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Chapter 1

General Introduction

Erik Kleyheeg

CHAPTER 1

Movement and dispersal
Movement is a key aspect of the ecology of all living organisms, whether animal, plant
or micro-organism, at least during part of their life cycle (Nathan 2008). The importance of movement is particularly obvious in animals, most of which walk, fly, swim or
crawl to find food, shelter or a mate. However, even for organisms that are apparently
sessile and unable to relocate themselves, movement is crucial for their survival and
adaptation, and occurs during a mobile life-history stage (e.g. as seed, spore, egg or
larva). In a changing, human-dominated world, where natural habitats are increasingly
fragmented and degraded by land use change and climate change, this movement is
ever more important to escape unfavourable conditions (Howe & Smallwood 1982,
Olivieri et al. 1995, McKinnon et al. 2010, Altizer et al. 2011), maintain exchange of
genetic information between isolated populations to avoid inbreeding (Greenwood et
al. 1978, Waser et al. 1986) and colonize newly available patches (Howe & Smallwood
1982, Bullock et al. 2002). For ‘sessile’ organisms, the movement as dispersal unit thus
largely determines future survival and fitness. Hence, on a broader scale, their dispersal
strategy and the mechanisms determining its success are crucial factors in population
dynamics (Jordano & Herrera 1995, Nathan & Muller-Landau 2000), community structure (Levine & Murrell 2003, Howe & Miriti, 2004) and eventually, ecosystem biodiversity (Bascompte & Jordano 2007).

Dispersal is defined as the unidirectional movement of an organism away from its
parent or place of birth (Nathan 2001, Levin et al. 2003). By dispersal, organisms avoid
kin competition (Levin et al. 2003), density-dependent predation risk (Hammond et
al. 1998) and inbreeding (‘escape hypothesis’, Howe & Smallwood 1982), and colonize
and persist in ephemeral habitats (‘colonization hypothesis, Howe & Smallwood 1982).
Dispersal occurs in nearly all taxa (Clobert et al. 2001, Bullock et al. 2002), suggesting
that it is of significant importance for individual fitness and species persistence. Indeed,
poor adaptation of endangered species to environmental change is often associated with
dispersal limitation (Kokko & Lopez-Sepulcre 2006, Pearson 2006, Ozinga et al. 2009),
while the rapid spread of invasive species is often facilitated by high dispersal capacity
(Sakai et al. 2001, Phillips et al. 2006,). Given the important consequences of dispersal,
knowledge about its underlying mechanisms is essential for biodiversity conservation
and the management of invasive species. More fundamentally, studying dispersal provides basic insights in spatial population dynamics and ecosystem functioning.

From a life-history perspective, dispersal is successful when it results in establishment and reproduction at any distance from the location where the organism was
produced. The success of dispersal depends largely on the ‘disperser effectiveness’, a
conceptual framework introduced for plants by Schupp (1993) and later revised and
reformulated as ‘dispersal effectiveness’ (Schupp et al. 2010). Although originally
designed as a framework for seed dispersal by animals, the basic principles are valid for
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any dispersal vector and any immobile (sedentary) organism: The success of dispersal,
defined by Schupp (1993) as the ‘number of new adults produced by the dispersal activities of a disperser’, depends on the number of individuals dispersed by a vector and the
probability that the individuals survive dispersal and establish at the deposition site
(Schupp et al. 2010). This framework emphasizes the crucial role of dispersal vectors
in the dispersal process of immobile organisms and its consequences. Unravelling the
mechanisms involved in vector-based dispersal and evaluating their effects on the dispersed organism has been a central theme in the study of dispersal (Howe & Smallwood
1982), but many interactions between organisms and their dispersers have yet to be
understood (Clobert et al. 2001, Nathan et al. 2005).

Figure 1.1 A conceptual overview of the three potential natural dispersal mechanisms for
(mainly) aquatic and riparian plants. Hydrochory is limited to the water body where the seeds
are produced, but seeds remain within suitable habitat. Anemochory results in seed deposition
around the source location in more or less random direction, irrespective of habitat type (shaded
area). Zoochory (e.g. by waterbirds) potentially results in long-distance dispersal directed
towards suitable habitat (arrows).

How do plants disperse?
Once rooted in the soil, plants are fixed to a location in the landscape. They depend on
the dispersal of seeds and other detachable reproductive structures (‘propagules’) to
escape from unfavourable conditions or move to other suitable habitats. Selective forces
on dispersal have resulted in adaptations for a wide range of dispersal mechanisms
(Howe & Smallwood 1982), which all interact with propagules in different ways. Many
plants invest in structures that facilitate a specific dispersal mechanism which may be
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particularly effective for the species (e.g. sticky viscin on mistletoe seeds dispersed by
birds; Wenny 2001). Two fundamental modes of dispersal can be distinguished: autochory (self-dispersal) and allochory (dispersal by a vector; Van der Pijl 1982). Autochory
includes the release of seeds by gravity, which usually does not require specific adaptations. In some species, the parent plant produces structures that build-up pressure
and forcefully launch the seeds. However, autochory does usually not result in dispersal
over more than a few meters from the parent plant (Vittoz & Engler 2007). Allochory,
on the other hand, can potentially result in dispersal over hundreds to thousands of
kilometres, and can be roughly divided into three modes: dispersal by wind (anemochory), water (hydrochory), or animals (zoochory) (Fig. 1.1; Howe & Smallwood 1982).
Dispersal by humans (anthropochory) is sometimes considered as a fourth mechanism
(Wichmann et al. 2009).
“As lakes and river-systems are separated from each other by barriers of
land, it might have been thought that fresh-water productions would not
have ranged widely within the same country, and as the sea is apparently
a still more impassable barrier, that they never would have extended to
distant countries. But the case is exactly the reverse.”
Charles Darwin (1859) On the Origin of Species, chapter XII, p 343.

Seeds dispersed by wind or water usually have adaptations to reduce their terminal velocity or their density, so they can stay afloat in air or on the water surface (e.g.
a pappus for anemochory and low-density tissues for hydrochory). Anemochory and
hydrochory strongly depend on the direction and speed of wind and water currents. For
aquatic plants, dispersal by water has the advantage that seeds are likely to end up in
suitable, aquatic habitat, whereas for wind-dispersed seeds the probability of reaching
suitable habitat is less predictable. On the other hand, wind direction is usually more
flexible than the direction of a water current, resulting in a larger potential area for
dispersal (the seed shadow). Seeds dispersed by animals often have external structures
to attach to the fur or feathers of animals to facilitate epizoochory (dispersal on the
outside of animals) or they are embedded in a fruit with fleshy pulp to attract frugivores
and facilitate endozoochory (dispersal in the digestive tract of animals). In both cases
the dispersal direction and distance depend on the movements and behaviour of the
animal. Since most animals make non-random use of the landscape, preferring specific
habitat types, animal-dispersed seeds have a relatively high probability of directional
transportation towards suitable habitat for establishment (directed dispersal; Wenny
2001). Directed dispersal may be particularly frequent in fragmented and disturbed
landscapes, where animals move between discrete habitat patches (Wenny 2001; Fig.
1.1).
10
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“(…) I think it would be an inexplicable 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 (1859) On the Origin of Species, chapter XII, p 343-344.

Dispersal between wetlands
Wetlands are a typical example of discrete habitats, since they are embedded in drier
habitat that is uninhabitable for most wetland plants. Throughout this thesis the broad
definition of wetlands will be used as stated in the Ramsar Convention: “areas of marsh,
fen, peatland, or water, whether natural or artificial, permanent or temporary, with
water that is static or flowing, fresh, brackish, or salt, including marine waters, the
depth of which at low tide does not exceed six meters” (Ramsar Convention Bureau
1996), although the focus will be limited to freshwater habitats. Wetlands thus include
rivers, streams and other longitudinal water bodies in which hydrochory is a suitable
and efficient dispersal mechanism. However, many other wetland types are naturally
isolated and lack hydrological connections between water bodies. Moreover, wetlands
are among the most vulnerable ecosystems with respect to land use change, climate
change and other human-induced alterations, leading to desiccation and fragmentation,
resulting in increased isolation of remaining wetland habitat (Sala et al. 2000, Dudgeon
et al. 2006). Seed dispersal rates decrease with distance and long-distance dispersal is
considered rare (Howe & Smallwood 1982). For organisms living in discrete habitats in
isolation of other individuals or populations of the same species, the dispersal capacity
of offspring is thus especially important (Howe & Smallwood 1982, Cain et al. 2000).
Provided that freshwater wetlands are among the most species-rich ecosystems on
earth (Dudgeon et al. 2006), the capacity of wetland species to exchange genetic material and colonize new habitat has major consequences for biodiversity.
Interestingly, despite the isolated nature of wetlands and the associated dispersal
limitations, many wetland plant species have spread rapidly across continents and have
extremely large distributions (Darwin 1859, WCMC 1998). In contrast, there are other
species that have small home ranges and are at risk of extinction (Lacoul & Freedman
2006). These differences in distribution patterns may be partially explained by their
adaptation to passive dispersal (Jerkins & Buikema 1998, Figuerola & Green 2002).
When hydrochory is ruled out by the lack of hydrological connections and anemochory
is only successful at relatively short distances, zoochory remains as a potential dispersal mechanism. Experimental studies have shown that large differences in capacity of
zoochorous dispersal exist between plant species (Soons et al. 2008, Van Leeuwen et al.
2012b). Among animals visiting wetlands, waterbirds are the most likely to transport
seeds between distant wetland habitat patches. The group of waterbirds is composed
11
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of several families, including shorebirds (Charadriidae), gulls (Laridae) and waterfowl
(Anatidae), all of which are known to forage (partly) on plant seeds, frequently visit
different habitat patches for foraging and roosting, and cover vast distances during
migration (Cramp & Simmons 1977, Del Hoyo 1992). Charles Darwin (1859) was the
first to propose an important role for waterbirds in the dispersal of plant seeds, and
renewed interest since the early 2000’s has resulted in growing support for this theory
(Figuerola & Green 2002, Charalambidou et al. 2005, Van Leeuwen et al. 2012b). Insights
in the interactions between waterbirds and the seeds they disperse may help to assess
the risks of habitat fragmentation and can be implemented in biodiversity conservation
and restoration measures.

