from the analysis. In addition, we fitted separate
models for each seed mass category, comparing the
germination rate of fish-ingested vs. control seeds, with
seed treatment (fish-ingested vs. controls) as a fixed
factor and individual as a random effect.

 

Results

 

The average (SE) seed mass was 14·09 (0·06) mg
(

 

N

 

 = 6463 seeds, range = 2·0–35·8 mg, Fig. 1). Seed mass
was positively related to seed length (Linear regres-
sion: 

 

R

 

2

 

 

 

= 0·159; 

 

P 

 

< 0·0001), seed width (

 

R

 

2

 

 

 

= 0·508;

 

P 

 

< 0·0001) and a multiplication of seed length 

 

×

 

 width
(

 

R

 

2

 

 

 

= 0·579; 

 

P 

 

< 0·0001; 

 

N

 

 = 693 seeds).
The probability of ingestion of 

 

S. emersum 

 

seeds was
significantly affected by their seed mass (

 

rmanova

 

:
df

 

 

 

= 2, 

 

χ

 

2

 

 = 10·54, 

 

P 

 

= 0·0051), with heavier seeds hav-
ing a significantly lower probability of being ingested
compared to lighter seeds (Fig. 2a; H vs. L: d.f.

 

 

 

= 1,

 

χ

 

2

 

 = 58·15, 

 

P 

 

< 0·0001; H vs. M: d.f.

 

 

 

= 1, 

 

χ

 

2

 

 = 14·15,

 

P 

 

= 0·0002; M vs. L: d.f.

 

 

 

= 1, 

 

χ

 

2

 

 = 27·88, 

 

P 

 

< 0·0001).
The factor ‘block’ (of the RCB-design) had no affect
on the ingestion of seeds (d.f.

 

 

 

= 2, 

 

χ

 

2

 

 = 2·40, 

 

P 

 

= 0·3015),
indicating that the order in which the seed masses were

Fig. 1. Distribution of seed mass classes in Sparganium

emersum, based on 6462 seeds taken from 75 plants collected
in three natural populations in the Netherlands.
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partitioned among the three repeated feeding trials did
not affect their probability of ingestion.

The probability of survival of 

 

S. emersum

 

 seeds was
also significantly affected by seed mass (d.f. = 2, 

 

χ

 

2

 

 =
6·92, 

 

P

 

 = 0·0314), with heavier seeds having a higher
probability of survival compared to lighter seeds
(Fig. 2b; H vs. L: d.f. = 1, 

 

χ

 

2

 

 = 15·48, 

 

P

 

 < 0·0001; H vs.
M: d.f. = 1, 

 

χ

 

2

 

 = 4·23, 

 

P

 

 = 0·0398*; M vs. L: d.f. = 1,

 

χ

 

2

 

 = 3·47, 

 

P

 

 = 0·0625; *non-significant after Bonferroni
correction). The fish faeces contained many seed
fragments, especially during the first 10 h, indicating
the death of the rest of the ingested seeds. The factor
block did not affect the total survival of seeds (d.f. = 2,

 

χ

 

2

 

 = 1·99, 

 

P

 

 = 0·3697), indicating that the order in
which the seed masses were partitioned among the
three repeated feeding trials did not affect the
probability of seed survival. All seeds were retrieved
within 16 h. The pattern of  seed retrieval over time

followed a leptokurtic curve, did not differ between the
three different seed masses (

 

rmanova

 

: 

 

F

 

2,16

 

 = 0·12,

 

P

 

 = 0·8854; Fig. 2c) and was not affected by the block
design (

 

F

 

2,8

 

 = 0·02, 

 

P

 

 = 0·9757).
The probability of germination after gut passage

was neither affected by seed mass (d.f. = 2, 

 

χ

 

2

 

 = 3·78,

 

P

 

 = 0·1510) nor block effect (d.f. = 2, 

 

χ

 

2

 

 = 1·87, 

 

P

 

 =
0·3935). Separate 

 

post hoc

 

 tests, comparing the
germination of fish-ingested vs. control seeds for each
seed mass, showed that for light and medium seeds
germination of fish-ingested seeds was significantly higher
than for control seeds (d.f. = 1, 

 

χ

 

2

 

 = 50·98, 

 

P

 

 < 0·0001
and d.f. = 1, 

 

χ

 

2

 

 = 22·85, 

 

P

 

 < 0·0001, respectively), while
for heavy seeds no significant difference was found after
Bonferroni adjustment (d.f. = 1, 

 

χ

 

2

 

 = 4·16, P = 0·0413;
Fig. 2d).

