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 Plant populations in fragmented ecosystems rely largely on internal dispersal by animals. To unravel the mechanisms 
underlying this mode of dispersal, an increasing number of experimental feeding studies is carried out. However, while 
physical activity is known to aff ect vertebrate digestive processes, almost all current knowledge on mechanisms of internal 
seed dispersal has been obtained from experiments with resting animals. We investigated how physical activity of the mallard 
 Anas platyrhynchos , probably the quantitatively most important biotic dispersal agent in aquatic habitats in the entire Northern 
Hemisphere, aff ects gut passage survival and retention time of ingested plant seeds. We fed seeds of nine common wetland 
plants to mallards trained to subsequently swim for six hours in a fl ume tank at diff erent swimming speeds (activity levels). 
We compared gut passage survival and retention times of seeds against a control treatment with mallards resting in a conven-
tional dry cage. Intact gut passage of seeds increased signifi cantly with mallard activity (up to 80% in the fastest swimming 
treatment compared to the control), identifying reduced digestive effi  ciency due to increased metabolic rates as a mechanism 
enhancing the dispersal potential of ingested seeds. Gut passage speed was modestly accelerated (13% on average) by increased 
mallard activity, an eff ect partly obscured by the interaction between seed retention time and probability of digestion. Gut 
passage acceleration will be more pronounced in digestion-resilient seed species, thereby modulating their dispersal distances. 
Our fi ndings imply that seed dispersal potential by mallards calculated from previous experiments with resting birds is highly 
underestimated, while dispersal distances may be overestimated for some plant species. Similar eff ects of physical activity on 
digestive effi  ciency of mammals suggests that endozoochorous dispersal of plant seeds by vertebrates is more eff ective and plays 
a quantitatively more important ecological role in both terrestrial and aquatic ecosystems than previously thought.   

 Animal-mediated dispersal of plants is a wide-ranging 
phenomenon with an increasingly recognized ecological 
importance (Santamar í a et   al. 2007, Spiegel and Nathan 
2007, Brochet et   al. 2009, Schupp et   al. 2010, Bauer and 
Hoye 2014). Especially dispersal by vertebrates (mostly 
birds, mammals and fi sh) has the potential to disperse 
large numbers of propagules over a wide range of distances, 
including long-distance dispersal, and even to disperse them 
disproportionally to suitable sites for establishment (directed 
dispersal, sensu Howe and Smallwood 1982). Hence, mech-
anistic understanding of the process of dispersal by verte-
brates is highly relevant for understanding the dynamics of 
plant populations and ecosystems, and currently receives 
much attention in ecological research, through fi eld stud-
ies, lab experiments and modelling, across a broad variety 
of ecosystems (Soons et   al. 2008, Rodriguez-Perez et   al. 
2012, Spiegel and Nathan 2012, Viana et   al. 2013b). 

Animal-mediated dispersal may be of particular impor-
tance in ecosystems with a patchy distribution, where dis-
tinct units of suitable habitat occur scattered throughout an 
inhospitable matrix, such as freshwater wetlands which have 
been coined ecological  ‘ islands ’  (Darwin 1909, Pimm and 
Raven 2000). Th e plant populations inhabiting such iso-
lated habitats are particularly vulnerable to local extinction 
and depend critically on (directed) dispersal between habi-
tat patches for local and regional persistence (Hanski 1998), 
adaptive capacity (Cousens et   al. 2008) and expansion 
into new areas, for example following restoration activities 
(Verhoeven et   al. 2008, Brederveld et   al .  2011). 

 Charles Darwin was the fi rst to point to waterbirds 
as potentially responsible for the large-scale dispersal of fresh-
water organisms (Darwin 1859). Th is hypothesis has gained 
much empirical support in recent years (Figuerola and Green 
2002, Charalambidou and Santamar í a 2002, Van Leeuwen 
et   al .  2012b). Many species of waterbirds, but most promi-
nently dabbling ducks, have been shown to transport viable 
plant propagules on their feathers or skin (epizoochory) or 
inside their digestive tract (endozoochory), both in experi-
mental lab settings and in the fi eld (Charalambidou and 
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Santamar í a 2002, Figuerola and Green 2002, Soons et   al. 
2008, Brochet et   al. 2010, Van Leeuwen et   al. 2012b). Quanti-
tatively, endozoochorous dispersal of seeds plays a vastly more 
important ecological role than epizoochory (Brochet et   al. 
2010, Costa et   al. 2014). A review of diet studies in the seven 
dabbling duck species in the Western Palearctic showed that 
seeds of    �    400 plant species are being consumed (Soons et   al. 
unpubl.), many of which are likely to (occasionally) survive 
gut passage (Van Leeuwen et   al. 2012b, Soons et   al. unpubl.). 
With large numbers of waterbirds worldwide making regu-
lar local and migratory movements (Del Hoyo et   al. 1992), 
millions of seeds of native and invasive species are estimated 
to be transported by waterbirds every day (Brochet et   al. 
2009, 2010). Mallards play a key role in the dispersal of plant 
seeds across the globe, due to their wide geographic distribu-
tion, high numbers, and opportunistic feeding behaviour 
(Soons et   al. unpubl.). 