Dispersal of plants by waterbirds

Studies over the past two decades have shown that birds are indeed a major vector for
seed dispersal in wetlands. A large range of waterbird species have been identified as
potential players in the internal (endozoochorous) and external (epizoochorous) dispersal of seeds (Figuerola & Green 2002, Green et al. 2008, Van Leeuwen et al. 2012b).
Within waterbirds, a wide variety of foraging behaviours, diets, habitat utilizations
and migration strategies are represented, resulting in different contributions to seed
dispersal. Fish-eating waterfowl, such as herons, cormorants and grebes, have a major
potential for secondary dispersal of plant seeds ingested by their prey. Omnivorous
waterbirds vary their diets with age, season and location, and typically consume a range
of animal and plant material. Primarily herbaceous waterbirds, including geese, swans
and coots, normally forage on vegetative plant parts but also ingest seeds. Even species
that are typically considered insectivorous may ingest seeds together with other food
items and thereby contribute to dispersal. However, even though direct comparison of
disperser effectiveness between species is difficult, partially granivorous duck species
are often considered the quantitatively most important seed dispersers (e.g. Figuerola
& Green 2002, Van Leeuwen et al. 2012b). Not only do they consume large numbers
of seeds, they are also particularly abundant, visit various types of wetland habitat
and cover large distances during migration (Cramp & Simmons 1977, Del Hoyo 1992).
Many seeds of different species have been found attached to the skin and feathers and
in the droppings of dabbling ducks and other waterbird species (Figuerola et al. 2003,
Charalambidou et al. 2005, Brochet et al. 2010a, Raulings et al. 2011), most of which
were still able to germinate (Charalambidou & Santamaría 2002, Van Leeuwen et al.
2012b). This proof of concept in the field has motivated further research on the mechanisms behind waterbird-mediated dispersal.
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2. Digestion

1. Ingestion

3. Transportation

Figure 1.2 Schematic representation of the fundamental steps in the waterbird-mediated endozoochorous dispersal process, which represent the main focal points of this thesis.

Outline of this thesis

After a special issue of Acta Oecologica (2002) on the zoochorous dispersal of aquatic
organisms, waterfowl-mediated dispersal has continuously received scientific interest,
among others resulting in the dissertations of Anne-Laure Brochet (2009), Iris
Charalambidou (2012) and Casper van Leeuwen (2012) on this topic. Their contributions and those of others have collectively provided a wealth of new insights in the interactions between waterfowl and aquatic organisms. The knowledge gaps summarized by
Santamaría and Klaassen in 2002, which included specific interactions between pairs of
disperser and dispersed species, the significance of disperser species traits, the relative
importance of disperser movements at various spatial scales, and the constraints for
propagule establishment following a dispersal event, have been partly filled. However,
some of these gaps still exist and new questions have arisen in the meantime. Moreover,
Santamaría and Klaassen (2002) acknowledged that their overview of knowledge gaps
is not exclusive, and many of the factors in this dispersal process are yet to be identified
and quantified.
In this thesis I use a holistic and multidisciplinary approach to address the
entire active phase of the endozoochorous dispersal process, from seed ingestion to
seed excretion, from both a seed perspective and an animal perspective. By combining
existing data with new experiments in the lab and in the field, I aimed at providing a
more complete picture of the scale and mechanisms of endozoochory by waterbirds.
I mainly focused on a single disperser species, the mallard (Anas platyrhynchos), and
covered a wide range of plant species. The focus on mallards was in the first place due
to their high potential for seed dispersal and their large range and global population.
Secondly, mallards have frequently been used in previous studies, which facilitates com13
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parison. Thirdly, dabbling ducks are very comparable in many aspects of their ecology
and physiology (e.g. Charalambidou et al. 2003), and many of the results obtained
from mallards reported in this thesis can easily be extrapolated to other dabbling duck
species.

The structure of this thesis follows the three fundamental stages in the endozoochorous dispersal process: ingestion, digestion and transportation (Fig. 1.2).

I. Ingestion

Seeds can only be dispersed via endozoochory when they are ingested by the vector
animal. Hence, in chapter 2, I first focused on analysing the species composition of
seeds in the diet of mallards. Previous studies have shown large geographic and temporal variation in the composition of dabbling duck diets (Dessborn et al. 2011a, Brochet
et al. 2012). To identify the factors causing this variation, as well as determining the
range of plant species consumed by mallards, I performed a diet study in the Netherlands across the non-breeding season. By studying mallard digestive tracts across
sampling periods, seasonal changes in diet composition and digestive tract morphology
could be identified. Retrieval of seeds from the entire digestive tract, rather than just
the upper part as in most diet studies, allowed analysis of the effects of seed size and
plant type on survival of digestive tract passage, as well as the relative contributions of
digestive tract sections to seed digestion.

II. Digestion

Once seeds have been ingested, they have to survive passage through the waterbird’s
digestive tract to accomplish successful dispersal. Experimental feeding trials, in which
birds are fed with a known number of seeds that are subsequently retrieved from the
faeces at predefined time intervals, have shown that seed traits and vector (disperser)
traits co-determine the effectiveness of digestion, and hence seed survival (reviewed
in Charalambidou & Santamaría 2002, Van Leeuwen et al. 2012b). Among seed traits,
especially size and seed coat traits were identified as determinants of survival and retention time in the digestive tract (e.g. Soons et al. 2008, Wongsriphuek et al. 2008), but
inconsistencies between studies and large variation between vector animals demanded
deeper insights in the mechanisms behind these effects. Chapter 3 explores the interactions between seed size and seed coat strength and the separate digestive processes
encountered in waterfowl guts. Understanding how seed traits and digestive processes
affect seed viability allows better estimation of the effectiveness of dispersal by specific
seed-vector pairs.
Factors that cause variability in dispersal potential between and within individual
waterbirds have been related to diet type (Charalambidou et al. 2005) and physical
activity of the birds (Van Leeuwen et al. 2012a). To evaluate if there is a direct relation
14
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between digestive tract adjustment to diet type and seed digestion, a diet experiment
was performed with mallards (chapter 4). Feeding trials were performed before and
after adaptation to the experimental diet to detect changes in digestive efficiency within
individuals and between individuals treated with different diets. Subsequent observations on the separate digestive organs could be used to evaluate direct contributions of
separate digestive organs to seed digestion.
Physical activity of waterbirds during digestion has been found to affect retention times of indigestible plastic markers by Van Leeuwen et al. (2012). Experimental
feeding trials, however, are usually performed with birds resting in a small cage, which
does not reflect the activity patterns of free-living waterbirds. Chapters 3 and 4 describe
the negative relation between retention time and seed survival, indicating that changes
in retention time also affect the dispersal potential of digestible food items (i.e. seeds).
Therefore, in chapter 5, mallards were subjected to feeding trials at different physical
activity levels. This demonstrated how increased activity affects the digestive efficiency
in mallards, with implications for the dispersal potential of ingested plant seeds.
During these feeding trials, multiple occasions of seed regurgitation by mallards were
observed. This occurred at different periods of time after feeding, suggesting multiple
causes for regurgitation. In chapter 6, the potential role of regurgitation in seed dispersal was investigated by comparing retrieval of different seed species with and without
regurgitation. Regurgitation in the natural situation may have great implications for the
potential of mallards to disperse soft-bodied aquatic organisms.

III. Transportation

Passive dispersal requires movement of the vector while seeds are carried along. While
most studies on waterbird-mediated dispersal have focused on long-distance displacements of the vector, landscape-scale movements may be at least as important, since they
are much more frequent and directional, while still covering relatively large distances
from a plant perspective. Therefore, chapter 7 reports the results of a GPS tracking
study with mallards in different landscapes in the Netherlands and across Western
Europe. Besides quantifying the local movement patterns of mallards, we investigated the effect of the degree of habitat fragmentation on the spatial scale of mallard
movements. The response of mallards to landscape configuration has consequences
for the dispersal potential of aquatic organisms in a changing environment. Finally,
we combined knowledge of mallard movements with information about ingestion and
digestion in a mechanistic model in chapter 8, to reveal seed deposition patterns following dispersal by mallards in landscapes with high and low wetland connectivity. We
specifically evaluated how landscape configuration and seed traits affect the deposition
patterns.
15
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Synthesis

Finally, in chapter 9 a synthesis of chapters 2-8 is presented and the results are placed
in the context of dispersal and biodiversity conservation in wetland ecosystems. The
translation of these results, most of which were obtained in mallards, to different
waterbird species is discussed, and the combined contribution of waterbirds to the distribution patterns of plants and other aquatic organisms is evaluated. To conclude, a
number of recommendations and priorities for future research are highlighted.
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Chapter 2

High variability in diet composition and
gut morphology in wild mallards (Anas
platyrhynchos) promotes seed dispersal
Erik Kleyheeg, Marcel Klaassen & Merel B. Soons
Submitted to Freshwater Biology

CHAPTER 2

Abstract
The mechanisms of waterbird-mediated seed dispersal have been addressed in lab
experiments, but effects of seed and waterbird traits on dispersal potential have hardly
been investigated under realistic conditions in the field. Through analysis of the digestive tracts of 100 wild mallards (Anas platyrhynchos) in the Netherlands, we assessed
(1) the diversity of ingested seeds, (2) how gizzard and small intestine size, gizzard grit
mass and seed size affect gut passage and survival, and (3) whether wetland and terrestrial plant seeds survive digestion differentially. We found 9645 ingested seeds of 81
plant species from a wide range of habitats, most of which were retained in the gizzard.
Nineteen species had not previously been reported from mallard diets. Individual tracts
contained anywhere between 0 and 1048 seeds, of on average 3.3 species. Diet composition and digestive tract size varied substantially between individuals and over time.
Seed survival was uncorrelated with digestive tract size, but positively correlated with
grit mass. We found no differential survival between wetland and terrestrial plants, but
in general small seeds passed the gizzard intact more frequently than large seeds. The
seed size effect was in accordance with lab-based studies, although digestive efficiency
appeared higher in wild than in captive mallards, potentially due to larger digestive
organs in the former. We demonstrate that mallards are opportunistic seed consumers
whose role as dispersers is not limited to wetland plants. The high variability in diet and
digestive tract morphology in wild mallards provides ample opportunity for endozoochorous dispersal of many plant species.
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Introduction
The dispersal of native and invasive plant species by waterbirds is increasingly being recognized as an important ecological process that contributes to the population dynamics
of plants and the biodiversity of freshwater wetlands and surrounding terrestrial ecosystems (Van Leeuwen et al. 2012b, Green & Elmberg 2014, Bauer & Hoye 2014, Soons
et al. submitted). Both resident and migratory waterbirds move across heterogeneous
landscapes, where their role as plant dispersal vectors could be of great importance
for the colonization of newly available habitat patches and species range expansions
(Higgins & Richardson 1999, Brochet et al. 2009), as well as the exchange of genetic
information and regional survival of existing plant populations (Hanski 1998, Soons &
Ozinga 2005). This role is generally assumed to be of particular importance for aquatic
and wetland plants, which can be dispersed between hydrologically isolated wetland
habitats by flying waterbirds that cross geographical barriers and catchment boundaries (Amezaga et al. 2002, Santamaria 2002, Viana et al. 2013a). Yet, the scale and
effectiveness of zoochorous dispersal by waterbirds have remained difficult to assess.

