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Summary

1. Dabbling ducks (Anatinae) are omnivorous birds that are widespread, numerous, highly mobile
and often migratory, and therefore have great potential for (long distance) dispersal of other organ-
isms, including plants. However, their ability to act as plant dispersal vectors has received little
attention compared to frugivores and is often assumed to be relevant only for wetland species.

2. To evaluate the potential for plant dispersal by dabbling ducks, we collated and analysed existing
data. We identified all plant species whose seeds have been recorded in the diets of the seven dab-
bling duck (Anas) species in the Western Palaearctic, as reported from gut content analyses. We then
analysed the habitats and traits of these plant species to identify general patterns, and related these
to data on gut passage survival and duck movements.

3. A large number of plant species (>445 species of 189 genera and 57 families) have been recorded
in the diet of dabbling ducks. These plant species represent a very wide range of habitats, including
almost the full range of site fertility, moisture and light conditions, excluding only very dry and deeply
shaded habitats. The ducks prefer seeds of intermediate sizes (1-10 mm3), which have good chances to
survive gut passage, but also ingest smaller and larger seeds. Ingested seeds represent a wide range of
dispersal syndromes, including fleshy fruits. Many species (62%) were not previously considered ani-
mal-dispersed in plant data bases, and 66% were not identified as bird-dispersed. Rarefaction analyses
suggest that our analysis still greatly underestimates the total number of plant species ingested.

4. Synthesis. Dabbling ducks do not exclusively ingest seeds of wetland plants, which make up only
40% of the ingested species. Rather, they feed opportunistically on a wide cross-section of plant
species available across the landscapes they inhabit. Given the millions of ducks, the hundreds to
thousands of seeds ingested per individual on a daily basis, and known gut passage survival rates,
this results in vast numbers of seeds dispersed by ducks per day. Internal seed dispersal by dabbling
ducks appears to be a major dispersal pathway for a far broader spectrum of plant species than pre-
viously considered.

Key-words: Anatinae, connectivity, diet, dispersal, endozoochory, movement ecology, plant—animal
interactions, plant habitats, seed traits, waterbirds

Considering these facts, I think it would be an inexpli- Introduction

cable circumstance if water-birds did not transport the
seeds of fresh-water plants to vast distances, and if
consequently the range of these plants was not very
great. Charles Darwin, The origin of species (1859)

*Correspondence author: E-mail: m.b.soons@uu.nl

The study of plant dispersal has become a major field of
research in recent decades. Dispersal not only drives spatial
population dynamics but is also crucial for maintaining popu-
lation genetic diversity and resilience, colonization of new

(and restored) sites, range expansion and migration. As such,

it determines regional plant diversity and species survival
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Cousens & Dytham 2008). Within the field of plant dispersal
research, the study of dispersal of seeds within fleshy fruits
by frugivorous animals is a major topic (>1279 papers, ISI
Web of Knowledge, June 2014; e.g. Jordano et al. 2007,
2011; Spiegel & Nathan 2007). Seeds from plants lacking a
fleshy fruit are widely assumed to disperse by other means,
for example by wind or water, which also represent major
research topics (> 1221 papers; e.g. Nathan e al. 2002; Soons
et al. 2004; Pazos et al. 2013). Such seeds may also be dis-
persed by large grazing mammals (externally on their fur or
internally as ‘the foliage is the fruit’; > 198 papers; e.g. Janzen
1984; Will & Tackenberg 2008; Bullock et al. 2011). General
studies of plant dispersal often rely on these major dispersal
categories (dispersal by frugivores, grazing mammals, wind or
water). For example, recent papers have indicated how the
dispersal and survival of plant species are reduced by ongoing
habitat fragmentation, loss of frugivorous bird and grazing
mammal populations, and the lowering of water-tables and
flooding probabilities (e.g. Soons et al. 2005; Ozinga et al.
2009; Markl et al. 2012).

In the plant dispersal literature, aquatic plants are often
considered to be a separate category. Despite their patchy and
often isolated habitat, many freshwater plant species are rela-
tively common across broad distribution ranges (Santamaria
2002). This observation led Darwin (1859) to suggest that
these plant species are dispersed frequently and over long dis-
tances between suitable sites and he proposed waterbirds as
vectors of this transport (which he incorrectly assumed to
occur exclusively by attachment to the birds’ feet and feath-
ers). More than a century later, Proctor and co-workers (e.g.
DeVlaming & Proctor 1968) combined field and experimental
approaches to demonstrate conclusively that waterbirds dis-
perse a variety of higher plants and Characeae, primarily after
ingestion. However, despite an increasing number of field and
experimental studies demonstrating the potential for dispersal
by waterbirds (e.g. Figuerola & Green 2002; Charalambidou
& Santamaria 2005; Van Leeuwen et al. 2012), this mode of
dispersal receives little or no mention in general reviews of
dispersal by animals or in overviews of dispersal syndromes

(e.g. Wang & Smith 2002; Ozinga et al. 2004; McConkey
et al. 2012; Hintze ef al. 2013), and there is an implicit
assumption in the literature that waterbirds are relevant as dis-
persal vectors only in aquatic or wetland ecosystems.

Among seed-dispersing waterbirds, dabbling ducks (Anati-
nae) are the best-studied. Dabbling ducks are omnivorous
birds that feed extensively on plants and seeds (Cramp &
Simmons 1977; Hughes & Green 2005). They are wide-
spread, globally numerous (ca. 200 million individuals; Wet-
lands International 2012), highly mobile on a daily basis and
often migratory, and therefore have great potential for (long
distance) dispersal of plants (Soons et al. 2008; Brochet et al.
2009; Viana et al. 2013; Kleyheeg et al. 2015), which is con-
sidered one of the vital ecosystem services they provide
(Green & Elmberg 2014; Sekercioglu, Wenny & Whelan
2016). In the Western Palaearctic alone, there are seven spe-
cies of dabbling ducks, with a total number of breeding indi-
viduals estimated between 13.7 and 18.5 million (BirdLife
International 2004; Table 1) and even higher numbers in
autumn and early winter, when juveniles are added to the
population. This means that even low probabilities of disper-
sal per duck per day amount to an immense dispersal poten-
tial for the whole dabbling duck population, and indicates the
importance of quantifying this potential.