 To unravel the mechanisms underlying internal transport 
of plant seeds by waterbirds and quantify the role of this 
process in ecology, experimental feeding trials have been used 
extensively. In such experiments, resting, captive birds are 
fed a known quantity of propagules, which are then retrieved 
from their faeces collected at fi xed time intervals (reviewed 
by Charalambidou and Santamar í a 2002 and Van Leeuwen 
et   al. 2012b). Th is provides essential information on the 
capacity of diff erent propagules to survive gut passage, and 
the time it takes them to pass the digestive tract (retention 
time), thereby allowing calculations on dispersal eff ective-
ness and potential dispersal distances (Charalambidou and 
Santamar í a 2002, Figuerola and Green 2002, Soons et   al. 
2008, Guttal et   al. 2011). As dispersal eff ectiveness and 
distance distributions (kernels) are crucial determinants of 
(spatial) population dynamics (Husband and Barrett 1996), 
data from feeding trials are often used to estimate these. 
Notably, dispersal distances are estimated based on feeding 
trial results, either by multiplying patterns of retention over 
time with theoretical vector speed (Charalambidou et   al. 
2003, Soons et   al. 2008, Wongsriphuek et   al. 2008), or by 
combining retention times with empirically determined 
vector movement patterns (Viana et   al. 2013b). 

 Such estimations are extremely valuable for our under-
standing of the ecology of the dispersed organisms, but 
highly dependent on the accuracy of the experimental data. 
For practical reasons, most feeding trials to date have used 
animals resting in cages, particularly in the case of water-
birds (Santamar í a et   al. 2002, Charalambidou et   al. 2005, 
Soons et   al. 2008). However, in order to disperse propagules, 
animals have to move and physical activity is well known 
to aff ect digestive processes, probably due to reallocation of 
blood from the digestive organs to the muscles required for 
motion (Oettl é  1991, Brouns and Beckers 1993, Mortensen 
et   al. 1998). Th is may greatly aff ect the applicability of 
results from feeding trials in calculating dispersal eff ective-
ness and distances. Recently, Van Leeuwen et   al. (2012a) 
found that plastic markers pass through the digestive tract of 
swimming mallards  Anas platyrhynchos  more rapidly and in 
higher numbers than in resting mallards. Indigestible plas-
tic markers, however, do not accurately represent the natu-
ral situation, as they bypass the complex digestive processes 
that natural propagules encounter in the digestive tract. 
Hence, the aim of this study was to quantify how waterbird 

activity aff ects the retrieval pattern and dispersal potential 
of real, (partly) digestible plant seeds. To this end we per-
formed a series of feeding experiments with mallards resting 
in a cage and swimming in a fl ume tank at diff erent speeds. 
We expected that the increased activity levels induced by 
swimming would reduce the digestive effi  ciency and gut pas-
sage time. Th e result from this study allow a critical evalua-
tion of the applicability of previous feeding trial studies for 
calculations on realistic dispersal eff ectiveness and distances 
in natural ecosystems.  

 Material and methods 

 To compare gut passage of plant seeds between resting and 
active waterbirds, eight adult female captive-bred mallards 
were subjected to feeding trials while resting and while fl oat-
ing or swimming. Before, after, and in-between trials the 
mallards were housed together in a free-range aviary on a 
commercial waterfowl diet of grains and pellets that were 
available ad libitum. During the trials, birds were kept indi-
vidually allowing collection of their individual faeces. Th e 
feeding trials were conducted under fi ve diff erent conditions 
(hereafter  ‘ treatments ’ ): 1) resting in a dry cage (control, C), 
2) fl oating in still water (S0), and 3 – 5) swimming in a fl ume 
tank at 0.2 m s �1  (S1), 0.4 m s �1  (S2) and 0.6 m s� 1  (S3). 
While resting, each bird was in a conventional wooden dry 
cage (LWH: 0.54    �    0.46    �    0.48 m) with a 12 mm mesh 
wire fl oor and front. Th ese cages were placed side by side so 
the mallards were unable to see each other. While fl oating 
or swimming, the birds were put individually in a fi xed rect-
angular mesh wire cage (LWH: 0.72    �    0.41    �    0.45 m) on 
either side of the fl ume tank, again unable to see each other. 
In the oval shaped fl ume tank (LWH: 4.80    �    2.05    �    0.37 
m) two electric outboard motors were used to create a near-
laminar water current with adjustable velocity. A more 
detailed description of this fl ume tank can be found in Van 
Leeuwen et   al. (2012a). 