Dabbling ducks (Anas spp.) are notable candidates for the dispersal of plant
seeds, as seeds form an important component of their diet (Cramp & Simmons 1977,
Del Hoyo et al. 1992) and partly survive digestion (Charalambidou & Santamaría 2002,
Van Leeuwen et al. 2012b). In dabbling ducks, internal dispersal after ingestion of seeds
(endozoochory) has been shown to occur frequently (Charalambidou & Santamaría
2005, Van Leeuwen et al. 2012b), and to be much more common than external transport (epizoochory) of seeds sticking to bill, feathers or feet (Brochet et al. 2010a).
Dabbling duck diets have been studied extensively and in Europe alone over 400 seed
species have been identified in dabbling duck diets, with large geographic differences
in diet composition (Dessborn et al. 2011a, Brochet et al. 2012). For successful dispersal, these seeds need to survive passage through the digestive tract. To reveal the
factors determining survival, experimental feeding trials under controlled conditions
have been extensively employed (reviewed in Charalambidou & Santamaría 2002 and
Van Leeuwen et al. 2012b). In these trials, captive waterfowl (most often mallards Anas
platyrhynchos) were force-fed plant seeds. Subsequently, their faeces were collected to
identify seed gut passage times and survival, allowing identification of seed and bird
traits affecting endozoochorous dispersal potential. Most notably, these experiments
have demonstrated that 1) larger seeds have a lower gut passage survival (Mueller &
van der Valk 2002, Soons et al. 2008, Figuerola et al. 2010), 2) larger digestive organs
reduce seed survival (Charalambidou et al. 2005) and 3) elevated vector activity speeds
up passage through the digestive tract and increases seed survival (Van Leeuwen et al.
2012a, chapter 5).
Given the nature of the factors thus far identified as constraining seed survival,
it may be challenging to extrapolate estimations of dispersal potential obtained from
21
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captive mallards to the natural situation. Champagnon et al. (2012) for instance showed
that wild mallards have significantly heavier gizzards than captive conspecifics, while
gizzard size is thought to affect the survival of ingested propagules (Figuerola et al.
2004, Charalambidou et al. 2005). Also, wild mallards consume grit to facilitate digestion, which may affect the dispersal potential of seeds (Figuerola et al. 2002). Moreover,
wild mallards are more physically active than their captive conspecifics, they have a
broader diet range and they are subject to seasonal changes in food requirement and
availability. In feeding trial studies, the selection of seed species has thus far been
motivated by the implicit assumption that waterbirds are mainly involved in dispersal
of aquatic and wetland plant species, whereas diet studies suggest that seeds from a
wide range of habitats are consumed (Soons et al. submitted). What remains unclear
is whether aquatic or wetland plants possess adaptations that favour endozoochorous
dispersal by waterbirds, resulting in higher gut passage survival than for other plant
seeds.

In this study, we analysed the diets of wild mallards to evaluate the applicability
of results from lab-based studies to the field situation. Firstly, since most experimental
feeding trials are based on involuntary force-feeding of a fixed number of seeds of a
limited number of species of mostly wetland plants, we aimed to identify the number
and species composition of seeds consumed by mallards, as well as the inter-individual
and temporal variation therein. Our second aim was to verify whether mechanisms
found to constrain viable gut passage of seeds in captive birds also apply to the field
situation. More specifically, we considered the effects of digestive tract size, grit mass
in the gizzard and seed size on seed survival. Lastly, since there is much emphasis on
wetland plants in literature on waterbird-mediated dispersal, we tested whether seeds
from wetland plants are more likely to survive passage through the digestive tract of
mallards than terrestrial plant seeds.
To this end, we analysed a unique dataset containing the numbers and species
of seeds in the separate sections of the digestive tracts of wild mallards, collected at
different moments during the non-breeding season. Since mallards exhibit opportunistic foraging behaviour, we expected to find seeds of plants from a wide range of habitats in the digestive tracts. Based on results from feeding experiments we expected
that mallards with large digestive organs and high grit mass in the gizzard would digest
seeds more efficiently, resulting in relatively fewer intact seeds in the lower than in the
upper part of the digestive tract. Furthermore, if smaller seeds would be more likely to
escape digestion, we would expect to find relatively more small seeds further down the
digestive tract. Finally, if wetland plant seeds would be less vulnerable to digestion than
seeds of terrestrial plants, we would expect to find an increased relative abundance of
wetland plant seeds further down the digestive tract.
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Methods
Study species and sample collection

The mallard is an omnivorous dabbling duck species that is widely distributed across
the entire Holarctic (Del Hoyo et al. 1992) and abundant year-round in the Netherlands.
Mallards shift their diet seasonally with the availability of food items, foraging mainly
on animal prey (mainly invertebrates) during spring and summer, and on seeds and
other plant parts during autumn and winter (Del Hoyo et al. 1992). In the autumn and
winter of 2008/2009, we collected carcasses of 100 mallards that were shot by hunters
in the western peat district of the Netherlands, through poultry dealers in Nieuwerbrug
(n = 60) and Amsterdam (n = 40), in late October (n = 31), November (n = 17), December (n = 29) and January (n = 23). The mallards were sexed based on plumage and bill
characteristics, except for ducks collected in January, which had been processed to such
an extent that sex determination was no longer possible. The carcasses were refrigerated for 5-10 days prior to dissection. Digestive tracts were extracted entirely from the
carcasses and separated into esophagus, proventriculus, gizzard, small intestines, ceca
and colon. The upper tract, from esophagus to gizzard, will hereafter be referred to as
foregut, the lower tract as hindgut. The contents of all six sections of the digestive tract
were separately sieved on a 48-μm sieve and the filtrate was stored in a refrigerator
at 2°C until further analysis. Using a stereo microscope with 10-40x magnification, we
identified all intact seeds found in the digestive tracts to species or genus level. Identification was done by comparing seed characteristics to photographs in Cappers et
al. (2006) and drawings in Beijerinck (1976). Initially unidentified seeds were photographed and later identified to species or genus level or, if identification ultimately
remained unsuccessful, pooled into the unidentified category.

Seed traits

For identified seed species, we extracted seed length, width and height from the LEDA
Traitbase (Kleyer et al. 2008) to estimate seed volume, assuming a cuboid shape. To
classify wetland plant species we used Ellenberg F-values (from ‘Feuchtigkeit’, the
German word for moisture; Hill et al. 1999), which indicate the optimal growth conditions of plant species in North-West Europe on an ordinal scale from 1 (extremely dry)
to 12 (submerged) (Ellenberg 1978). Plant species with Ellenberg F-values of 9 and
higher were considered typical wetland plants.

Digestive tract

Gizzard volume and length of the small intestines were used as individual indicators of
digestive tract size. Gizzard volume was measured by volumetric displacement of water
in a measuring cylinder to the nearest mL (cm3). Small intestine length was measured
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from the gizzard to the base of the ceca to the nearest cm. After retrieval of seeds from
the gizzard, the grit (sand and small stones) was extracted by incinerating the residual
gizzard contents in a muffle furnace at 750˚C for 10 hours and subsequently grit dry
weight was measured to the nearest mg at room temperature.

Data analysis

To compare the numbers of seeds and seed species per digestive tract between
sampling dates, we used a generalized linear mixed-effects model (GLMM) with Poisson
error distribution and log-link function. Sampling date was included as a fixed factor
(four levels) and mallard sex and collection location were included as random intercepts. Individual mallard was also included as an individual-level random effect to
absorb over-dispersion (Elston et al. 2001, Nakagawa and Schielzeth 2010). The effect of
sampling date was tested by a likelihood ratio test between the model with and without
sampling date. Tukey HSD post-hoc tests were used for pairwise comparisons between
sampling dates. For identification and visualization of seasonal differences in diet composition, we performed a correspondence analysis on the mean number of seeds per
plant species per mallard at the four sampling dates (Nenadic & Greenacre 2007). We
visually identified the most characteristic seed species for each sampling period.
The distribution of the number of seeds and the number of species over the
separate sections of the digestive tract was similarly tested using GLMMs with Poisson
error distribution and log-link function with number of seeds per digestive tract section
and the number of species per section as dependent variables in the respective models.
Digestive tract section was introduced as a fixed factor, with mallard ID, sex and location
as random intercepts to correct for repeated measures. Individual sample was again
included as random intercept to control over-dispersion. Tukey HSD contrasts were
used to evaluate pairwise differences between sections. Only digestive tracts containing
seeds were used for this analysis.