Germination rate (the number of days to germination)
of fish-ingested seeds was significantly affected by seed
mass (Cox regression: L vs. M: χ2 = 32·39, P < 0·0001;
M vs. H: χ2 = 3·05, P < 0·0081), suggesting that light
seeds germinated faster than heavier seeds. Separate
post hoc tests, comparing the germination rate of
fish-ingested vs. control seeds, showed that for each
seed mass fish-ingested seeds had a higher germination
rate (fewer days to germination) than non-ingested control
seeds (Cox regression: χ2 = 16·2, P < 0·0001; χ2 = 11·1,
P = 0·0009; χ2 = 5·24, P = 0·022; for light, medium
and heavy seeds, respectively; Fig. 2e).

Discussion

seed uptake vs.  seed ingestion

Although some temperate fish species intentionally
take up seeds while foraging (García-Berthou 2001;
Chick et al. 2003), the majority may actually take up
seeds unintentionally while foraging on vegetative plant
parts or while sifting through the detritus layers on the
bottom (Nurminen et al. 2003). Whether intentional
or unintentional, in waters that are characterized
by the presence of  large numbers of  fish, these may
collectively constitute an important factor in the
dispersal of aquatic plants (Gottsberger 1978; Horn
1997; Pollux et al. 2006).

To mimic the process of unintentional seed uptake
by carp, seeds were placed in food pellets before feeding
to the carp. Despite the unintentional uptake of seeds
into the oral cavity, the proportion of actually ingested
(i.e. swallowed) seeds differed significantly between light,
medium and heavy seeds (79·8%, 50·4% and 28·6%,
respectively). The probability of seed ingestion depends
on: (i) selectivity by the animal species; and (ii) the
relative availability of seeds (Jordano 1995). In the
field, the relative availability of different seed sizes varies
for S. emersum (Fig. 1). However, in this study we
ensured an equal seed availability in all experiments
precluding frequency-dependent seed-size selection
during ingestion (Celis-Diez et al. 2004). The results
therefore strongly argue for size selectivity before

Fig. 2. Mean (± SE) (a) seed ingestion (%), (b) seed survival (%) over 24 h, and (c)
cumulative retrieval (%) ([number of seeds retrieved after × hours after ingestion/total
number of seeds retrieved after 24 h] × 100) of Sparganium emersum seeds fed to carp
(bars that do not share a common letter are significantly different from each other; see
text for P-values). Mean (± SE) (d) seed germination (%) and (e) germination rate
(number of days to germination) of fish-ingested seeds (black bars) and non-ingested
control seeds (white bars; n = 150 controls for each seed mass, in three batches of 50
seeds) of S. emersum (adjacent bars that do not share a common letter are significantly
different from each other; see text for P-values). The data presented in a–e is based on
n = 3 repeated feeding trials, each trial with n = 12 fish (the order in which each carp
was fed the L, M and H seeds in the three feeding trials, was partitioned in a
randomized complete block design).
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actual seed ingestion (swallowing) by carp, despite the
unintentional uptake of seeds into the oral cavity.

Fishes have complex mechanical and chemical senses
for the examination of potential food items that have
been taken up into the oral cavity (Sibbing et al. 1986).
Here, unpalatable food items (e.g. detritus, sand, stones,
hard seeds) are separated from palatable items and
subsequently expelled by ‘spitting’ (Sibbing et al. 1986;
Callan & Sanderson 2003). Previous experiments have
shown that this may lead to differences in seed ingestion
rates between plant species with different seed mor-
phologies (Pollux et al. 2006). This study shows that
ingestion rates also vary intraspecifically, since large S.

emersum seeds are more likely to be identified as unpal-
atable items and expelled by carp than small seeds.

seed survival and retention time

The proportion of retrieved seeds differed significantly
between seed sizes, with smaller seeds having a lower
survival percentage compared to larger seeds (23·6%,
42·2% and 71·0%, for light, medium and heavy seeds,
respectively). The differences in survival are most likely
related to differences in absolute seed coat thickness;
that is, larger S. emersum seeds have a thicker seed coat
compared to smaller seeds, leading to higher survival
rates. Seed survival in the digestive tract of vertebrates
is known to depend on protection by the seed coat
(Traveset 1998), and comparative studies have shown
that plant species with hard seed coats have a higher
probability of survival than species with soft seed coats
when fed to fish (Agami & Waisel 1988; Smits et al.

1989; Pollux et al. 2006).
The ability to disperse seeds will also vary among

fish species depending on their digestive characteristics
(Kubitzki & Ziburski 1994). In temperate regions, the
common carp is considered to be one of  the most
efficient seed digesting fish species (Agami & Waisel
1988; Smits et al. 1989). While seed survival percentages
after ingestion by the common carp differ between
plant species, varying from 0% for Nymphaea alba,
Nuphar lutea and Nymphoides peltata; 1%–2% for Najas

marina and Ruppia maritima, 8% for Potamogeton

obtusifolius; 21% for Sagittaria sagittifolia; 29% for P.

pectinatus; 39% for S. emersum; and 67% for P. natans,
the common carp is still likely to play an important
role in the dispersal of several aquatic plant species
(Agami & Waisel 1988; Smits et al. 1989; Pollux et al.
2006).