 During the fi ve weeks before the experiment, the mallards 
were trained in the tank four times per week until they were 
physically fi t to maintain a swimming speed of 0.6 m s �1  for 
6 h. Th is maximum sustainable swimming speed was deter-
mined by gradually increasing the current velocity until the 
point where the mallards became unable to keep up by pad-
dling and were pushed against the back of the cage. A maxi-
mum sustainable swimming speed of 0.6 m s �1  agrees well 
with that found in Prange and Schmidt-Nielsen (1970). Th e 
water current velocity was measured with an electromagnetic 
fl ow meter at approximately 10 cm under the water surface.  

 Experimental set-up 

 In a random block design each mallard received a single 
treatment (C, S0, S1, S2 or S3) per week until it had under-
gone all fi ve treatments. Only in the last week of the experi-
ment all mallards received the resting treatment at the same 
time, but none of the four fl ume tank treatments were ever 
given to more than two individuals per week. Each treat-
ment started with force-feeding a mallard with a mix of 800 
seeds of nine diff erent species in three pill-shaped pellets 
of    �    40    �    15 mm that were held together by a thin layer of 
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dough ( �    0.5 mm). Directly after feeding, the mallards were 
put in cages for their assigned treatments. During the resting 
treatments, mallard faeces were collected from a tray under 
the cage every hour for 12 h and once more after 24 h. Faeces 
sticking to the mesh wire were also collected. In the fl ume 
tank all faeces were caught in a nylon fi lter with 0.68 mm 
mesh behind each mallard and collected every hour. After 
6 h, the mallards that were initially fl oating or swimming 
were also placed in the wooden cages. Th e trays under the 
cages were subsequently emptied every hour for 6 h (7 – 12 h 
after start of feeding trial) and once more at the end of the 
treatment, 24 h after force-feeding. Water was available for 
drinking ad libitum at all times, whereas food was unavail-
able during the 24 h trials to simulate fasting during fl ight. 
Th e mean water and air temperature during the experiments 
was 18.8    �    0.9 and 20.6    �    1.0 ° C respectively ( �  SD). Col-
lected faeces were carefully searched for intact seeds of the 
nine experimental species under a binocular microscope 
with a 10 – 40    �    magnifi cation.   

 Seed selection 

 Seeds of the nine freshwater wetland plant species used in 
all treatments belonged to nine diff erent genera (Table 1) 
and were selected to represent a wide variation in seed size, 
but similarity in shape (spherical). A spherical shape had the 
advantages that seed volume was easily quantifi ed using seed 
length, that this shape was representative for many seed spe-
cies and that the seeds were well comparable with the round 
plastic markers used by Van Leeuwen et   al. (2012a). One 
hundred seeds per species were fed per trial, except for two 
large-seeded species of which 50 seeds were fed, leading to a 
total of 800 seeds fed per mallard per treatment. Although 
the combined volume of seeds is in the upper range of 
volumes suggested for feeding trials in Van Leeuwen et   al. 
(2012b), a mixture of seeds was preferred to avoid an eff ect 
of loading volumes on the digestive system. As seeds were 
all more or less spherical, seed length was used as a measure 
of seed size. Of each species 20 seeds were measured to the 
nearest 0.01 mm under a binocular microscope.   

 Statistical analysis 

 Th e typical data output of our experiment was, for each mal-
lard in each treatment, the number of intact seeds of each 
plant species collected every hour after force-feeding for the 
fi rst 12 h, and once more after 24 h. For analysis of the total 

  Table 1. Studied wetland plant seeds with their mean length, number of seeds fed to each mallard per treatment and overall mean intact 
retrieval.  

Species Family
Seed length 
(mm  �  SD)

No. fed per 
treatment

Mean 
retrieval (%)

 Persicaria bistorta  (PER) Polygonaceae 4.65    �    0.36 100 0.01
 Impatiens glandulifera  (IMP) Balsaminaceae 4.54    �    0.59 50 0
 Agrostemma githago  (AGR) Caryophyllaceae 3.37    �    0.26 50 0
 Sanguisorba offi cinalis  (SAN) Rosaceae 2.94    �    0.41 100 0.18
 Althaea offi cinalis  (ALT) Malvaceae 2.22    �    0.15 100 0.33
 Carex riparia  (CAR) Cyperaceae 2.17    �    0.15 100 9.15
 Thalictrum fl avum  (THA) Ranunculaceae 2.06    �    0.31 100 5.24
 Lycopus europaeus  (LYC) Lamiaceae 1.36    �    0.11 100 10.03
 Lotus pedunculatus  (LOT) Fabaceae 1.18    �    0.08 100 0.52

retrieved number of intact seeds we used all data over 24 
h (model A). For analysis of retention time we used only 
retrieval data from the fi rst 12 h (model B), as we were inter-
ested in the detailed retrieval pattern over time without large 
gaps. 