Seasonal changes in gizzard size, small intestine length and grit mass were tested
using linear mixed-effects models (LMMs) with sex and location as random intercepts,
followed by Tukey HSD post-hoc tests. Subsequently, a GLMM with binomial error distribution (logistic mixed regression) was used to analyse the effect of sampling date,
gizzard size, small intestine length and grit mass in the gizzard on the proportion of
seeds in the hindgut. Mallard sex and location were again included as random factors.
Significance of terms and interactions was determined stepwise by likelihood ratio
tests between models with and without terms of interest.
Finally, to test if mean seed volume and mean Ellenberg F-values varied between
separate digestive tract sections, we used LMMs with number of seeds as covariate and
mallard ID, location, sex and date as random intercepts. For this we used only positive
samples, i.e. sections containing seeds. Mean seed volumes were log-transformed to
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obtain normality of the standardized residuals. For model selection we used the same
method as described above. For all analyses we used the ‘stats’, ‘ca’, ‘lme4’ and ‘multcomp’ packages in R software version 2.15.2 (R Development Core Team 2014).
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Figure 2.1 Changes in numbers and species of consumed seeds during the study period. (a)
The number of seeds found in digestive tracts as a function of sampling period. Boxes represent
median between 25th and 75th percentile with whiskers depicting 5th and 95th percentile. Letters
indicate significant differences (p < 0.05). (b) Graphical representation of the results from a
correspondence analysis (CA) on the relative abundance of all plant species found in the mallard
diets in Oct-Jan. Names of the plant species found in at least five digestive tracts are shown,
abbreviated to the first two letters of genus and species name (full species names in Table A2.1 in
Appendix). Point size indicates the relative contribution of species in shaping the pattern. Species
inside the dashed circles were most dominant in the respective sampling periods.

Results

Seed consumption

We found a total of 9645 intact seeds of 81 plant species in the digestive tracts of 77 out
of 100 mallards. Sixty species were identified to species level and five Carex species, two
Veronica species and six other species were identified and pooled at genus level. Three
species were agricultural seeds and probably used to bait the mallards for hunting
(Sorghum bicolor, Triticum aestivum and Zea mays). These species were omitted from
the dataset, reducing the total number of seeds to 4548, in 76 digestive tracts. Eight
species remained unidentified and were pooled as such, finally resulting in a list of
66 taxa (hereafter referred to as ‘species’ for simplicity). A complete overview of all
retrieved seeds is given in Table A2.1 in the Appendix.
On average, the digestive tract of a mallard contained 45 seeds (excluding the
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aforementioned agricultural seeds), but 24 tracts did not contain any seeds and only
nine tracts contained 100 seeds or more. The maximum number of seeds found in an
individual mallard was 1048, accounting for 23% of all seeds. Of the selected 66 species
found in mallard digestive tracts, 28 species were never found in more than one tract,
indicating large variation in diet composition between individual mallards. The most
frequent species were Sparganium erectum, found in 20 digestive tracts, and Ranunculus repens, found in 19 digestive tracts.

The number of seeds per digestive tract fluctuated slightly across the four months
of sampling (ΔAIC = 3.3, χ2 = 9.3, df = 3, p = 0.026), but the pattern was irregular (Fig.
2.1a). The mean numbers of seeds (±SE) in November (72.6 ± 16.8) and January (69.3 ±
45.2) were twice as high as in October (28.1 ± 16.8) and December (29.3 ± 19.7), but differed only significantly between December and January (p = 0.040). The number of seed
species per digestive tract varied accordingly over time (ΔAIC = 6.55, χ2 = 12.5, df = 3, p =
0.006), with significant differences between November and December (3.8 ± 1.0 vs. 1.5
± 0.3, p = 0.039), and between December and January (1.5 ± 0.3 vs. 3.1 ± 0.6, p = 0.010).

Species composition of the diet

Each sampling period had a specific species composition, indicating high temporal
variability in diet (Fig. 2.1b). When considering only frequently occurring species (found
in at least 5 digestive tracts, n = 19), the correspondence analysis identified Persicaria
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lapathifolia, Ranunculus sceleratus and Alnus glutinosa as characteristic for November
and December diets, separating these two sampling months from October, with diets
characterised by Carex pseudocyperus, Potamogeton pectinatus and Rubus fruticosus,
and January, with diets typically containing Eleocharis palustris, Persicaria amphibia
and Rosa multiflora. Only seven species were found in digestive tracts throughout the
entire study period (Betula pendula, Galium aparine, Persicaria lapathifolia, Ranunculus
repens, Rubus fruticosus, Rumex spec. and Sparganium erectum).

Throughout the study period, species from a wide range of habitats were found
in the mallard diets, with species’ Ellenberg indicator values ranging from 4 (relatively
dry habitats) to 12 (submerged; Fig. 2.2). Species in category 9 (wet-site indicator) or
higher made up only 28% of the species in the diet. When considering the abundance
of seeds per category, seeds from plants growing in intermediate moisture conditions
(categories 7-10) made up the largest proportion of the diet (73.9%), while seeds from
emergent to submerged plants (1.4% in categories >10) and plants from the driest categories were relatively scarce (24.7% in categories 4-5; Fig. 2.2).

Distribution of seeds across the digestive tract
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Seeds were unevenly distributed over the digestive tract sections, with a clear common
pattern among individuals (Fig. 2.3a). Overall, the foregut of mallards was more than
twice as likely to contain seeds as the hindgut (73% versus 33% of samples, respectively). In seed-containing foreguts we found an average number of 58.9 ± 19.5 (SE)
seeds, distributed over an average of 3.1 ± 0.3 species, with a maximum of 14 species in
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intestines (SMI) and ceca (CEC) to colon (COL). Boxes represent median between 25th and 75th
percentile with whiskers depicting 5th and 95th percentile. Note the log scale of the y-axis. Letters
indicate significant differences (p < 0.05).
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an individual duck collected in November. The average hindgut contained 7.5 ± 2.6 seeds
of 1.8 ± 0.2 species, with never more than 7 species in one individual duck. Gizzards
contained significantly more seeds than any of the other digestive tract sections, with
on average 36.7 ± 12.3 seeds (80.7% of all seeds). The average proventriculus contained
3.8 ± 2.2 seeds (8.4%), followed by esophagus (2.4 ± 1.1, 5.4%) and small intestines (2.2
± 0.9, 4.9%). The ceca and colon contained on average only 0.06 ± 0.03 (0.13%) and
0.21 ± 0.12 (0.46%) seeds respectively (Fig. 2.3b), both in 5 out of 100 mallards. The
distribution of seed species over the digestive tract sections showed a similar pattern,
with most species (3.1 ± 0.3) in the gizzard, and on average 1-2 species in the other
sections.

Seed survival and characteristics of the digestive tract

Once seeds have passed the gizzard intact, they are unlikely to be mechanically
destroyed in the hindgut. Therefore, as an estimation of seed dispersal potential, we
analysed the proportion of intact seeds found in the hindgut relative to the entire tract.
We found a strong effect of sampling date on the proportion of seeds in the hindgut
(ΔAIC = 24.8, χ2 = 30.8, df = 3, p <0.001), with the mean dropping from 0.29 in October
to 0.03 in December (Fig. 2.4a). The proportion of seeds in the hindgut was significantly
lower in December than in all other sampling periods (p < 0.01) and nearly significantly
lower in January than in October (p = 0.07). The pattern was even more pronounced
if the analysis was limited to the seven species that were present in the diet at all four
sampling dates, with no seeds found in the hindgut in December.

Gizzard size and small intestine length were strongly correlated (rp = 0.43, p <
0.001) and very variable between mallards within and between sampling dates (Fig.
2.4b). Overall, gizzard size ranged from 18 to 57 cm3 (mean 38.3 ± 0.9 SE) and small
intestine length from 102 to 187 cm (mean 149.8 ± 1.7). Males had on average 13.4%
larger gizzards (two-sample t-test: t(65) = 2.9, p = 0.005) and 7.8% longer small intestines (t(71) = 3.0, p = 0.004) than females. We also found significant differences in digestive tract size between months (gizzard: ΔAIC = 11.0, χ2 = 17.0, df = 3, p < 0.001; small
intestines: ΔAIC = 12.1, χ2 = 18.1, df = 3, p < 0.001). Gizzard and small intestine sizes
increased sharply in autumn, but after a peak in November-December, mean gizzard
size and small intestine length dropped by 41% and 19% respectively in January (Fig.
2.4c). Despite this large variation in gizzard size and small intestine length, these variables did not contribute to the model explaining the proportion of seeds in the hindgut
(gizzard: ΔAIC = 2.0, χ2 = 0.013, df = 1, p = 0.91; small intestine: ΔAIC = 2.0, χ2 = 0.001, df
= 1, p = 0.97). However, the proportion of seeds in the hindgut was positively correlated
with grit mass in the gizzard (ΔAIC = 84.1, χ2 = 86.1, df = 1, p < 0.001; Fig. 2.4d), which
steadily decreased from 6.3 to 4.0 g over the four sampling periods (ΔAIC = 4.0, χ2 =
10.0, df = 3, p = 0.019).
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Figure 2.4 (a) Box and whisker plot of the proportion of seeds found in the hindgut of mallards as
a measure of seed gut passage survival per month. Boxes represent median between 25th and 75th
percentile with whiskers depicting 5th and 95th percentile. (b) Bar plots of mean gizzard size (with
line depicting monthly average temperature) and (c) grit mass in the gizzard as a function of
sampling period. Letters indicate significant differences (p < 0.05). Error bars represent standard
errors. (d) Relation between grit mass in the gizzard and the proportion of seeds in the hindgut.

Seed survival across plant species

To test whether wetland plants were more resistant to digestion than non-wetland
plants and were therewith more likely to be successfully dispersed by mallards, we
compared variation in Ellenberg values for moisture between the separate sections of
the digestive tract (Fig. 2.5a). We found no differences in Ellenberg F-values between
digestive tract sections (ΔAIC = 3.5, χ2 = 6.5, df = 5, p = 0.26). Also when we tested the
difference in mean Ellenberg F-values between the entire foregut and hindgut across
individuals carrying seeds in both gut sections, we found no difference (paired t-test:
t(29) = -1.11, p = 0.16).