Dabbling ducks can disperse plant diaspores (seeds, spores
or fragments), either externally (exozoochorous dispersal) or
internally (endozoochorous dispersal). External dispersal
occurs when diaspores stick to bill, feet or feathers and detach
after some period of time and transport. However, given the
water-repellent, smooth plumage of dabbling ducks and their
frequent preening behaviour, seeds or fragments are not fre-
quently attached to ducks (Brochet et al. 2010a). The dominant
dispersal mode, internal dispersal, occurs when ducks ingest
diaspores and excrete them in a viable state after passage
through the digestive tract. In the gizzard, a highly muscular
organ containing small hard particles (‘grit’), food items are
ground to small fragments ready for further digestion in the
intestines. Plant fragments generally do not survive this treat-
ment, so that for higher plants, internal transport mainly con-

Table 1. Summary statistics on plant seed dispersal by dabbling ducks. Estimated numbers of duck individuals in Europe from BirdLife Interna-

tional (2004)

Total number of
plant species
identified in diet

Estimated breeding

Number of
Total number of Average number birds used for
birds sampled of seeds per bird the calculation of

population in Europe, studies (including in all diet (range between  average number
Duck species number of individuals qualitative data*)  studies studies) of seeds per bird
Anas acuta Northern pintail 640 000-720 000 115 (148) 442 256 (5-645) 200
Anas clypeata Northern shoveler 340 000-420 000 62 (76) 384 74 (6-138) 209
Anas crecca Common teal 1 840 000-2 400 000 273 (286) 3014 728 (1-2347) 1600
Anas penelope Eurasian wigeon >3 400 000 86 (109) 507 66 (5-215) 174
Anas platyrhynchos Mallard 6 600 000-10 200 000 311 (331) 3502 321 (9-882) 1522
Anas querquedula  Garganey 780 000-1 180 000 37 (55) 113 NA NA
Anas strepera Gadwall 120 000-192 000 54 (65) 373 320 (43-416) 136
All duck species 13 720 000-18 512 000 413 (445) 8335 462 (1-2347) 3841

*Plant species numbers between brackets include studies with only qualitative evidence, which could not be used to calculate average numbers of

species and/or seeds per bird.
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cerns seeds and spores. Successful internal seed dispersal by
dabbling ducks is common, as indicated by the high percentage
of duck droppings containing intact plant seeds in the field (on
average ca. 50%, range ca. 25-70% across duck species; Van
Leeuwen et al. 2012). Of seeds found in dabbling duck drop-
pings, an average of ca. 33% were viable (range ca. 10-65%
across duck species; Van Leeuwen et al. 2012).

Given these numbers of seeds consumed by ducks and their
survival rates, it is surprising that dispersal by ducks receives
so little attention in dispersal research (ca. 43 papers) and that
we currently lack a general quantitative framework represent-
ing the role of dabbling ducks in plant dispersal. Such a
framework would be especially relevant in the face of
increased threats to waterbirds throughout the world, due to
habitat loss and hunting pressure (Wetlands International
2012), and more recently from culling in relation with the
spread of avian influenza (Yong er al. 2013). If waterbirds
indeed play an important role as vectors for plant dispersal,
this should be taken into account in both plant and waterbird
management and conservation strategies, from local to conti-
nental scales (e.g. Haig, Mehlman & Oring 1998; Amezaga,
Santamaria & Green 2002; Verhoeven et al. 2008).

As a vital step towards a full understanding of the role of
waterbirds in plant dispersal, we present an analysis of which
plant seeds are ingested and potentially dispersed by dabbling
ducks. We address seed dispersal of vascular plants, which has
been quantified much better than the dispersal of spores of non-
vascular plants (also likely to be dispersed readily by ducks, but
often not detected in gut content samples due to their small
size). Our objective was to identify which plant species are
ingested and potentially dispersed by dabbling ducks, and to
estimate how many plant species are involved. We aim to clar-
ify the general patterns explaining these identities and numbers,
by analysing which plant traits and habitat characteristics are
related to dispersal frequency and potential. We address these
questions by taking advantage of the large volume of data from
existing literature, including duck diet studies and experimental
studies that assess how plant and duck characteristics determine
gut passage survival. We then discuss how widespread and
effective seed dispersal by dabbling ducks is likely to be, across
bird and plant species, also considering the role of ducks in the
dispersal of non-wetland plants. Finally, we examine the conse-
quences of dabbling duck-mediated dispersal for plant ecology
and conservation management.

Materials and methods

To create a comprehensive, general overview of plant seeds ingested
and potentially dispersed by dabbling ducks, we went through the fol-
lowing steps: (i) we conducted a literature survey on duck diet data,
based on gut content analyses, and compiled an overview of all plant
species recorded in dabbling duck diets; (ii) we analysed these data at
the species level and in combination with plant ecological data from the
literature and data bases, to identify functional traits and habitat charac-
teristics of plant species (disproportionally) ingested by dabbling ducks;
(iii) we estimated how complete our list of ingested plant species is
likely to be, using rarefaction analysis; and (iv) we selected a case study

Plant dispersal by dabbling ducks 445

for which sufficient data were available to relate the plant species com-
position in the duck diet to the regional floristic composition, again
using rarefaction analyses. We discuss how likely it is that the seeds
ingested by dabbling ducks are effectively dispersed, by comparing the
functional traits of the ingested species to traits known to promote gut
passage survival, and by comparing the habitat characteristics of
ingested species to habitats frequented by ducks. We limited our analy-
sis to the Western Palaearctic, for which a unique combination of
detailed duck data and plant habitat and trait data are available. This
allowed us to identify general patterns and build a common framework,
that is likely to be representative for other continents.