A study by Horn (1997), showed that F. glabrata

seeds that are eaten by fish sink to the bottom once
defecated, due to removal of  the fleshy fruit pulp.
In concurrence, we observed that the buoyancy of
S. emersum seeds was greatly reduced after passing
through the digestive tract of carp (in most cases seeds
lost their buoyancy entirely). The drupe-like fruit of S.

emersum consists of a seed enclosed in a hard scleridial
endocarp and a tough ‘spongy’ mesocarp (Cook &
Nicholls 1986): The latter, which is filled with numerous

air-chambers (Pollux, unpublished data), was often
damaged or even completely removed after gut passage
most likely causing the change in buoyancy. These
observations indicate that once seeds have been defecated
by fish they are likely to sink immediately. Hence, even
if  fish would not transport seeds they ingested to other
locations, they are still likely to affect their potential
for hydrochoric dispersal.

The curves of seed retrieval over retention time were
identical for all three seed-size categories, despite the
large differences in seed weight. These findings are in
accordance with other studies that show that in tem-
perate fish species the size, hardness and biochemical
composition of various food items (e.g. seeds, inverte-
brates, prey fish) have little effect on the time required
to evacuate the stomach content (Pollux et al. 2006;
and references therein). In contrast, several studies
have shown that in higher vertebrates (e.g. birds, cattle,
primates) the size of a seed may determine the time it
remains in an animal’s digestive tract, often with large
and heavy seeds having shorter retention times in the
digestive tract of vertebrates than small and light
seeds, potentially leading to shorter dispersal distances
(Traveset 1998). It is therefore suggested that seed size
affects the retention time of seeds passing through the
digestive tracts of  higher vertebrates with highly
specialized digestive systems, but not of seeds passing
through the relatively unspecialized digestive tracts
of fish.

germination

The proportion of seeds germinating after passing
through the digestive tract of carp did not differ between
small, medium or large S. emersum seeds (proportions
ranging 72·8%–84·8%). However, seeds that passed
through the digestive tract of carp mostly had a
slightly higher germination compared to non-ingested
(control) seeds. This increase in germination is most
likely related to the breaking of seed-coat dormancy
(Baskin & Baskin 1998), which is necessary before
germination of Sparganium can commence (Cook 1962).
Under natural conditions the seed coat of S. emersum

can be broken by natural decomposition or by a period
of freezing. Studies have shown that a passage through
the digestive tract of waterfowl or fish may also break
seed-coat dormancy of hard-coated plant seeds, due to
mechanical and chemical abrasion of the seed coat
(Agami & Waisel 1988; Smits et al. 1989;Traveset 1998;
Santamaría et al. 2002; Pollux et al. 2005, 2006).

The germination rate was higher (i.e. earlier germi-
nation) for smaller compared to larger fish-ingested
S. emersum seeds, with differences in germination rate
ranging from 1 to 3 days. These differences are most
likely related to differences in seed coat thickness.
During gut passage, the thinner seed coats of  small
S. emersum seeds may have sustained relatively more
abrasion than the seed coats of larger seeds, abrasion
during gut passage potentially enhancing germination
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(Traveset 1998). However, it has been argued, that such
small differences in germination rate (1–3 days) between
seeds might be too small to be translated into compet-
itive (dis)advantages among seedlings under natural
conditions in the field (Figuerola et al. 2005; Verdú &
Traveset 2005).

dispersal probability and dispersal 
distance

The probability of seed dispersal [p(d )] will depend on
the probabilities of: seed availability in the field [p(a)],
seed ingestion by the animal [p(i)], seed survival [p(s)]
and seed viability after gut passage [p(g)]. These prob-
abilities can be inferred from feeding experiments and
may subsequently be used to compare dispersal prob-
abilities between different plant species or seed size
categories, by calculating the dispersal probability for
each plant species or seed-size category as: p(d ) = p(a) ×
p(i ) × p(s) × p(g) (Pollux et al. 2006). In our feeding
experiments, the availability of the seeds was kept equal
for each seed-size category [ p(a) = 1] to ensure that
seed-size selection during ingestion was not frequency-
dependent (Celis-Diez et al. 2004; Fig. 3a). The results

of  our study suggest that, although seed size has a
pronounced effect on seed ingestion and seed survival,
there will be no significant differences in the overall
dispersal probability p(d ) of differently sized S. emersum

seeds. This is because the initial reduction in probability
of ingestion p(i) with increasing seed size (L = 0·798,
M = 0·504 and H = 0·286, respectively) is counter-
balanced by an increased probability of seed survival
p(s) (L = 0·236, M = 0·422 and H = 0·710), while the
probability of germination of retrieved seeds p(g)
remains unaffected by seed size (ranging 0·728–0·848)
(Fig. 3a).