In contrast to the Ellenberg F-values, mean seed size did differ between digestive
tract sections (ΔAIC = 30.1, χ2 = 40.1, df = 5, p < 0.001; Fig. 2.5b). The mean volume
of seeds decreased sharply past the gizzard and was significantly lower in the small
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intestines and ceca than in the proventriculus (p = 0.016 and 0.027, respectively). Seed
size in all sections of the hindgut was smaller than in the gizzard (p < 0.001, p < 0.001
and p = 0.024 in the small intestines, ceca and colon, respectively). Except for a single
seed of Sparganium erectum, no seeds larger than 10 mm3 were found past the gizzard,
indicating very poor survival of mechanical digestion in the gizzard for large seeds.
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Figure 2.5 (a) Mean Ellenberg F-values and (b) mean seed volume per separate section of the
digestive tract. Letters indicate significant differences (p < 0.05). Error bars represent standard
errors.

Discussion

The mallards in our study consumed seeds of a large number of plant species, originating
from a wide range of habitats. Throughout the study period, we found large variation in
the species composition of mallard diets, the digestive tract morphology, and the proportion of seeds present in the hindgut. This proportion of seeds in the hindgut was
affected by gizzard grit mass and seed volume, but not by the size of digestive tract
sections. We found no support for a general adaptation of wetland plants to facilitate
endozoochorous dispersal by waterfowl by enhanced gut passage survival.

Seed consumption

Of the 66 seed species found in the digestive tracts of 100 mallards, 19 had not been
recorded previously in two extensive literature studies on mallard diet (Brochet et al.
2009, Dessborn et al. 2011a). This supports the conclusion of Dessborn et al. (2011a)
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that there is large geographic variation in diet composition, not only on a continental
scale, but also within Western Europe. Combined with our finding that species composition in the diet is highly variable over time, we can safely assume that the list of species
currently known to be consumed by mallards is still far from complete, emphasizing
that despite the large body of literature, diet studies can still add basic information
about plant species potentially benefiting from endozoochorous dispersal.

Although our results confirm that plant seeds are a common component of the
mallard diet during the non-breeding season, 24% of the digestive tract samples did
not contain any seeds and only few tracts contained a large number of seeds. The low
prevalence of seeds in digestive tracts potentially indicates unintentional ingestion.
Some of the diets were clearly animal-based, while some tracts containing few seeds
were otherwise empty. Empty intestinal tracts are not uncommon in diet studies, with
up to 69% (N = 134) empty tracts in a study on mallards in winter in North Dakota
(Olsen et al. 2009). The samples of teal Anas crecca in a study by Brochet et al. (2009) in
the Camargue, which were collected in the early morning when the birds returned from
their foraging sites, contained many more seeds than the mallards in this study. We lack
detailed information on the time of day the mallards were shot, but in the Netherlands
mallard hunting often occurs at dusk, when ducks are flying towards their feeding sites
with empty digestive tracts. We thus cannot conclude that mallards without seeds in
their digestive tract did not forage on seeds and were therefore not involved in endozoochorous seed dispersal. Rather, the numbers of seeds mentioned in this paper
should be considered as a conservative estimate when drawing conclusions about the
contribution of individual mallards to seed dispersal.

Diet composition

The three agricultural species that were excluded from the analysis made up almost
53% of all seeds found in the digestive tracts. T. aestivum and S. bicolor were not grown
in the study area but are often used as bait, together with Z. mays. Their high abundance
in the diet supports the conclusion that granivory is common in mallards when seeds
are available. These three large-seeded species were never found in the lower digestive tract, so they are very unlikely to be dispersed by mallards. Some species recorded
in the digestive tracts, including Rosa multiflora and Cotoneaster spec., are typically
found in gardens and parks. Yet, most of the other plant species found in the digestive
tracts were common species in the western peat district of the Netherlands (Van der
Meijden 2005). Of these species, only 28% were categorized as typical wetland plants,
with Ellenberg indicator values for moisture of 9 or higher, and the largest proportion
of seeds in the digestive tract belonged to species with a preference for intermediate
moisture conditions (73.9% in categories 7-10). Our data thus show that the role of
mallards as endozoochorous dispersal vectors is potentially important for, but certainly
not restricted to, wetland plants, emphasizing the broad and opportunistic diet range of
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mallards in the Netherlands.

Distribution of seeds across the digestive tract

Analysing the distribution of seeds across the digestive tract may help elucidate the
mechanisms behind gut passage survival in the wild. Most seeds were found in the
gizzard. Only seeds used as bait were sometimes found in the crop (part of the esophagus) in large numbers (T. aestivum, not in the analysis), probably because mallards had
gorged themselves with these seeds shortly before being shot. Otherwise seeds seemed
to have passed the esophagus and proventriculus rapidly. The average number of intact
seeds in the small intestine was 15 times lower than in the gizzard. This difference is
probably not merely a result of long retention in the gizzard and rapid passage through
the small intestines, but rather an effect of seed destruction in the gizzard (Swanson &
Bartonek 1970). The gizzard is therefore an important bottleneck for endozoochorous
dispersal of seeds. Compared to the foregut, small seeds were overrepresented in the
hindgut, indicating that large seeds were less successful than small seeds in surviving
mechanical digestion in the gizzard, confirming experiments with captive mallards
(Mueller & van der Valk 2002, Soons et al. 2008, Figuerola et al. 2010). The number of
seeds in the colon was even lower than in the small intestine. This may be due to its relatively small size and to rapid evacuation of the colon in response to pre-mortal stress. In
accordance with results of Brochet et al. (2009) in teal, we found a very low number of
seeds in the ceca, suggesting that seeds enter them only incidentally, although this may
double or triple the total retention time in the digestive tract (Malone 1965).

Digestive tract effects on seed survival

Gizzard size and small intestine length changed dramatically during autumn and winter.
Digestive tracts of birds, including mallards, are known to become adapted to changing
diets within a matter of days (Kehoe et al. 1988, Dekinga et al. 2001) tending to increase
with dietary fibre content (Miller 1975, Kehoe et al. 1988) and hyperphagia (Hume &
Biebach 1996) and to decrease as a result of food shortage (Geiger et al. 2009). We
hypothesise that the sharp decline in organ size of the mallards in January is the result
of atrophy of the digestive organs due to reduced food availability during a cold spell in
this period (Fig. 2.4b). This plasticity of the digestive tract is probably used to optimize
digestive efficiency and may affect seed survival. Figuerola et al. (2004) found indications that large gizzard size negatively affected bryozoan statoblast survival in various
species of waterbirds. Additionally, mallards on a high-fibre diet digested plant seeds
more efficiently than mallards on a low-fibre diet (Charalambidou et al. 2005), possibly
due to larger gizzards (Miller 1975, Kehoe et al. 1988). Yet, we failed to find evidence
for such a relation between gizzard size and seed survival in our dataset. Although
we expected grit to improve digestive efficiency, we found a positive relation between
gizzard grit mass and the proportion of seeds in the hindgut. It should be noted that
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grit mass was positively correlated with grit particle size (EK, pers. obs.), potentially
leaving wider pores for seeds to slip through and not necessarily improving digestive
efficiency. Figuerola et al. (2002) also found counterintuitive effects of grit mass on
Ruppia maritima digestion in waterfowl. Excreted seeds germinated significantly better
with an increase in gizzard grit mass. Moreover, grit mass did not explain differences in
Ruppia maritima seed and bryozoan statoblast survival (Figuerola et al. 2004). Hence,
the relation between gizzard grit mass and seed survival is not straightforward, but variable and potentially mediated through other characteristics such as grit particle size.

Field versus lab studies

If the proportion of seeds in the hindgut relative to the foregut truly represents seed survival, our estimated survival rates of on average 4.6% are considerably lower than the
ca. 20% generally found in experimental feeding trials (Mueller and Van der Valk 2002:
22.9%, Soons et al. 2008: 23.0%, Wongsriphuek et al. 2008: 19.1%, but see chapter
5: 2.8%, on average for all seed species and treatments combined). This comparison
suggests a more efficient digestion in wild mallards, which contradicts our expectation based on chapter 5 that increased physical activity in wild compared to captive
birds reduces digestive efficiency. Partly, this could be explained by physiological differences between wild and captive mallards (Champagnon et al. 2012). Gizzard size of
our wild mallards averaged 38.3 cm3 (range: 18-57 cm3), contrasting sharply with the
on average 50% smaller gizzards in captive mallards used in feeding experiments (19.3
cm3; range: 14-26 cm3, based on 12 females and 7 males; chapter 4). We did not find a
relation between gizzard size and seed survival in wild mallards, but the much larger
gizzard sizes in wild mallards may enhance digestion (Charalambidou & Santamaría
2002, Figuerola et al. 2002). This again stresses the difficulty of extrapolating results of
experiments with captive birds to the field situation.

Wetland versus terrestrial plant species

Mallards, and waterfowl in general, are often (implicitly) assumed to be relevant as seed
dispersers only for wetland plant species. Our results demonstrate that the mallards did
not selectively consume seeds of wetland plants (only 28% of all ingested species could
be classified as wetland species), and that seeds from plants growing at intermediate
moisture conditions are overrepresented in the diet. We investigated whether wetland
plants in general were more likely to survive digestive tract passage, suggesting adaptation for dispersal by waterfowl. The lack of a relation between Ellenberg F-values of
ingested seed species and their position in the digestive tract refutes the existence of
such a general adaptation. In contrast, it indicates that mallards can indeed play a role
in the dispersal of terrestrial plant species and that seed traits unrelated to habitat
wetness, such as seed size, determine the species-specific potential to survive digestive
tract passage.
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Conclusions

This study unequivocally demonstrates that mallards are generalists, feeding opportunistically on seeds without discriminating between seeds from different habitats.
Size-dependent gut passage survival favours the dispersal of small-seeded species,
which are typically well-dispersed. The great plasticity in digestive tract morphology
enables mallards to respond rapidly to changing food conditions, but seems to have
little consistent effect on the dispersal potential of ingested seeds. Based on the results
of our study, we propose that the highly variable diet and digestive efficiency of wild
mallards over time and between individuals provide ample opportunity for a broad
range of plant species to benefit from dispersal by these waterbirds.
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0

0

4

0

3

0

0

0

0

136

Eso

0

0

0

0

0

0

0

0

0

0

1

11

0

0

0

12

3

2

0

0

0

0

218

Pro

0

17

3

5

2

5

2

13

5

2

3

410

6

0

6

283

90

9

29

1

2

1

367

Giz

0

0

0

0

0

0

0

0

0

2

0

14

7

1

0

8

1

15

0

0

4

1

33

SmI

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

4

Cec

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

5
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Table A2.1 Complete list of species retrieved from the digestive tracts of 100 mallards in the Netherlands. Ellenberg F-value indicates soil
moisture of preferred habitat on an ordinal scale from 1 (extremely dry) to 12 (submerged in water). Frequency is the number of mallards in which
the species was found. * Indicates species found on all sampling dates. The total numbers of seeds retrieved are split by digestive tract section.
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36
2.6

-

Galium sp.