COMPILATION OF LITERATURE DATA ON DABBLING
DUCK DIETS

Dabbling ducks are major hunting quarry and their ecology, feeding
habits and diet are well studied. However, until now these data
remained highly fragmented and were unexploited by plant ecologists.
We compiled a complete overview of all plant seed species reported
to have been consumed by the seven dabbling duck species in the
Western Palaearctic (Table 1), based on analyses of duck gut contents
(specifically, from the oesophagus, proventriculus and gizzard, here-
after collectively termed ‘foregut’, which best represents the total of
seeds ingested). Starting with the data set analysed by Dessborn et al.
(2011), we searched the available literature for any duck diet studies
up to December 2012, through ISI Web of Knowledge, ProQuest Bio-
logical Sciences, USGS DUCKDATA and by backtracking older
studies from references in more recent articles. We also examined
original studies referenced in compilations and standard handbooks
(e.g. Cramp & Simmons 1977), bringing together 71 different studies
in total. When available, we also recorded data on seed numbers
(average number of seeds, per plant species, per duck individual) and
frequencies (percentage of duck individuals with ingested seeds, per
plant species) for each duck species. Plant species names and taxon-
omy were synchronized using the digital version of the Flora Euro-
paea (held in the PANDORA taxonomic data base system at the
Royal Botanic Garden Edinburgh, available at: http:/rbg-web2.
rbge.org.uk/FE/fe.html; accessed January 2013) and updated taxonom-
ically at the family level following The Plant List (version 1.1; avail-
able at: http://www.theplantlist.org; accessed June 2014).

ANALYSIS OF PLANT ECOLOGICAL DATA

Data on duck diet composition were supplemented with plant species
habitat characteristics from the PLANTATT data base (attributes of
British and Irish plants; Hill, Preston & Roy 2004; excerpt 5 Decem-
ber 2006) and plant trait data related to seed dispersal from the LEDA
traitbase (life-history traits of the north-west European flora; Kleyer
et al. 2008; excerpt 13 July 2010). We analysed the plant species’
Ellenberg indicator values for habitat soil fertility (‘Nitrogen’; N),
moisture (‘Feuchtigkeit’; F) and light (L), as proposed by Ellenberg
(Ellenberg et al. 1991) and adapted for the British Isles and Ireland
(Hill et al. 1999), which are representative for Atlantic (north-west)
Europe. Ellenberg indicator values quantify the optimal habitat of
each plant species along the full range of existing habitat conditions
on an ordinal scale (Table S1 in Supporting Information). Functional
dispersal traits analysed were seed production (number of seeds per
individual plant, ramet, or tussock), seed size (seed volume, in mm3),
seed wind dispersal capacity as approximated by seed terminal veloc-
ity (the constant falling rate of a seed in still air, in m s ') and seed
water dispersal capacity as approximated by seed buoyancy (% of

© 2016 The Authors. Journal of Ecology published by John Wiley & Sons Ltd on behalf of the British Ecological Society., Journal of Ecology, 104, 443-455
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seeds still floating after 1 week in water). In addition, we used LEDA
to check whether plant species recorded in the duck diets produce fle-
shy fruits (considered to indicate dispersal by frugivores) and whether
they had previously been recorded as endozoochorously dispersed by
any animal species, or specifically by birds.

To analyse whether seeds ingested by the seven dabbling duck spe-
cies form a representative (randomly selected) subset of all plant spe-
cies, we compared the distributions of Ellenberg values and trait data
of the species ingested to those of all species in north-west Europe on
which data are available (using the complete PLANTATT and LEDA
data bases). More than 88% of all existing duck diet data were
reported from north-west Europe, so that this comparison allows us to
draw the bigger picture. We performed this comparison using Pear-
son’s chi-square tests. Where test results were significant (P < 0.05),
standardized residuals were used for significance testing of differences
between duck diet and all plant species within individual categories
(bins) using z-scores with Bonferroni correction for multiple compar-
isons (all testing in IBM SPSS Statistics 19).

RELATIONSHIP BETWEEN DIET COMPOSITION AND
REGIONAL FLORISTIC COMPOSITION

The diet compilation showed that in studies where more ducks are
sampled, more plant species are found. To evaluate the extent of this
‘sampling effect’ and how complete our list of ingested plant species
is likely to be, we carried out rarefaction analyses (Sanders 1968).
Rarefaction allows the prediction of species richness for a given num-
ber of individual samples, based on the construction of rarefaction
curves. Rarefaction curves were produced by repeatedly resampling a
pool of n =50 individuals at random (with repetition) and plotting
the average cumulative number of seed species represented by
1, 2, ..., n individuals as a function of the number of ducks sampled
(Gotelli & Colwell 2001). We did this for two studies in regions with
large, ecologically important duck populations, where we had access
to particularly high-quality diet data at the level of individual ducks:
(i) the Camargue in France, a river delta situated at the mouth of the
Rhone, consisting of a plain with agricultural land, lakes and marshes
(diet data from Brochet er al. 2012a; A.-L. Brochet, J.-B. Mouronval,
P. Aubry, M. Gauthier-Clerc, A. J. Green, H. Fritz & M. Guillemain,
unpublished data; 176 mallards and 371 teal sampled, 60 and 78 seed
morphospecies identified in total); and (ii) the Groene Hart area in the
Netherlands, a rural area situated in the Dutch lowlands close to the
current delta of the rivers Rhine and Meuse, consisting mostly of
agriculture and wetlands on peat soils (Kleyheeg 2015: 78 mallards
sampled, 63 seed species in total). Rarefaction analyses were per-
formed in R (version 2.15.1; R Development Core Team 2012), using
the package ‘vegan’ (Oksanen et al. 2015).

To estimate the proportion of the regional floristic composition
ingested by dabbling ducks, we compared the results from the rarefac-
tion analyses to the total number of plant species with seeds available
for consumption in the Groene Hart area. We counted the total number
of seed-producing plant species in the area from survey data on regional
floristic composition (Nationale Databank Flora en Fauna 2014).