 We analysed the eff ect of treatment and seed size on the 
total retrieval of seeds and on the retrieval pattern over time 
(retention time and squared retention time) using repeated-
measures generalized linear mixed-eff ects models (GLMM) 
with Poisson error distribution and log-link function. In 
model A we used summed total retrieval of intact seeds 
over 24 h per seed species as dependent variable. Treatment 
(C, S0, S1, S2 and S3) was included as fi xed factor with the 
S0 (fl oating) treatment as reference level and seed size was 
included as centred covariate. We also tested for the interac-
tive eff ect of treatment and seed size on total retrieval. In 
model B we used the number of intact seeds per seed species 
retrieved per hour as dependent variable, rather than aver-
age retention time, in order to preserve information about 
the pattern of retrieval over time. Treatment was included as 
fi xed factor with the S0 treatment as reference level and seed 
size and retention time were included as centred covariates. 
To assess potential changes in retrieval patterns, the interac-
tions of treatment with retention time and seed size with 
retention time (both linear and squared) were included. In 
both models (A and B) individual mallard was included as 
random intercept to correct for variation between individu-
als, and seed species was included as random intercept to 
avoid pseudo-replication due to multiple observations for 
equal seed sizes. We also tested a model with retention time 
as random slope within individual, but as this gave no dif-
ferent outcome we here report the results of the model with 
fi xed slopes only, for reasons of parsimony. 

 Signifi cance of terms and interactions was determined 
stepwise by likelihood ratio tests between models with and 
without terms of interest. Tukey HSD post hoc tests were used 
to analyse diff erences between treatments. Diff erences in seed 
size between species were tested with an ANOVA and Tukey 
HSD post hoc test. For all calculations we used the lme4 
package (Bates et   al. 2013) in R ( � www.R-project.org � ).    

 Results 

 Seeds of all species except AGR and IMP were retrieved 
intact from the faeces of mallards (Table 1), with four species 
(CAR, LOT, LYC and THA) retrieved intact in all treatments. 
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in the resting (C) treatment (17.5    �    3.6 SE seeds retrieved 
per mallard, 2.2% of total fed), but did not diff er signifi -
cantly from the fl oating (S0; 25.0    �    6.7, ANOVA: Z    �    2.4, 
p    �    0.11) or S1 (22.3    �    4.9, Z    �    1.9, p    �    0.30) treatments. 
In the S2 treatment, more than twice as many seeds were 
retrieved intact on average per mallard than in the rest-
ing treatment (37.2    �    17.4), a highly signifi cant diff erence 
(Z    �    7.0, p    �    0.001). Retrieval in S2 was also signifi cantly 
higher than in S0 and S1 (Z    �    4.3 and 5.0 respectively, 
p    �    0.001). Th e mean number of seeds retrieved in the S3 
treatment (27.6    �    4.8) was slightly lower than in S2 ( Z    �      
 – 2.9, p    �    0.03), signifi cantly higher than C ( Z     �    4.5, 
p    �    0.001) but not diff erent from S0 ( Z     �    1.7, p    �    0.40) 
and S1 ( Z    �      2.4, p    �    0.11). Th ese results suggest that swim-
ming speed has an eff ect on retrieval of seeds, with more 
seeds being retrieved intact at higher activity levels, although 
this increase may be non-linear (Fig. 1a). 

 Th e hourly pattern of retrieval of intact seeds was also 
signifi cantly aff ected by the interaction between treatment 
and both linear (model B:  χ  2     �    45.3, DF    �    4, p    �    0.001) 
and squared retention time ( χ  2     �    46.0, DF    �    4, p    �    0.001). 
Th is indicates that treatment also aff ects the retrieval pat-
tern over time, although from Fig. 1b – c it becomes clear that 

During three fl oating (S0) trials, two S1 trials and two S2 
trials, a mallard regurgitated seeds and parts of feeding pellets, 
mixing regurgitated with defecated seeds and making further 
calculations related to gut passage impossible. Th erefore, the 
results on these seven trials were omitted from further analy-
sis in this study. In the remaining 33 successful feeding trials, 
retrieval of intact seeds already peaked 2 – 3 h after feeding 
and was low overall: mean retrieval per seed species ranged 
between 0 and 10.3% (Table 1). In the fi rst 6 h (active 
phase) of the trials already 92.3% of all seeds were retrieved 
(Fig. 1a). Between 7 – 12 h after feeding 2.2% were retrieved 
and the last 4.7% of seeds were retrieved 13 – 24 h after inges-
tion. Variation in digestive effi  ciency between individual 
mallards was considerable, but all birds did excrete intact 
seeds in all trials. On average, total intact retrieval of all seeds 
pooled per individual per trial was 3.0% ( �    2.6 SD), ranging 
between 0.5% (C treatment) and 13.8% (S2 treatment).  