2.2

1.4
0.03

6

Holcus lanatus

-

5

5

5

Plantago lanceolata

Plantago major

Poa annua

-

6

Persicaria maculosa

Persicaria mitis

12

6

Persicaria lapathifolia*

Potamogeton pusillus

7

Potamogeton pectinatu/natans

0.6

10

Persicaria amphibia

Persicaria hydropiper

5

10

Oenanthe aquatica

5

0.9

5

Myosotus arvensis

Poa pratensis

5.8

8

Lycopus europaeus

Polygonum aviculare

4.0

-

Lotus sp.

3

5
2

28.3
3.5

3

1

1

4

2

1

1

8

10

5

1

1

2

1

2

9

1

1

1

3

9

4.3

0.5

9.0

5.1

-

5.4

8.4

0.6

0.9

-

3.4

7

5

Juncus effusus

Lolium perenne

0.8

10

10

Glyceria fluitans

Glyceria maxima

19.2

8

6

Filipendula ulmaria

0.24

0.51

0.07

0.01

0.01

0.07

0.08

0.03

0.75

6.66

1.24

9.23

0.01

0.01

0.02

0.01

0.04

0.24

0.03

0.02

0.01

0.12

0.20

0.41

Seed size Occurrence Mean per
frequency
duck
(mm3)

Galium aparine*

Ellenberg
F-value

Plant species name
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0

1

0

0

0

6

0

0
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0

4

0
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3

2

1

0

0

1

0

0

6

1

8

89

0

0

0

0

1

0

0

0

1

2

1

0

Pro

21

49

5

1

0

4

7

3

68

642

115

743

1

0

1

1

3

9

3

2

0

10

15

34

Giz

0

0

0

0

1

1

1

0

1

14

1

54

0

0

0

0

0

8

0

0

0

0

0

7

SmI

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

Cec

0

0

0

0

0

0

0

0

0

9

0

0

0

0

1

0

0

0

0

0

0

0

0
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0.4
13.4

8

Ranunculus sceleratus

1.2

7.6

-

Rumex sp.*

1

-

Veronica sp.

Unidentified

TOTAL

5

4

Trifolium dubium
6

4

Trifolium repens

10

Sparganium erectum*

Spergula arvensis

Urtica dioica

11

1

3.2

Sparganium emersum

1

1.3

5
6

Solanum nigrum

Sorbus aucuparia

36.7

4

-

0.4

1.4

0.8

0.6

1.2

26.3

13.9

2

9

3

8

2

1

1

20

3

1

1

Silybum marianum

3.4

5
10

Sambucus nigra

9

11

6

7

19

Schoenoplectus tabernaemontani

-

6

Rosa multiflora

Rubus fruticosus*

5.4

9
7

Ranunculus flammula

0.14

0.50

0.30

0.02

0.01

0.01

1.53

0.36

0.01

0.01

0.01

0.01

0.02

0.36

1.75

0.11

0.27

2.35

0.05

Seed size Occurrence Mean per
frequency
duck
(mm3)

Ranunculus repens*

Ellenberg
F-value

Plant species name
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0
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23

131

11

21
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8
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Passing through waterbird guts, part I:
Interactions between seed traits and
digestive processes determine seed
viability
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CHAPTER 3

Abstract
Internal dispersal (endozoochory) by waterbirds is an important dispersal mechanism
in wetland ecosystems and its surrounding terrestrial habitats. Depending on season and
waterbird species, seeds have to resist different digestive forces when passing through
the bird’s digestive tract. Waterbirds ingest seeds with a wide range of seed traits and
although differences in survival rates between seed species have been described, it is
yet unclear which traits promote survival of different digestive strategies.

In this study we exposed seeds of 30 plant species to the three main digestive
processes in the digestive system of dabbling ducks: mechanical, chemical and intestinal digestion. These processes were simulated by 1) a pressure test and a scarification
treatment (mechanical), 2) incubation in simulated gastric juice (chemical) and 3) incubation in intestinal contents of culled mallards (intestinal). We evaluated their effects
on seed viability in a germination experiment. Specifically, we identified the role of seed
size and seed coat strength in the resistance to the respective digestive processes.

We found that seeds are, in general, quite resistant to separate digestive processes, but that they are highly susceptible to a combination thereof. Firstly, resistance
to mechanical break-down was strongly reduced by chemical pre-treatment, especially
for seeds with permeable seed coats. Secondly, seeds that were scarified by mechanical
forces were significantly more vulnerable to chemical and intestinal digestive processes,
reducing their viability compared to untreated seeds. Finally, we found that large seeds
and seeds with thin, permeable seed coats were especially sensitive to chemical and
intestinal digestion.

These results indicate that waterbirds need multiple digestive processes to efficiently digest seeds. The gizzard, the muscular stomach responsible for mechanical
break-down and scarification, plays a key role in seed digestion and viability. Seeds are
thus most likely to survive digestion by (temporarily) omnivorous birds, which have
lighter gizzards than birds specialized on a seed diet. Regardless of digestive strategy,
small seeds with tough seed coats are most likely to survive gut passage and may be
adapted to endozoochorous dispersal by waterbirds.
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Introduction
Waterbirds, and especially dabbling ducks, are increasingly recognized as dispersal
vectors of a wide range of plant species (Green et al. 2002, Green & Elmberg 2014,
chapter 2). At first glance, plants that are dispersed by waterbirds appear to lack specific
adaptations for this form of zoochory (in comparison to, for example, plants dispersed
by terrestrial birds which may have fleshy fruits; Soons et al. submitted). The primary
mechanism of waterbird-mediated dispersal is internal (endozoochorous) dispersal of
ingested seeds (Brochet et al. 2010a) and diet studies have shown that dabbling ducks
forage highly opportunistically on available seeds, regardless of their traits other than
seed size (Dessborn et al. 2011a, Brochet et al. 2012, Soons et al. submitted). Yet, successful internal dispersal requires gut passage; and seed size – as well as other, less
conspicuous seed traits – are likely to affect both gut passage survival and subsequent
germination rates.
Seeds passing through the dabbling duck’s digestive tract encounter a series of
consecutive sections (hereafter referred to as ‘organs’) with different digestive functions (Fig. 3.1). After retention in the crop (an elastic part of the esophagus), ingested
seeds enter the proventriculus (glandular stomach), where pepsin and hydrochloric
acid are secreted, forming an acidic gastric juice (Ziswiler & Farner 1972, Denbow
2000). Together with food items, this gastric juice is transported to the gizzard, where
most chemical digestion takes place (Ziswiler & Farner 1972, Denbow 2000). The
gizzard is also responsible for mechanical breakdown of hard and large food items,
using a combination of muscle strength and ingested hard particles (grit). When seeds
are not destroyed in the gizzard, the mechanical and/or chemical forces encountered
there may damage the seed coat (scarification), which may either reduce or stimulate
germination after excretion (Soons et al. 2008, Pollux et al. 2005, Brochet et al. 2010b).
Surviving seeds enter the small intestine, where enzymes are released to digest starch,
fat and proteins (Ziswiler & Farner 1972, Denbow 2000), and the bacterial flora digests
and ferments fibres and other carbohydrates (Józefiak, Rutkowski & Martin 2004).
Both may affect the viability of passing seeds, especially seeds that are scarified. In two
caeca at the end of the small intestine, a considerable amount of microbial fermentation
takes place (Clench 1999, Barnes 1972) but seeds do not often enter them (Brochet et
al. 2009, chapter 2). Finally, seeds reach the colon, with a bacterial flora that includes
organisms from the small intestines and caeca (Barnes 1972). Here, additional water
and nutrients are extracted, and the final remains leave the bird as feces through the
cloaca.
The digestive processes that seeds encounter inside the digestive tract of ducks
vary between bird species, individuals and seasons (Miller 1975, Kehoe et al. 1988,
Charalambidou et al. 2005, chapter 4), depending on the diet to which the digestive
tracts are adapted. Firstly, carnivorous birds have digestive systems with smaller
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gizzards that rely more on chemical, and less on mechanical, digestion than herbivorous bird species (Farner 1960; Barnes & Thomas 1987). Omnivorous waterbirds, such
as most dabbling ducks, may switch seasonally between diets that are dominated by
animal or plant components, with corresponding changes in gizzard size and intestine
length (Starck 1999). Within individuals, the digestive organs are highly plastic and may
respond morphologically within weeks to changes in dietary fibre content (Miller 1975,
Kehoe et al. 1988).

The large variation in digestive processes and the variability in digestive forces
between and within individuals are likely to greatly affect seed gut passage survival,
but we know very little of their interactions with seed traits. Feeding experiments
examining gut passage survival of ingested plant seeds treat the inside of waterbirds
as a ‘black box’, which seeds enter and leave. These experiments have shown that seed
traits, most importantly size (Mueller & van der Valk 2002, Soons et al. 2008, Figuerola et al. 2010, Van Leeuwen et al. 2012b), seed coat thickness (Agami & Waisel 1986,
Soons et al. 2008), fibre content (Mueller & van der Valk 2002, Wongsriphuek et al.
2008), and/or seed coat permeability (chapter 5), may affect gut passage survival, but
it remains unclear how these results relate to the different digestive strategies of waterbirds.

We here aim to unravel the complex interactions between seed traits and digestive processes in a mechanistic way, in order to identify which plant (seed) traits may
promote endozoochorous dispersal by dabbling ducks and evaluate which plant species
are most likely to benefit from this mode of dispersal. Particularly, we address the ‘seed
side of the story’, investigating how seeds may have evolved traits to withstand digestive
forces in the dabbling duck gut. To this purpose, we exposed seeds of plant species with
a wide range of different seed traits to a series of simulated digestive processes (chemical, mechanical and intestinal), tested the effects on seed viability and germination rate,
and discussed these results in the light of survival and germination rates from earlier
feeding experiments.