Results

SPECIES INGESTED BY DABBLING DUCKS

Our analysis of 71 diet studies, reporting on 152 case studies
and a grand total of 8335 duck individuals, identifies at least

445 plant species of 189 different genera and 57 different
families that were ingested by dabbling ducks in the Western
Palaearctic (Tables 1, S2 and S3). The families represented
by the most species are the Poaceae (73 species identified)
and Cyperaceae (57 species), which both rank among the
most species-rich plant families in Europe. An additional 22
plant families were represented by >5 species in the compila-
tion. These families included not only the Amaranthaceae (34
species) and Polygonaceae (23), but also major plant families
not generally considered to be ‘waterbird-dispersed’ or associ-
ated with wetlands: for example, the Rosaceae (20), Aster-
aceae (18) and Fabaceae (17). The genus represented by the
most species is Carex (36 species).

Quantitative data were available for 413 of the 445 plant
species that were ingested by ducks. These data show that
seeds were commonly found intact in dabbling duck foreguts:
as many as 462 seeds were reported on average per duck (av-
eraged across all regions and duck species)
(Table 1). This number is highly variable across studies, with
the highest average number of seeds per duck reported for a
study on A. crecca (2347 seeds). Differences between duck

s€asons,

species ranged across an order of magnitude, with A. crecca
harbouring the most seeds (but also most sampled duck indi-
viduals), A. acuta, A. platyrhynchos and A. strepera taking
highly similar intermediate positions and A. clypeata and
A. penelope containing fewest seeds (Table 1).

CHARACTERISTICS OF SPECIES INGESTED BY
DABBLING DUCKS: HABITAT

Ingested seeds represent a wide cross section of the plant
kingdom (Table S2). However, more detailed inspection of
the characteristics of ingested plant species reveals several
general patterns (Figs 1 and 2). Dabbling ducks ingested
seeds of plant species from a very wide range of habitats
(Fig. 1). The ingested seeds originated from plant species rep-
resenting the full range of site fertility conditions, from extre-
mely infertile soils (Ellenberg N values 1-2) to extremely
nutrient-rich, heavily fertilized soils (values 8-9), with some-
what higher numbers of species from sites of intermediate to
rich fertility (Ellenberg N values 4-7; Fig. 1a). The ducks
also ingested seeds of species from a very wide range of
moisture conditions, from averagely damp to very wet (open
water) (Ellenberg F values 3-12), excluding only species
from extremely to very dry sites (values 1-2; Fig. 1b).
Regarding light conditions, ingested seeds originated from
plant species of semi-shade to full-light, open habitats, with a
peak at well-lit to open habitats (Ellenberg L values 6-8),
excluding deep shade to shade (values 2—4; Fig. 1c). Aver-
aged frequencies of occurrence are remarkably similar across
all habitat conditions (blue lines, Fig. 1). The relatively high
mean frequency of occurrence at Ellenberg N value 1 is heav-
ily affected by a single study in which a high proportion of
ducks had feasted on Empetrum nigrum berries, and should
be considered in relation to the low numbers of underlying
data points.

© 2016 The Authors. Journal of Ecology published by John Wiley & Sons Ltd on behalf of the British Ecological Society., Journal of Ecology, 104, 443-455
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Fig. 1. Analysis of the gut content of dabbling ducks shows that they feed on seeds from plant species growing at a very wide range of site con-
ditions, regarding site fertility (indicated by Ellenberg N values; panel a), moisture (Ellenberg F; b) and light availability (Ellenberg L; c¢). Each
data point represents the frequency of occurrence (% of ducks in the population) of a single plant species ingested by a single duck species, aver-
aged over all studies reporting on that plant species. Ellenberg indicator values were available for 246 out of the 413 identified plant species
(60%), resulting in a total of 538 data points for all duck species combined (56% of all identified cases). Data points are jittered around their
respective Ellenberg values. Red numbers give the total numbers of data points per Ellenberg value; blue lines connect the averaged frequencies
(over all data points) per Ellenberg value. Ellenberg values are defined in Table S1.

Are these plant species a representative selection of all
available plant species, or do the ducks preferably ingest plant
species from specific habitats? If we compare the relative fre-
quency distributions of Ellenberg values of the species
ingested by ducks to those of all plant species for which
Ellenberg data are available in the PLANTATT data base
(Fig. 3), we see that the ducks appear to select species from
specific habitats more than others. The ducks fed dispropor-
tionally on plant species from sites of rich (but not extremely
rich) fertility (Ellenberg N values 6-8; Fig. 3a), from sites of
wet-to-inundated moisture conditions (Ellenberg F values 8—
12; Fig. 3b) and from sites that are well-lit, but not fully lit
(Ellenberg L value 7; Fig. 3c). Hence, while dabbling ducks
ingest a very wide range of plant species in similar frequen-
cies, these species are not a random subset of all available
plant species, but over-represent plant species from fertile,
wet and open sites. Note, however, that the latter conclusion
is based only on the identities of the species ingested by dab-
bling ducks and not on their associated frequencies of inges-
tion.

These general patterns of ingested seeds are very similar
among the duck species (Figs S1-S3). There are a few
subtle differences: A. querquedula fed somewhat more
on species from low-fertility habitats, and A. querquedula
and A. strepera appeared to prefer wetland and aquatic

ducks.
However, the sample sizes for these two duck species are
low.

plant seeds somewhat more than the other

CHARACTERISTICS OF SPECIES INGESTED BY
DABBLING DUCKS: TRAITS

Considering the most important dispersal-related plant and
seed traits, the following general patterns appear (Fig. 2).
Dabbling ducks ingested seeds of plant species across a very
wide range of seed production levels, from species that pro-
duce only a few seeds to species that produce >100 000 s
seeds per individual plant (data not shown). In contrast to that
wide range, the ducks predominantly ingested seeds of rela-
tively small to intermediate sizes, particularly those ranging
from 1 to 10 mm® (Fig. 2a). The ducks sampled a very wide
range of species regarding traits associated with other modes
of dispersal, but their diet consisted predominantly of species
that are poorly dispersed by wind, with seed terminal veloci-
ties >1 m s~ ' (most even >2 m s~ ', indicating very poor
dispersal by wind) (Fig. 2b), and well-dispersed by water,
with long-floating seeds (floating percentages >90%, and
many even 100%, after 1 week; Fig. 2c). These patterns are
similar for both numbers of species and averaged frequencies
of occurrence.