The potential dispersal distance of seeds dispersed
by carp will depend on: (i) the retrieval rate of seeds
passing through the digestive tract of animals (Char-
alambidou et al. 2003); and on (ii) the migratory
movements of the animals in the field (Westcott et al.
2005). Previous studies have shown that S. emersum

seeds can stay up to 60 h in the digestive tract of mallard
(Anas platyrhynchos) and teal (A. crecca) (Pollux et al.
2005). Assuming linear non-stop migratory movements,
and a flying speed for Anas ducks that ranges from 60
to 78 km h–1 (Welham 1994), this would correspond to
a maximum dispersal distance of 3600–4680 km (Table 1;

Table 1. Comparison of ingestion, survival, germination, retention time (RT) and estimated dispersal distance (assuming non-
stop linear migratory movements) of Sparganium emersum seeds when fed to waterfowl and fish

Animal vector 
(mechanism)

Dispersal probability Dispersal distance

Ingestion 
(%)

Survival 
(%)

Germination 
(%)

RT50% 

(h)
RT90% 

(h)
RTmax 

(h)
Moving 
speed (km h–1)

Estimated max. 
distance (km)

Fish* (ichthyochory) 53·97 ± 31·2 45·99 ± 35·1 79·00 ± 19·6 6 8 16¶ 0·9–1·8 13·5–27
Waterfowl† (ornithochory) –‡ 22·65 ± 20·8 79·04 ± 19·5 8 44 60§ 60–78 3600–4680

*Common carp (Cyprinus carpio), †mallard (Anas platyrhynchos) and teal (Anas crecca); ‡Ingestion was standardized to 100 
seeds per duck; Experiments were terminated at ¶60 and §24 h, respectively (based on this study; Pollux et al. 2005; Pollux 2007).

Fig. 3. (a) A comparison of the dispersal probability between light (white bars), medium (grey bars) and heavy (black bars) seeds
of Sparganium emersum dispersed by fish. The comparison is based on parameters inferred from the feeding experiments:
p(a) = probability of seed availability [in this study p(a) is equal to 1], p(i) = probability of ingestion, p(s) probability of survival
during gut passage and p(g) = probability of germination after gut passage. (b) The dispersal curves of S. emersum dispersed by
fish, based on the seed retention time of S. emersum in the intestinal tract of carp (data for light, medium and heavy seeds were
pooled as there were no significant differences between them), and three different optimal swimming speeds of carp (ranging
1·0–2·0 bl s–1), assuming non-stop linear swimming over a period of 16 h.



1090
B. J. A. Pollux 

et al.

© 2007 The Authors.
Journal compilation
© 2007 British 
Ecological Society, 
Functional Ecology,
21, 1084–1091

Pollux 2007). Common carp inhabiting lowland rivers
are also known to display considerable migratory
movements, ranging from 5 up to 1000 km (Stuart &
Jones 2006). The pattern of seed retrieval by carp
shows that carp mediated dispersal is not affected by
seed size, and will probably take place over distances
within 16 h of swimming, with maximum dispersal
probabilities at 4–8 h after ingestion. For the common
carp optimum swimming speeds (fish generally swim
close to their optimum speed as this is energetically
most favourable) is about 1–2 body lengths per second

(bl s–1) (Ohlberger et al. 2006). For the carp used in our
experiments, with a fork length of c. 25 cm, this would
lead to an optimum swimming speed between 0·9 to
1·8 km h–1, which corresponds to a maximum disper-
sal distance of 13·5–27 km (at a maximum gut reten-
tion time of 16 h; Fig. 3b).

Finally, differences in probability and distance of
dispersal and subsequent success of establishment
among differently sized seeds may translate into direc-
tional selection pressures on seed size within plant
species, when zoochory plays an important role in its
dispersal. While we have no exact data on the fre-
quency of occurrence of zoochory in S. emersum, seed
dispersal by fish and waterfowl is considered to play an
important role in its dispersal (Pollux et al. 2005, 2006;
and references therein). However, since we found no
differences in either the probability of dispersal, dis-
persal distance or success of establishment (assessed as
rate and percentage of germination) between differ-
ently sized seeds when dispersed by fish, ichthyochory
is not likely to induce directional selection pressures on
seed size within S. emersum.
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