Methods

We performed lab-based experiments to test the effect of simulated digestive processes on the survival of seeds of 30 plant species belonging to 29 different genera
(Table A3.1 in supplementary material). The selection of species was based on (1) their
occurrence in the natural diet of mallards and (2) their previous use in experimental
feeding trials with high-quality data on gut passage survival and subsequent germination. We measured a range of seed traits to test their potential role in the resistance
to digestive processes. We quantified effects of digestive processes either resulting in
destruction of seeds or loss of their viability. We distinguished three major digestive
processes: mechanical digestion, chemical digestion and intestinal digestion, and used
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germination trials to assess the post-treatment viability of the seeds. An overview of the
experimental treatments for the viability test is shown in Fig. 3.1.

Seed traits

We measured the following seed traits: seed volume, seed coat thickness and seed coat
permeability. We measured each trait on 20 randomly selected seeds per species. We
measured seed length, width and height to the nearest 0.01 mm using either a digital
calliper or, in case of very small seeds, a camera connected to a stereo microscope. Seed
volume was calculated from the closest matching geometric shape (ellipsoid, pyramid,
sphere, cone, cylinder or prism), and length, width and height of each of the seeds. Seed
coat thickness was measured using a stereo microscope with a camera and matching
measurement software. Each of the seeds was thinly sliced with a razor and seed coat
thickness was measured at five random locations to the nearest 0.01 mm, which were
then averaged per seed. Lastly, seed coat permeability was approximated using proportional volume change after two hours of soaking in demineralized water at room
temperature. We found that seed coat strength and permeability were highly correlated.
Therefore, we used the first components of principal component analyses as a measure
of seed coat strength. The first component of the PCA on seed coat traits explained 59%
of the variance (eigenvalue of 1.2) and was positively correlated with seed coat thickness and negatively with seed coat permeability.

Simulation of digestion: mechanical

Mechanical forces in the gizzard may destroy seeds, after which germination will not
occur, or scarify the seed coat, which may reduce or increase germination rates. We
investigated seed resistance against breaking (hereafter ‘seed hardness’) by measuring
the force needed to crack twenty seeds per species, using an Instron pressure device
(Instron 5542). To simulate circumstances inside the gizzard more closely, the same
Instron pressure test was performed on twenty seeds per species which had been
soaked in an acidic solution of pH 2.6, consisting of demineralized water and 1M hydrochloric acid, for two hours. In separate tests, we investigated the effect of scarification
by scarring the seed coats of 250 seeds per species with fine sand paper, or, in case of
very hard seed coats that were not visibly damaged by sand paper, with single edge
razor blades. Seeds were put to germinate immediately afterwards (see below).

Simulation of digestion: chemical

We tested the effect of gastric juices on seed viability by exposing both 250 intact and
250 scarified seeds to a solution mimicking the gastric juice of mallards (Denbow
2000). We used demineralized water and 1M hydrochloric acid (HCl), with the addition of 1 mg/ml powdered pepsin (≥250 Pu/mg pepsin powder from porcine gastric
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mucosa, Sigma-Aldrich) to make a solution of approximately 250 Pu/ml pepsin and
pH 2.5. Seeds of each species were immersed for two hours (modal retention time in
mallards) in 10 ml of simulated gastric juice (20 ml for Iris pseudacorus and Sparganium
erectum) at 42 °C (mallard duck deep body temperature; Dawson & Whittow 2000),
in glass beakers in a stove. The samples were then stored at 4 °C in the dark for one to
three days until they were put to germinate.

Duck
Hindgut

PROCESSES

Foregut

(proventriculus & gizzard)

Ingeson

(intesnes)

Mechanical
force

Gastric
juice

Intesnal

Excreon

EXPERIMENT

Destrucon

CH

Chemical

CHSC

Chemical

Test of viability
+

Scarified

Test of viability

SC

Scarified

Test of viability

SCIN

Scarified

IN

+

Intesnal

Test of viability

Intesnal

Test of viability

Figure 3.1 Schematic overview of the most relevant digestive processes seeds that seeds
encounter while passing the digestive tract of a dabbling duck, and the simulated experimental
treatments used to investigate the effect of separate digestive processes on the germination of
plant seeds.

Simulation of digestion: intestinal

Intestinal digestion involves a range of enzymes and microbial organisms that is hard to
mimic. Therefore, we tested the effect of intestinal digestion on seed viability using the
content of real mallard intestines. We collected the carcasses of ten wild mallards from a
poultry dealer and extracted the intestinal matter from small intestines, ceca and colon
under oxygen-deficient conditions. Subsequently, 250 intact and 250 scarified seeds
per species were incubated in the intestinal matter in airtight plastic bags for two hours
44

INTERACTIONS BETWEEN SEED TRAITS AND DIGESTIVE PROCESSES

at 42 °C. After incubation, the contents of the bags were sieved using 0.01 mm sieves,
washed on filtration paper and sealed within plastic bags. The samples were stored at 4
°C in the dark for one to three days until they were put to germinate.

Germination trials

Seeds were rinsed directly after all treatments (to simulate excretion in water) and
after storage in a refrigerator for one to three days, the seeds were put to germinate
on moistened filtration paper in petri dishes, sealed with parafilm. The petri dishes
were placed in a greenhouse with an average temperature of 20 °C and natural light
conditions, between September and December. For 2 months, germinated seeds were
counted and removed. The filtration paper was moistened once to twice per week.
Seeds that severely suffered from fungi were hand-cleaned and put on clean filtration
paper. As a control, 250 untreated seeds per species were rinsed and put to germinate
under the same conditions.

Data analysis

Seeds of seven of the 30 plant species hardly germinated, even in the control, and we
restricted our statistical analysis to the remaining 23 species (Table A3.1). We used
(generalized) linear mixed-effect models to test the effects of digestive treatment, seed
traits, and the interaction between treatment and seed traits on (1) seed hardness, (2)
seed viability, quantified as the proportion of seeds that had germinated within two
months, and (3) germination time, quantified as the number of days before the first
seed (of each species x treatment combination) germinated. Effects on seed hardness
were tested by linear mixed-effects models (LMMs) with the log-transformed seed
hardness as dependent variable, treatment (acid or dry) as fixed factor, log-transformed
seed volume and seed coat strength as covariates and species as random factor. To test
the effects on viability, we used generalized linear mixed-effect models (GLMMs) with
binomial error distribution and logit-link function. We included treatment as fixed
factor (with control treatment as reference level), seed size and seed coat strength as
covariates, and the interactions seed size x treatment and seed coat strength x treatment. We also included plant species and start date (of the germination experiment)
as random factors. For germination rate, the same GLMMs were used as for viability,
but with days to germination as dependent variable and a Poisson error distribution
with log-link function. We optimized the models by stepwise deletion of non-significant
terms from the full model and subsequently tested the effects of the individual terms
using likelihood ration tests between models with and without the term of interest.
Tukey HSD post-hoc tests were used to test for differences between treatments. All
calculations were performed with the lme4 package (Bates et al. 2013) and multcomp
package (Hothorn et al. 2014) in R (R Core Team 2014).
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(b)

*

1.4

Ratio germination time change

Ratio germinability change

(a)

1.2
1

0.8

0.6
CH

CHSC

1.2
1

0.8

0.6

*
SC

1.4

IN

SCIN

Treatment

*
SC

CH

CHSC

IN

SCIN

Treatment

Figure 3.2 The viability and germination rate change after exposure to simulated digestive
processes, expressed as (a) the ratio (±SE) of germination over two months in each digestion
treatment to the control treatment and (b) the ratio (±SE) of germination time per treatment to
the control treatment. Treatments are abbreviated as in Fig. 3.1: SC = scarified, CH = chemical
treatment on intact seeds, CHSC = chemical treatment on scarified seeds, IN = intestinal treatment
on intact seeds, and SCIN = intestinal treatment on scarified seeds). An asterisk indicates a
significant difference from the control.

Results

Mechanical destruction

The force required to crack a seed was on average 8.6 N (range: 0.2 - 67 N) and positively
related with seed volume (t = 5.8, p < 0.001), but unrelated with seed coat strength (t =
-1.08, p = 0.26). Pre-treatment of seeds with an acid solution significantly reduced the
required force by ca. 15% (t = 2.4, p = 0.016), with a most extreme reduction of 80% in
Althaea officinalis. The volume-effect on the resistance against mechanical forces was
not altered by acidic pre-treatment (interaction effect: t = 0.75, p = 0.45), but we found
a strong role of seed coat strength in the effect of pre-treatment (interaction effect: t =
-7.2, p < 0.001), indicating that seeds with thin and permeable seed coats suffered most
from pre-treatment with acid.

Treatment effects on germination

The mean proportion of seeds that germinated (‘viability’) in the control treatment
was 0.38 ± 0.07 SE (range: 0.000 – 0.996) and mean time to germination (‘germination
time’) was 12.57 ± 1.32 SE (range: 2 – 37) days per species (Table 3.1). We found a
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1.0

(a)

Treatment

(b)

CTRL

Viability

0.8

SC
CH

0.6

CHSC
MC

0.4

MCSC

0.2
0.0

Germination time (days)

30

(c)

(d)

25
20
15
10
5
0
0.01

0.1

1.0

Volume (mm3)

10.0

-2

-1

0

1

2

Seed coat strength

Figure 3.3 Interaction effects as represented by the slopes of the regression lines for each
treatment between (a) seed volume and viability, (b) seed coat strength and viability, (c) seed
volume and germination time, and (d) seed coat strength and germination time. Thick lines
represent the control treatment and dashed lines represent the combined treatments. Note that
the x-axis of seed volume is log-transformed. Seed coat strength represents the first component
of a PCA with seed coat thickness and permeability and is positively correlated with the former
and negatively correlated with the latter.

significant treatment effect on seed viability (χ2 = 215.4, df = 5, p < 0.001) and on germination time (χ2 = 19.0, df = 5, p = 0.002; Fig. 3.2).