 Effect of vector activity 

 Total seed retrieval over 24 h was signifi cantly aff ected 
by treatment (model A:  χ  2     �    56.5, DF    �    4, p    �    0.001; 
Fig. 1a, Table 2). Total retrieval of intact seeds was lowest 

  Figure 1.     (a) Mean ( �  SE) proportion of intact seeds (all species combined) retrieved per mallard per treatment in fi rst 6 h (active phase), 
7 – 12 h and 13 – 24 h. Letters indicate signifi cant diff erences between treatments in retrieval over 24 h. (b) Relation between total proportion 
of seeds retrieved per treatment (mean per duck  �  SE) and weighted mean retention time of retrieved seeds. (c) Retrieval pattern of all 
intact seeds combined over time for diff erent treatments. Y-axis represents proportion of total number retrieved (not a proportion of fed 
seeds) within treatments.  
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  Table 2. Contributions of terms and interactions to the tested models 
used to explain variation in retrieval of intact seeds.  Δ AIC represents 
change in AIC upon removal of term/interaction from the model. 
 χ  2 -values and p-values of likelihood ratio tests are given. Dependent 
variables were total (summed) retrieval of ingested seeds over 24 h 
for model A and hourly retrieval of ingested seeds over 12 h for 
model B.  

Model Term/interaction  Δ AIC   χ 2 p-value

A treatment 48.5 56.5   �    0.001 
A seed size 5.4 7.4   �    0.01 
A seed size : treatment 5.3 13.28   �    0.01 
B treatment 29.5 37.6   �    0.001 
B treatment : retention time 37.3 45.3   �    0.001 
B treatment : retention time 

(squared)
37.9 46.0   �    0.001 

B seed size 5.4 7.4   �    0.01 
B seed size : treatment  – 0.3 7.7 0.10
B seed size : retention time 1.2 3.1 0.08
B seed size : retention time (squared)  – 2.0 0 0.99

this cannot simply be explained by a shift in the peak of 
retrieval. Indeed, mean retention time was not signifi cantly 
diff erent between treatments (ANOVA: F    �    1.89, p    �    0.15), 
although a clear trend is present with highest mean reten-
tion time in the control treatment (189 min) and the lowest 
mean retention time in the swimming treatments (163 – 166 
min; Fig. 1b – c). Due to the skewed distribution of retention 
times, other parameters like median, 95% percentile and 
kurtosis are also informative, but none of these parameters 
diff ered signifi cantly between treatments (median: F    �    1.71, 
p    �    0.19; 95% percentile: F    �    1.41, p    �    0.27; kurtosis: 
F    �    0.664, p    �    0.62).   

 Effect of seed size 

 Seed sizes of all studied plant species (Table 1) were signifi cantly 
diff erent from each other (p  �  0.001) except for the combina-
tions ALT-CAR-THA (p  �  0.90), IMP-PER (p    �    0.94) and 
LOT-LYC (p    �    0.10). We found a signifi cant negative eff ect 
of seed size on total retrieval (model A:  χ  2     �    7.4, DF    �    1, 
p  �  0.01, Fig. 2a), with seeds  � 3 mm rarely passing the diges-
tive tract intact. Th e relatively low retrieval of the smallest spe-
cies (LOT, Fig. 2a) deviates from this pattern and suggests that 
apart from seed size, other seed traits also play a role. We also 
found a signifi cant eff ect of the interaction between treatment 
and seed size on total retrieval (model A,  χ  2     �    13.28, DF    �    4, 
p    �    0.01), suggesting that the eff ect of treatment on retrieval 
diff ers between seed sizes, but this diff erence does not appear 
to show any consistent pattern, and is small in comparison to 
the main eff ect of seed size (Fig. 2a). Seed size did not aff ect 
the retrieval pattern over time as indicated by the non-signifi -
cant interactions with linear ( χ  2     �    3.1, DF    �    1, p    �    0.08) and 
square retention time ( χ  2     �    0, DF    �    1, p    �    0.99). Th e near-
signifi cant interaction between seed size and linear retention 
time supports a trend of lower retention times for larger seeds 
(Fig. 2b). Considering the low intact retrieval of large seeds, 
this probably indicates a rapidly increasing risk of digestion 
with longer retention time.    

 Discussion 

 Elevated activity levels in mallards caused an increased 
retrieval of intact seeds from the digestive tract, but did 

  Figure 2.     Eff ect of seed length on (a) mean proportional retrieval of 
intact seeds per mallard per treatment (note that Y-axis is on a log-
scale) and (b) mean retention time. Two out of the nine seed species 
were never retrieved.  

not cause a straightforward acceleration of gut passage of 
ingested propagules. Th is suggests that digestion effi  ciency 
itself is infl uenced by physical activity of mallards, an addi-
tional mechanism to earlier fi ndings of accelerated gut 
passage of indigestible plastic markers due to increased physi-
cal activity (Van Leeuwen et   al. 2012a). Th ese fi ndings imply 
that seed dispersal potential is enhanced in mallards that 
are actively moving across the landscape, in comparison to 
resting mallards.  