© 2016 The Authors. Journal of Ecology published by John Wiley & Sons Ltd on behalf of the British Ecological Society., Journal of Ecology, 104, 443-455
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Fig. 2. Analysis of the gut content of dabbling ducks shows that they feed on seeds from plant species with a wide range of dispersal-
related traits, including seed size (a) and seed dispersal capacity by wind (b) and water (c). Each data point represents the frequency of
occurrence (% of ducks in the population) of a single plant species ingested by a single duck species, averaged over all studies reporting
on that plant species. The total number of data points for all duck species combined depends on trait data availability and is indicated in
each panel (total number of all identified cases is 961; percentages of total are: (a) 58%, (b) 46% and (c) 25%). Red numbers present the
total numbers of data points between two consecutive x-axis tick-marks (similar to the bins used in Fig. 4). Note the x-axis log scale in

panel (a).

Comparison of the plant species identified from the gut
content of dabbling ducks to all plant species for which
dispersal-related trait data are available in the LEDA data
base shows that the ducks more or less proportionally ingest
species relative to their seed production (Fig. S4, bottom-right
panel; x2 (7) = 8.5; NS). In contrast, the ducks fed highly
disproportionally on plant species with seeds of intermediate
(1-10 mm®; Fig. 4a).
ingested plant species with relatively high terminal velocities,
indicating (very) poor wind dispersal capacity (2—4 m s~ ';
Fig. 4b) and intermediate seed buoyancies (30-50% still float-
ing after 1 week in water; Fig. 4c, but see Discussion).

sizes They also disproportionally

Again, these general patterns of ingested seeds are very simi-
lar among duck species (Figs S4-S7).

The plant species ingested by dabbling ducks include 35
species with fleshy fruits (belonging to the 16 genera Coto-
neaster, Crataegus, Elaeagnus, Empetrum, Fragaria, Prunus,
Pyrus, Rapistrum, Rosa, Rubus, Sambucus, Solanum, Sorbus,
Vaccinium, Viburnum and Vitis). Of all the species listed in
the duck’s diet, 277 species (62%) had not previously been
recorded as endozoochorously dispersed by any animal in the
LEDA data base. More specifically, 295 species (66%) had
not been recorded as dispersed by birds (endozoochorously or
exozoochorously). For Carex, 33 species (92% of the 36 spe-
cies listed in the diet) had not been recorded as endozoo-
chorously dispersed, and 32 (89%) had not been recorded as
dispersed by birds, in LEDA.

RELATION BETWEEN DIET COMPOSITION AND
REGIONAL FLORISTIC COMPOSITION

Rarefaction curves revealed that a large number of individuals
would have to be sampled for a reliable determination of the
total number of plant species ingested and potentially dis-
persed by dabbling ducks. The steep slopes on the left of the
curves indicate that in studies that sampled low numbers of
duck individuals, a large fraction of the seed species diversity
went undetected (Fig. 5). This is relevant, as 106 of the 152
case studies (70%) in our compilation sampled <50 individ-
ual ducks. Hence, the number of plant species ingested by
ducks according to our analysis is likely to severely underesti-
mate the actual total.

In addition, extrapolation of the rarefaction curves for the
Groene Hart area indicates that mallards in that area alone
may ingest a total of around 100 species (Fig. 5). In system-
atic grid-based surveys of the flora of the part of the Groene
Hart area most likely inhabited by the examined ducks, a total
of 1169 plant species have been recorded. This includes 789
rare species, which were recorded for only <10% of all sur-
veyed 1-km-grid cells (including urban areas and private gar-
dens, where the wild mallards were unlikely to forage). This
leaves a total of only 380 species that were recorded for
>10% of all surveyed grid cells. A total of 154 plant species
were recorded for >50% of all surveyed grid cells, and 73
plant species were recorded for all surveyed grid cells,
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Fig. 3. Analysis of the plant species identified from the gut content of dabbling ducks, in comparison with all plant species for which Ellenberg
values are available, shows that the ducks disproportionally ingest plant species from sites of rich fertility (Ellenberg N values 6-8; panel (a); >
(8) = 187.4; P < 0.001), wet-to-inundated (open water) moisture conditions (Ellenberg F values 8-12; (b) xz (11) = 266.8; P < 0.001) and gener-
ally well-lit, but not full-light, light conditions (Ellenberg L value 7; (c) %> (7) = 80.2; P < 0.001). Grey bars present the distribution of Ellenberg
values over all plant species for which values are available; white bars present the distribution for all plant species identified from gut contents.
Asterisks indicate significant differences between duck diet and all plant species (P < 0.05). The total number of data points included in the his-
tograms are indicated in each panel. Ellenberg values are defined in Table S1.

suggesting that mallards may ingest a very large proportion of
the common plant species occurring in a rural area.

Discussion

WHAT DIET STUDIES TELL US: WHICH SPECIES ARE
INGESTED BY DABBLING DUCKS?

Diet studies identify which seed species are ingested, an
essential first step for dispersal. Ingestion of plant seeds by
dabbling ducks is common, as shown by the high numbers of
seeds found in dabbling ducks’ foreguts (Table 1). The ducks
ingested seeds from a large number of plant species, repre-
senting a wide range of genera and families. This range of
plant taxa (Table S2) more closely resembles a regular cross
section of the plant kingdom than a selection of taxa associ-
ated with wetlands, an observation supported by our analyses
of the habitats of ingested species. Dabbling ducks dispropor-
tionally ingest seeds of plant species from relatively fertile,
wet and open sites (indeed, the sites in which they are typi-
cally expected to forage; e.g. Legagneux et al. 2009; Sauter