 Effects of physical activity and metabolic rate 

 Swimming, in general, clearly increased the total retrieval 
of intact seeds, compared to a resting state as used in all 
previous feeding experiments with mallards with real seeds. 
Th e level of mallard activity however did not show a clear 
linear relationship with seed retrieval, with the intermediate 
swimming speed increasing intact retrieval more than low 
and maximum swimming speeds. An elevated metabolic 
rate for thermoregulation to compensate for heat loss due to 
the high thermal conduction of water (when on the water 
in the fl ume tank versus sitting in a dry cage) may already 
contribute to the observed eff ect of swimming (Fig. 1a). 
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action between retention time and probability of digestion. 
We discuss this in the next section.   

 Digestible seeds versus indigestible plastic markers 

 Th e results of our study with real seeds demonstrate how 
vector activity modulates seed retrieval and hence dispersal 
potential. However, apart from the comparison between 
resting and active mallards, we can further improve our 
mechanistic understanding of the seed dispersal process 
under natural conditions by comparing our study to one in 
which indigestible plastic markers were fed to resting and 
active mallards (Van Leeuwen et   al. 2012a). While we did 
not fi nd a statistically signifi cant shortening of the reten-
tion time of seeds with increasing mallard activity levels, this 
eff ect was very pronounced in a similar feeding experiment 
with indigestible round plastic markers of 2 mm diameter. In 
Van Leeuwen et   al. (2012a), mean retention times of plastic 
markers during the fi rst 12 h following ingestion were 6 h 
30 min for resting, 5 h 55 min for fl oating and 5 h 20 min 
for swimming at maximum sustainable speed, compared 
to respectively 3 h 9 min, 3 h 0 min and 2 h 45 min in 
similarly sized seeds from our study (CAR, LYC and THA 
combined, Fig. 3). Hence, retention times of plastic mark-
ers were clearly longer, and appeared to diff er more between 
treatments, than those of seeds. However, while the accel-
eration of gut passage from resting to fast swimming seems 
much larger for plastic markers (70 min) than for seeds (24 
min), this corresponds to a relative acceleration of 18% and 
13% respectively, which is remarkably similar. Th e accelera-
tion of retrieval from fl oating to swimming birds was even 
more similar: 10% for plastic markers and 8% for seeds. Th e 
smaller relative acceleration for seeds is probably due to the 
positive relation between retention time and seed digestion. 
Digestible propagules retained longer in the digestive tract 

Prange and Schmidt-Nielsen (1970) found that thermal con-
ductivity of water can already raise the metabolic rate of male 
mallards by 25 – 30%. Th e increased retrieval of seeds from 
fl oating mallards compared to mallards sitting in a dry cage, 
albeit not statistically signifi cant, suggests that the metabolic 
rate of waterbirds, rather than their activity level per se, is 
the primary factor aff ecting propagule retrieval and retention 
times. Th is was also suggested by Van Leeuwen et   al. (2012a), 
who found that indigestible plastic markers were retrieved 
earlier in fl oating than dry resting mallards. Th eir fi nding 
that gut passage was further accelerated in actively swimming 
mallards, indicated a combined eff ect of thermal conductivity 
and either an additional increase of metabolic rate or another 
physiological eff ect of physical activity (swimming). More-
over, Paladino and King (1984) found that heat increment 
of locomotion in birds might substitute for thermoregula-
tion, resulting in a lower increase in metabolic rate in swim-
ming birds compared to fl oating birds than expected from 
locomotion costs alone. Th is might partly explain the lack of 
diff erences in digestive effi  ciency between the wet treatments 
in this study. Th e eff ect of increased metabolic rate on the 
functioning of the digestive system might imply a prioritiza-
tion of oxygen delivery to locomotion (or thermoregulation) 
on the expense of the digestive system (Hicks and Bennett 
2004), indicating a  ‘ locomotion-priority metabolic mode ’  
which was also found in other taxa (McGaw 2007, Zhang 
et   al. 2012). In literature on humans, the mechanism(s) 
that cause reduced transit times (Keeling and Martin 1987, 
Oettl é  1991) and increased stool weight (Coenen et   al. 1992) 
under moderate exercise remain unclear, but gastrointesti-
nal syndromes have been attributed to a redistribution of 
blood fl ow from the digestive system to the skeletal muscles 
(Ter Streege and Kolkman 2012). 

 By imposing diff erent swimming speeds (and thereby 
inducing diff erent metabolic rates, Prange and Schmidt-
Nielsen 1970) we aimed at identifying a relationship 
between metabolic rate and digestive effi  ciency, which could 
be extrapolated to fl ight. Metabolic rates during fl ight are 
estimated to be almost three times higher than while swim-
ming at maximum sustainable speed (Prange and Schmidt-
Nielsen 1970, Nolet et   al. 1992). However, as we found 
no conclusive support for a straightforward relationship 
between metabolic rate and digestive effi  ciency, our results 
do not allow direct extrapolation; we cannot exclude the 
possibility that this relation is non-linear, for example level-
ing off  at higher metabolic rates. In the most extreme case, 
the prioritization of oxygen delivery to locomotion could, 
under heavy physical activity, lead to a temporal arrest of 
the digestive processes and even cause prolonged retention of 
food particles (McGaw 2007). It would be very relevant to 
clarify these mechanisms, because fl ying birds have a much 
higher long-distance dispersal capacity than swimming birds. 
Future studies with waterbirds fl ying in a wind tunnel may 
establish this. 

 We did not fi nd a straightforward eff ect of mallard 
activity (or metabolic rate) on the speed of seed gut pas-
sage, although the highest mean retention times were in the 
control treatment and the lowest mean retention times in 
the swimming treatments. Th e overall eff ect of vector activ-
ity on the distribution of seed retention times appears to be 
relatively small, an eff ect likely to be caused by the inter-

  Figure 3.     Cumulative retrieval patterns (as proportion of ingested) 
of digestible plant seeds (average of CAR, LYC and THA as used in 
this study; closed symbols) and indigestible plastic markers (open 
symbols) from faeces of mallards swimming at maximum sustain-
able speed (dotted line) and resting in a conventional dry cage 
(control; solid line). Arrows indicate the shift in mean retention 
time (the mean acceleration of retrieval) caused by the physical 
activity of the mallards, for seeds (a) and plastic markers (b). Data 
on plastic markers from Van Leeuwen et   al. (2012a).  
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are more likely to be destroyed, ultimately resulting in low 
mean retention times. Th is mechanism partly obscures the 
eff ect of vector activity that is apparent for indigestible plas-
tic markers. Hence, we conclude that increasing waterbird 
activity most likely speeds up seed gut passage, but that this 
eff ect is largely obscured in practice by the digestibility of 
seeds. Th e biological signifi cance of this eff ect increases with 
more digestion-resilient propagules, which have longer mean 
retention times and will therefore experience more strongly 
accelerated gut passage times with increasing vector activity 
levels.   

 Effects of seed size 

 A negative relation between seed size and total intact retrieval 
was preserved in swimming mallards (Fig. 2a) and is in 
accordance with the mechanism proposed by Soons et   al. 
(2008), that smaller seeds are more likely to escape mechani-
cal digestive forces and hence have a higher survival of gut 
passage. However, the smallest species in our study (LOT) 
had a remarkably low retrieval, deviating from this relation-
ship. We observed that seeds of LOT easily absorb water (a 
common trait in  Fabaceae  species), making them soft and 
vulnerable to mechanical stress. Th is eff ect has also been 
found in other  Fabaceae  species fed to cattle, where they 
survived very poorly (D ’ hondt and Hoff mann 2011). Th is 
emphasizes that seed size is not the only seed trait determin-
ing the potential survival of gut passage. While seed size 
may be the fi rst determinant of gut passage survival across 
a wide range of species, crudely illustrating the mechanism 
of survival through escaping mechanical stress, seed coat 
characteristics have also been reported to aff ect gut pas-
sage (DeVlaming and Proctor 1968, Wongsriphuek et   al. 
2008) and diff erences between individual species may well 
be explained by additional seed traits such as water uptake 
and subsequent softening. Th e eff ects of seed size were con-
sistent over treatments in our study, so we do not expect that 
conclusions from previous feeding experiments with resting 
waterbirds need re-evaluation in this regard.   

 Implications for dispersal 

 Results of this study imply that more seeds will survive gut 
passage in actively moving waterbirds than in resting ones, 
with a generally modest acceleration of gut passage (and per-
haps consequent reduction of dispersal distance) depending 
on the digestion-resilience of the seed species. Smaller seeds 
survive gut passage in greater numbers than larger seeds, but 
this eff ect is not modulated by vector activity. Th ese implica-
tions are based on the higher retrieval and slightly shorter 
mean retention times of intact seeds in actively swimming 
compared to resting mallards, as observed in our study. Th e 
total retrieval over 24 h for all seed species together was 
58% higher at maximum sustainable swimming speed than 
in the resting treatment. For the three most retrieved (least 
digested) seed species this increase was even higher; intact 
retrieval of CAR, LYC and THA increased with 80%, 73% 
and 65% respectively. Th e modestly reduced retention times 
could further contribute to this increase, given the generally 
negative relationship between retention time and viability 
after gut passage (Charalambidou and Santamar í a 2002). 

Hence, vector activity appears to make eff ective dispersal 
more likely, but over somewhat shorter distances. 