et al. 2012; Bengtsson et al. 2014; Kleyheeg 2015).
However, they also ingest — in similar frequencies — seeds
from a surprisingly wide range of other sites, spanning the
entire range of site fertility conditions and excluding only
very dry and deeply shaded habitats. If we categorize typical
wetland or aquatic species by Ellenberg F values 9-12, these
make up only 40% of the species in the dabbling duck diet;
the remaining 60% of the species are non-wetland species.
Dabbling ducks also ingest species with a wide range of
dispersal-related plant traits. Seed ingestion appeared to be
roughly proportional to seed production, underlining the
ducks’ opportunistic feeding behaviour. Plant species with a
wide range of wind and water dispersal capacities were
ingested. The ducks were more selective regarding seed size,
feeding mostly on seeds of intermediate sizes (1-10 mm?).
This is in line with analyses of duck droppings in the field
(Charalambidou & Santamaria 2005) and with the ducks’ typ-
ical foraging method: the ‘dabbling’ behaviour for which they
are named. This filter-feeding, where ducks create a flow of
water containing food particles entering through the anterior
opening of the bill and expelled laterally through lamellae,
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Fig. 5. Estimated numbers of seed species in the duck diet as indi-
cated by rarefaction curves for seed morphospecies in A. platyrhyn-
chos (grey) and A. crecca (dark grey) in the Camargue, France; and
A. platyrhynchos in the Groene Hart, the Netherlands (light grey).
Rarefaction curves are based on repeatedly resampling 50 random
individuals from 176 mallards and 371 teal analysed for the Camar-
gue, and 78 mallards analysed for the Groene Hart.

favours ingestion of medium-sized seeds (Gurd 2006; Brochet
et al. 2012b). However, the ducks also feed by picking up
food items of various sizes on land. They swallow food items
whole, including large fleshy items such as grapes and straw-
berries, but also hard items such as acorns (E. Kleyheeg, pers.
obs). Interspecific differences in ingested food item size exist
between duck species, most notably for A. clypeata with their
fine lamellae, which are able to filter out smaller seeds (Green
& Figuerola 2005). However, these differences are subtle in
relation to the broad patterns (and corresponding bin ranges)
analysed here and hence are not significant in our analysis
(Fig. S5).

In relation to the selected seed sizes, the ducks mainly
ingest seeds with poor ability to disperse by wind (Soons
et al. 2004; Soons 2006). Thus, dispersal by dabbling ducks
is not simply an ‘accidental additional mechanism’ for spe-
cies already adapted for long-distance dispersal by wind,
but is more likely to be a primary mechanism towards
long-distance dispersal for many plant species unable to dis-
perse by wind. Considering ability to disperse by water, we
observed an over-representation of species with seed buoy-
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ancies in the range of 30-50% in the duck diet. However,
rather than indicating a real preference, this may reflect our
selection of bin ranges and the relatively poor quality of the
underlying data, as buoyancy data are rare and notoriously
difficult to compare between studies. Dabbling ducks more
likely ingest seeds with different dispersal capacities by
water more or less proportionally to their abundance, and
form a significant secondary dispersal vector for many
water-dispersed species.

Overall, the diets of the seven dabbling duck species
appeared to be relatively similar. The most important differ-
ence relating to their plant dispersal ability is that, on average,
fewer seeds are ingested by A. penelope and A. clypeata. This
reflects their ecology, as in comparison with the other dab-
bling ducks, A. penelope is more herbivorous, while
A. clypeata feeds more on invertebrates (Cramp & Simmons
1977; Dessborn et al. 2011). Yet, due to the animal-based
diet of A. clypeata the ingested seeds are likely to have a
high probability of gut passage survival (Kleyheeg 2015).
Indeed, droppings of A. clypeata have been shown to contain
more intact seeds than those of other waterbirds in the field
(Figuerola, Green & Santamaria 2003), and this species likely
plays an important role in seed dispersal despite the lower
numbers ingested.

Our findings provide the strongest support to date of the
general view of dabbling ducks as highly opportunistic feed-
ers. Given our results, any ducks’ diet probably consists of a
wide range of species representative of the landscape it inhab-
its. Although our analysis included data from 71 studies
reporting on 152 case studies, our rarefaction analyses suggest
that this may still only be a ‘snapshot’ of the total number of
species ingested by dabbling ducks. More realistically, they
may ingest all or a large proportion of the common plant spe-
cies present in a landscape. Hence, we propose that dabbling
ducks are likely to ingest a much higher number of plant spe-
cies than that reported by our study, spanning a very wide
spectrum of habitats.

WHICH SPECIES ARE LIKELY TO BE DISPERSED BY
DABBLING DUCKS?

While our diet analyses identify which species are ingested,
the next critical step towards assessing the ducks’ dispersal
potential is to evaluate which species, or more importantly,
species with which traits, are likely to survive gut passage.
The digestive system of waterbirds, including dabbling ducks,
is optimized for calorie uptake per unit time rather than per
unit of ingested food, so for most of the time full digestion
does not occur (Van Leeuwen et al. 2012). Hence, it is inher-
ent to their digestive system that some seeds survive. Feeding
experiments with dabbling ducks have shown that intact sur-
vival rates vary from 0 to 70% across plant species (Van
Leeuwen et al. 2012) and germination rates vary from O to
ca. 50% of ingested seeds across plant species (0-32%, Soons
et al. 2008; 0-5; %, Wongsriphuek, Dugger & Bartuszevige
2008; 1-48%, Brochet er al. 2010b). Averaged over all plant
and duck species used in feeding trials, ca. 7% of the
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ingested seeds successfully germinated within a few weeks
after defecation (Van Leeuwen et al. 2012), but the variation
around this average is enormous (Soons et al. 2008; Brochet
et al. 2010b; Kleyheeg et al. 2015). The above rates underes-
timate potential survival and germination rates under field
conditions, as gut passage survival is much higher (up to
80%) in active ducks than in the resting ducks typically used
in feeding trials (Kleyheeg er al. 2015). Furthermore, non-ger-
minating seeds may still be viable (Brochet ef al. 2010b), but
dormant, as germination rates are highly sensitive to environ-
mental conditions (e.g. Fraaije et al. 2015b).