 Th ese eff ects of vector activity imply that estimates of 
dispersal probabilities and distances calculated from conven-
tional feeding trials with resting mallards will underestimate 
dispersal probability for all seed species and may modestly 
overestimate dispersal distance for less digestible seed spe-
cies. If we multiply seed retrieval over time, measured at the 
maximum activity level used in our study, with a fl ight speed 
of 75 km h �1  (Clausen et   al. 2002), this results in maxi-
mum mean dispersal distances ranging between 174 – 211 
km for seeds of    �    2 mm (CAR, LYC and THA). Th e dis-
persal distance distributions calculated using feeding trials 
with resting birds have overall lower dispersal frequencies 
but somewhat longer distances (Fig. 4). Although actual 
dispersal distances depend critically on the behaviour of the 
vectors (Kleyheeg et   al. unpubl.), these estimated maximum 
distances are more than suffi  cient for seeds to reach isolated 
freshwater wetlands in a wide variety of landscapes. Th e fact 
that 92.3% of retrieved seeds in our study were retrieved in 
the fi rst 6 h of the feeding trials, indicates that dispersal over 
more than 450 km is probably very rare, even though longer 
migratory fl ights of waterfowl are not uncommon (Viana 
et   al. 2013a). 

 Th e fact that intact seeds of seven out of the nine plant 
species used in this study were retrieved, supports previous 
fi ndings that there is a high potential among a wide range 
of diff erent species of wetland plants for endozoochorous 
dispersal by mallards (Van Leeuwen et   al. 2012b). Consider-
ing the large amount of seed species ingested by mallards, 
as demonstrated by gut-content-based diet studies (seeds 
of    �    400 plant species recorded in mallards in the Western 
Palearctic, Brochet et   al. 2011, Soons et   al. unpubl.), and 
given that mallards are the world ’ s most abundant duck spe-
cies with a very wide distribution (Del Hoyo et   al. 1992), 
known to have frequent local (Legagneux et   al. 2009, Sauter 
et   al. 2012) and migratory fl ights (Viana et   al. 2013a), we 
conclude that the results of our study further build support 
for the important ecological role of mallards. Th e eff ective-
ness of mallards and other waterbirds in dispersing plants 
may have been underestimated based on earlier studies, and 
our increased mechanistic understanding of the dispersal 
process indicates that they may play an even more impor-
tant role in plant population dynamics and structuring of 
(freshwater) ecosystems than previously considered (Green 
and Elmberg 2014).   

 Conclusions 

 Intact passage of plant seeds through the digestive tract 
increased with physical activity of mallards, by up to 80% 
in comparison to resting mallards. Th is is likely regulated 
through a reduced digestive effi  ciency with increased meta-
bolic rate of the waterbirds, a mechanism enhancing the dis-
persal potential of ingested seeds. Calculations of dispersal 
effi  ciency and distance distributions (dispersal kernels) based 
on data from conventional feeding trials with resting cap-
tive waterbirds therefore likely produce underestimations of 
actual dispersal rates in the fi eld, and should either be cor-
rected for bird activity levels or discussed in relation to this. 
Physical activity did not simply reduce retention times of 
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  Figure 4.     Conceptual diagram of dispersal kernels resulting from the eff ect of physical activity on digestive effi  ciency and retention time and 
the interaction with propagule size and digestibility. Graphs represent the estimated probability of excretion of ingested propagules over 
distance during a long unidirectional fl ight of a mallard at a fl ight speed of 75 km h �1 , deduced from retention curves from experiments 
with resting mallards (blue dotted lines) and mallards swimming at maximum sustainable speed (red solid lines). Th e reduction of retention 
time (and thus dispersal distance) with increased physical activity is most pronounced in large propagules, which already have a relatively 
long retention time, especially when they are resistant to digestion. A reduced digestive effi  ciency (1  –  area under curve) is most pronounced 
in easily digestible propagules, although large, weak propagules will probably be digested either way. Photographs of seeds with permission 
from the Digital Seed Atlas (Cappers et   al. 2006).  

seeds in mallards, as the interaction between retention time 
and digestion partly obscures the eff ects of increased gut 
passage speed for digestible seeds (as opposed to indigest-
ible plastic markers). An acceleration eff ect will be more 
pronounced in more digestion-resilient seed species, mod-
ulating their potential dispersal distances. Th e overall posi-
tive eff ects of metabolic rate on the dispersal potential of 
seeds found in this study imply an even more eff ective role 
of mallards and other waterbirds as seed dispersers, with a 
greater importance for spatial plant population dynamics 
and connectivity of (freshwater) ecosystems, than previ-
ous studies already suggested. Th e underlying mechanisms 
through which waterbird activity modulates dispersal 
eff ectiveness and distances may apply to other vertebrate 
disperser species as well, with implications for assessment 
of their role as seed dispersers. 
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