Survival and germination rates are generally higher for
plant species with smaller seeds (Soons et al. 2008; Figuerola
et al. 2010; Van Leeuwen et al. 2012). Smaller seeds travel
faster through the digestive system (Soons et al. 2008) and
are retrieved intact in higher proportions than larger seeds,
both in experiments and in the field (Charalambidou & Santa-
maria 2005; Van Leeuwen et al. 2012). More importantly,
smaller seeds are retrieved viably in much higher proportions
than larger seeds (approximated by a negative logarithmic
relationship; Soons ez al. 2008). Seeds with thicker or harder
seed coats also have a higher probability of intact gut passage
(Soons et al. 2008; Wongsriphuek, Dugger & Bartuszevige
2008; Kleyheeg 2015). However, viability is generally unex-
plained by seed coat traits, except for species with permeable
seed coats (which have particularly low gut passage survival;
Kleyheeg et al. 2015) and some species with very thick and
hard seed coats where gut passage stimulates germination
(e.g. Sparganium species; Pollux, Santamaria & Ouborg
2005; Soons et al. 2008). Unfortunately, data on seed coat
hardness and permeability are very limited, so that seed size
remains the best — and only available — predictor of gut pas-
sage survival for plant species.

If we combine the probability of viable gut passage sur-
vival with the data on dabbling duck diets, we obtain a more
detailed picture of which plant species are likely to be dis-
persed. Species with very small seeds (< 0.1 mm®) are rela-
tively rare and are seldom ingested by dabbling ducks, but
have the highest post-gut-passage germination rates (on aver-
age >>10%, using the relationship identified by Soons ez al.
2008). Seeds of 0.1-1 mm® are much more common, much
more frequently found in ducks (on average 7% of individual
ducks), and have average germination rates of >10%. Seeds
of 1-10 mm> are most common, most frequently ingested by
ducks (on average 14% of ducks) and have intermediate aver-
age germination rates of >5%. Species with seeds >10 mm’
are again less common, less frequently ingested by ducks (on
average 9% of ducks) and have low probabilities of gut pas-
sage survival. Yet, for very hard large seeds, endozoochorous
dispersal by regurgitation (which can take place up to at least
10 h after ingestion) is an alternative pathway likely to result
in dispersal (Kleyheeg & Van Leeuwen 2015). Furthermore,
there exists wide variation in duck digestive efficiency, which
is caused by large intraspecific variation, but also by major
digestive differences following changes in body condition,
diet and season (Kleyheeg 2015; Kleyheeg et al. 2015).
Hence, for almost all ingested plant species, there is some
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possibility of successful internal dispersal by dabbling ducks,
and average survival rates mentioned above are conservative
estimates.

WHICH SPECIES ARE LIKELY TO BE EFFECTIVELY
DISPERSED BY DABBLING DUCKS?

Effective dispersal is achieved when viable seeds are dropped
at a suitable site — or a site that becomes suitable within the
timeframe of seed dormancy. Dabbling ducks defecate seeds
across a range of aquatic and terrestrial environments. Newly
available high-resolution movement data collected using GPS
loggers demonstrate that non-breeding A. platyrhynchos indi-
viduals spend less than half of their time on open water
(Fig. 6; Kleyheeg 2015). The remainder of the time they
spend in the shoreline or on land, both during their foraging
trips and their resting periods. These data clearly show how
likely it is for the most common, widespread and numerous
of the dabbling duck species to defecate seeds away from
open water.

Such detailed space use data are not yet available for all
dabbling duck species. Observational data from southern
Sweden suggest that during spring staging, A. penelope is by
far the most terrestrial of the seven Anas species, spending
up to ca. 50% of their time budget foraging on land (Arzel
& Elmberg 2004). A. crecca and platyrhynchos are largely
comparable in being generalist habitat users, foraging on
water, in the shoreline and on land; ca. 40-60% of their for-
aging activities were reported on land (Arzel & Elmberg
2004). A. acuta and querquedula are much less terrestrial,
and A. clypeata is by far the most aquatic species, spending
up to ca. 50% of their time budget foraging on the water
surface (Arzel & Elmberg 2004). The importance of grass-
land foraging sites for particularly A. penelope, crecca and
platyrhynchos is also established for wintering populations in
France (e.g. Duncan et al. 1999; Guillemain, Fritz & Duncan
2002; Legagneux et al. 2009). During breeding, habitat use
may be even more terrestrial (e.g. Pasitschniak-Arts, Clark &
Messier 1998). As such, dabbling ducks appear highly
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Fig. 6. Habitat use by mallards (Anas platyrhynchos) during the for-
aging period (night) and resting period (day) based on high-resolution
GPS tracking data of 112 male mallards in four areas in the Nether-
lands (modified from Kleyheeg 2015). Percentages of time spent on
open water (Ellenberg F values 11-12), in the shoreline (values 9-10)
and on land (values 4-8) were calculated from 140 765 GPS posi-
tions, which were recorded every 15 min for approximately 2 weeks
per individual, over the autumn—winter season of 2012-2013. Error
bars represent standard deviations.

suitable for the effective dispersal of plant species of a wide
range of habitats.

AN OVERLOOKED DISPERSAL PATHWAY FOR A BROAD
SPECTRUM OF PLANT SPECIES

Summarizing, our analyses demonstrate that dabbling ducks
ingest seeds of many plant species, from a wide range of
habitats, and with a wide range of dispersal-related traits.
Feeding experiments have already established that an ecologi-
cally relevant proportion of ingested seeds survives gut pas-
sage. Analysis of existing movement data shows that
dabbling ducks also frequent a wide range of habitat types (at
least across a wet-dry gradient) in the landscapes they inhabit.
All combined, this makes dabbling ducks suitable dispersal
vectors for the wide range of plant species they ingest. This
applies particularly to A. acuta, crecca, platyrhynchos and
strepera (which ingest the largest quantities of seeds) and to
A. clypeata (which is likely to have the highest gut passage
survival). Insufficient data are available on A. querquedula to
evaluate its dispersal potential.

However, dabbling ducks receive very little notice in the
scientific literature compared to other seed dispersal vectors:
Of all papers dealing with seed dispersal (>6934 papers, ISI
WoK, June 2014), only 43 focus on dispersal by waterbirds,
and of all species found in our dabbling duck diet compila-
tion, 62% had not previously been identified as endozoo-
chorously dispersed and 66% not as dispersed by birds. Data
on dispersal by waterbirds are largely lacking in plant data
bases and waterbirds are not mentioned in important overview
papers considering animal-mediated plant dispersal (e.g.
Wang & Smith 2002; Ozinga et al. 2004; McConkey et al.
2012; Hintze et al. 2013). When mentioned, they are associ-
ated to wetland plants only (Gillham 1970). This lack of
notice can result in misinterpretation of ecological data. For
example, Cyperaceae, which include the most common plant
genus reported in our compilation (Carex), are ranked as only
very poorly endozoochorously dispersed in Hintze et al.
(2013).

This is all the more remarkable, given the sheer numbers of
dabbling ducks and their quantitative potential for dispersing
seeds. In Europe alone, > 14 million dabbling duck individu-
als are available for dispersal. If we multiply this number by
the average number of seeds ingested per duck across sea-
sons, geographic regions and years (462 seeds per duck), and
assume (for a highly conservative estimate, as median gut
retention times are around 2-3 h; Kleyheeg er al. 2015) that
these numbers represent seeds ingested per day, a total of
6.5 x 10° seeds would be available for dispersal by dabbling
ducks per day. Even if their gut passage survival and subse-
quent germination would be a conservative 7%, this would
still amount to ca. 0.5 x 10° seeds being viably dispersed by
dabbling ducks per day, for Europe. A more realistic estimate
would be to assume that, at least during the main seed disper-
sal season (autumn—winter), the duck population is closer to
19 million individuals, that the average number of seeds
ingested per day is around ca. 2000 per duck (considering
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that most diet data are derived from ducks shot in the morn-
ing after ca. 8-10 h of feeding at night) and that in active
birds, gut passage survival rates are almost double those of
resting birds (Kleyheeg et al. 2015), suggesting a germination
rate more like 14%. This would result in ca. 5 x 10° seeds
being viably dispersed by dabbling ducks per day, for Europe
— and Europe’s dabbling duck population is only a fraction of
the global population.

How could this mechanism be so much overlooked for
plant species other than aquatics? Perhaps, because dabbling
ducks are intuitively associated particularly (if not only) with
wetlands, and not considered of importance for other habitats.
Indeed, their diet also reflects this to some extent: ca. 40% of
ingested species are true ‘wetland species’. Also, while dab-
bling ducks ingest a very wide range of plant species in simi-
lar frequencies, these species over-represent plant species
from fertile, wet and open sites. However, this association
ignores the vast number of ‘non-wetland’ plant species
ingested and potentially dispersed by dabbling ducks. Per-
haps, it is overlooked also because plant seeds do not appear
to have obvious, easily observable adaptations to promote dis-
persal by dabbling ducks. Yet, for such opportunistic feeders
the only adaptations needed would be to escape the (mostly
mechanical) digestive forces. This primarily requires seeds to
be small and/or have a hard seed coat — very common and
inconspicuous characteristics. Finally, seed dispersal by dab-
bling ducks may be overlooked because it is generally
assumed that dispersal rates must be low because almost all
ingested seeds are digested. This, however, is not the case.

IMPLICATIONS

Dabbling ducks fly, and hence can disperse plants over a
wide range of distances including long-distance dispersal, as
many dabbling duck species are migratory. Given this, it
might be that for many of the plant species dispersed by dab-
bling ducks, the ducks serve as a potentially highly effective,
but ‘non-standard’, long-distance dispersal vector (cf. Higgins,
Nathan & Cain 2003; Nathan er al. 2008). Yet, considering
the above, we propose that dabbling ducks may be a common
dispersal vector — and perhaps even a ‘standard’ dispersal
vector — for many more species than previously anticipated.
They may form a very important dispersal strategy for wet-
land plant species, but certainly also an additional dispersal
vector for many terrestrial species — particularly those terres-
trial species that are not primarily dispersed by wind over
long distances. Similarly, there is good evidence that water-
birds are important vectors of numerous terrestrial, alien
plants (Green 2016). In our analysis, we limited ourselves to
the Western Palaearctic, but there is no reason to assume that
the general patterns we identified are not representative for
dabbling ducks and plant species on other continents (e.g.
Holt-Mueller & Van der Valk 2002; Green ef al. 2008). As
such, we suggest that their role as dispersers should be con-
sidered when evaluating the dispersal potential of plant spe-
cies and that actual dispersal potential of many plant species
may be underestimated if dabbling ducks are not taken into
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account. To facilitate this consideration, data such as those
we have reviewed here on duck gut contents should be incor-
porated into plant dispersal data bases.

In consequence, the role of dabbling ducks as dispersers
should also be considered in hunting regulations and popula-
tion management. Seed dispersal is a limiting factor for plant
colonization, vegetation development and restoration success
for terrestrial, wetland and aquatic communities alike (e.g.
Santamaria 2002; Soons & Ozinga 2005; Brederveld et al.
2011; Fraaije er al. 2015a). If waterbirds play such an impor-
tant role as vectors in the dispersal of plant species, this
should be taken into account in both plant and waterbird pop-
ulation management and conservation strategies, from local to
continental scales (¢f. Amezaga, Santamaria & Green 2002;
Trakhtenbrot e al. 2005; Verhoeven et al. 2008; McConkey
et al. 2012).

Conclusions

Considering the above, internal seed dispersal by dabbling
ducks appears to be a major dispersal pathway for whole
spectrum of plant species. Darwin (1859) was right in his
proposition that ‘it would be an inexplicable circumstance if
water-birds did not transport the seeds of fresh-water plants’
— but that is only roughly 40% of the story. The other 60%
are non-wetland plants transported by waterbirds, a mecha-
nism that is still generally overlooked and deserving of more
attention in future dispersal studies.
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Supporting Information
Additional Supporting Information may be found in the online ver-
sion of this article:

Table S1. Definition of Ellenberg values, from Hill e al. (2004).

Table S2. List of all 445 plant species found in dabbling ducks, with
data on seed numbers, frequencies of occurrence, sample sizes and
metadata per study. With references.

Table S3. List of all papers included in our literature compilation.
Figures S1-S7. Habitat characteristics and dispersal-related traits of

plant species identified from gut contents of dabbling ducks, specified
per duck species.
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