Compared to the control treatment, the viability of intact seeds was not affected
by chemical treatment (Z = 2.4, p = 0.11) or intestinal treatment (Z = 1.3, p = 0.71), but
positively affected by scarification (Z = 3.7, p = 0.002). However, chemical treatment
after scarification significantly reduced the viability compared to only scarified seeds
(Z = -8.58, p < 0.001) as well as compared to untreated seeds (Z = -6.6, p < 0.001). Intestinal treatment did not alter the viability of scarified (Z = -0.6, p = 0.99) or untreated
seeds (Z = 0.4, p = 1), although viability was significantly lower for the scarified seeds
that received intestinal treatment than for intact seeds that received intestinal treatment (Z = -9.5, p < 0.001).

47

CHAPTER 3

Germination time was not affected by not affected by scarification (Z = -1.8, p =
0.47), chemical treatment (Z = -2.1, p = 0.30) or intestinal treatment (Z = 0.4, p = 0.99).
However, in scarified seeds that received chemical treatment germination was significantly accelerated (Z = -4.0, p < 0.001). Germination time was not significantly affected
by intestinal treatment, even though seeds exposed to intestinal treatment germinated
relatively late (Table 3.1).
Table 3.1 Mean viability and germination rate for each treatment of the separate digestive processes on
(a) germinability, and (b) time to germination. P-values under 0.05 are considered significant. Standard
errors are given between brackets.
Treatment

Mean
viability

Estimate

p-value

Mean germ.
time (days)

Estimate

p-value

CTRL

0.38 (0.07)

-

-

12.6 (2.5)

-

-

CH

0.39 (0.07)

0.16 (0.06)

0.108

9.9 (2.5)

-0.22 (0.11)

0.803

IN

0.42 (0.06)

0.50 (0.37)

0.712

13.4 (2.9)

0.06 (0.14)

0.988

SC

0.41 (0.06)

0.23 (0.06)

0.002

9.2 (2.2)

-0.19 (0.12)

0.435

CHSC

0.31 (0.05)

-0.52 (0.06)

<0.001

8.5 (2.2)

-0.39 (0.10)

<0.001

SCIN

0.34 (0.06)

0.02 (0.38)

1.000

13.2 (3.0)

-0.00 (0.14)

0.996

Seed trait effects on germination

Large seeds appeared to have higher seed viability, although this relation was not
significant (χ2 = 2.1, df = 1, p = 0.15; Fig. 3.3a). Seed volume had nooverall effect on
germination time (χ2 = 1.1, df = 1, p = 0.28; Fig. 3.3c). Seed coat strength, however, was
negatively related with viability (χ2 = 6.1, df = 1, p = 0.014) and positively related with
germination rate (χ2 = 9.7, df = 1, p = 0.002).

Despite the lack of an overall volume effect, viability was significantly affected by
the interaction between treatment and volume ( χ2 = 431.1, df = 5, p < 0.001), and there
was also a significant interaction between treatment and seed coat strength (χ2 = 192.8,
df = 5, p < 0.001; Fig. 3.3). These interaction effects indicate that volume and seed coat
strength both mediate the effect of digestive treatment on seed viability. Compared to
the control group, all treatments significantly weakened the relation between volume
and germination (Fig. 3.3a), meaning that a potential higher viability of larger seeds is
diminished by all digestive processes. When exposed to the chemical treatment, regardless of scarification, the relation between volume and viability is weakest (Fig. 3.3a).
The relation between seed coat strength and germination was significantly stronger
for seeds that received a mechanical (scarification) or a chemical treatment separately,
compared to the control group (Fig. 3.3b). This indicates that chemical treatment of
intact seeds may act as a type of scarification, which stimulates the germination of seeds
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with a weak seed coat more than the germination of seeds with strong seed coats. The
combined scarification and chemical treatment also more strongly affected seeds with
weak seed coats, but this treatment reduced the viability.
Germination time was not significantly affected by the interactions between
treatment and seed volume (χ2 = 6.8, df = 5, p = 0.23, Fig. 3.3d) or by the interaction
between treatment and seed coat strength (χ2 = 9.1, df = 5, p = 0.11, Fig. 3.3c).

Discussion

Our results demonstrate that seeds are generally well resistant against separate digestive processes, as germination rates following scarification, chemical treatment or
microbial treatment were broadly similar to germination rates of untreated control
seeds. However, seeds can be strongly affected by combined digestive forces. Firstly,
seeds that had received the chemical digestion treatment were much more vulnerable
to mechanical forces. Secondly, seeds that were scarified and treated with chemicals
were less viable than untreated control seeds, and scarified seeds receiving the intestinal treatment were less viable than intact seeds that received the same intestinal
treatment. Both seed size and seed coat strength played important roles in determining
the effect size of all digestive treatments on viability, but not on germination time. The
viability of large seeds was more strongly reduced by digestive treatments than the viability of small seeds, mostly as a consequence of chemical treatment. Seeds with weaker
seed coats germinated more when scarified or treated with chemicals, but germinated
less when both scarified and treated with chemicals in combination. This suggests that
abrasion of the seed coat stimulates germination, but also makes seeds more vulnerable to chemicals, which is in agreement with the overall effect of scarification and
chemical treatment described above. These interaction effects indicate that seed traits
are an important factor in determining gut passage survival, and that the end result of
gut passage is determined by a complex interplay of seed traits and (small differences
in) multiple digestive forces. Overall it appears likely that seed traits have evolved to
promote endozoochorous dispersal.

Effects of gastric digestion

The acidic gastric juices and strong mechanical forces in the proventriculus and gizzard
potentially cause destruction, or loss of viability, of ingested seeds. In accordance with
previous studies (Santamaría et al. 2002; Traveset, Robertson & Rodríguez-Pérez 2007),
exposure to gastric juice for two hours did not affect intact seeds. It did, however, significantly increase their vulnerability to mechanical destruction, especially for seeds
with thin and permeable seed coats. Hence, even though seed coat strength at first did
not seem to affect resistance to mechanical pressure, it turned out as a crucial seed trait
when the seeds had been pre-treated with acid. In either case, the cracking of larger
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seeds required more force. In the first instance this appears to contradict the results of
previous feeding trial studies that show that larger seeds are more often destroyed than
smaller seeds (Mueller & Van der Valk 2002, Soons et al. 2008, Figuerola et al. 2010).
However, larger seeds in reality face a higher probability of physical damage by grit due
to (1) their larger size, which makes them more likely to experience pressure by grit
(smaller seeds may ‘escape’ mechanical forces in the cavities between grit particles),
and (2) their longer retention time in the gizzard (chapter 4).

If not destroyed, seeds could still be scarified in the gizzard. By itself, scarification increased the germination of seeds, probably by breaking seed dormancy in a
number of species, thereby encouraging seeds to germinate (Santamaría et al. 2002,
Baskin & Baskin 2014). However, subsequent exposure to gastric juice severely reduces
seed viability, even compared to untreated seeds. This suggests that the gizzard is a limiting factor for dispersal for most seed species. Therefore, species with seed traits that
prevent the scarification in the gizzard in the first place (i.e. small size and very strong
seed coat), have a good chance of surviving gut passage.

Effects of intestinal digestion

Inside the intestines, enzymes and the microbial flora take another role in the digestion
of food, but our simulation of intestinal digestion did not cause significant changes in
viability of intact or scarred seeds compared to untreated seeds. However, intact seeds
treated with faecal matter did show higher viability than scarified seeds that had the
same treatment. During the germination experiment, we observed fungal infestation of
scarified seeds. Under natural circumstances, seeds are likely to be excreted into water
after digestion, which we simulated by rinsing the seeds after the microbial treatment.
While intact seeds are supposedly washed clean easily, scarred seeds may contain leftover faecal matter within the scarred seed coat, facilitating fungal growth, which may
affect viability (Meyer & Witmer, 1998). This could explain the lower germination of
scarified seeds treated with faecal matter.

Effects of seed traits

In general, larger seeds appeared more viable and germinated earlier, although both
relations were not significant. Yet all digestive treatments reduced the viability of large
seeds more than that of small seeds. Even the most effective treatment (chemical +
scarified), however, still yielded a higher viability of larger seeds. This suggests that
our treatments were relatively mild in comparison to real digestive forces operating
in mallards, as germination following mallard gut passage was significantly reduced in
larger compared to small seeds for 23 similar species (of which 12 were the same as
in this study) in an earlier feeding experiment (Soons et al. 2008). If this is indeed the
case, the longer retention in the digestive tract (chapter 4) might explain the greater
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loss of viability in large seeds measured after gut passage. Yet, our study demonstrates
that the viability of large seeds is more strongly reduced by digestive processes than
that of small seeds, even when retention time is kept constant. The large contact area of
large seeds could potentially make them more sensitive to digestive processes. Chemical treatment had a stronger effect on the relation between size and viability than intestinal treatment, emphasizing the importance of the gastric function for seed digestion.
Seed coats generally hamper germination, so that damaging the seed coat may
stimulate germination. The negative relation between seed coat strength and germination is amplified by chemical treatment and scarification separately, which could indicate that weak seed coats are more easily broken by these forces than thick seed coats,
thereby especially stimulating germination of seeds with weak seed coats. Together,
chemical treatment and scarification however lowered the seed coat effect on viability,
indicating that when the protective seed coat is scarified, seeds become more vulnerable to chemical treatment, diminishing the stimulating effect of a damaged seed coat on
germination.
Overall, germination time was rather insensitive to digestive processes and
only scarification combined with chemical treatment resulted in a significant acceleration of ca. four days (33%) compared to the control. Accelerated germination rates can
be beneficial as it reduces the time for fungal infestation or predation, but based on this
study it is difficult to predict if passage through the entire digestive tract will lead to an
acceleration of germination.

Comparison to feeding trials

To place the results of this study in the context of actual digestion by waterbirds, and
to point out which elements of the ‘black box’ are most important for gut passage survival, we compared our results with feeding trials. Most importantly, feeding trials
unequivocally demonstrate that destruction of seeds in the gizzard, rather than scarification, chemical or intestinal treatments, is limiting for viable gut passage. Especially
large seeds have low probabilities of passing the gizzard unharmed in the first place,
despite the larger force required to break them (Mueller & Van der Valk 2002, Soons et
al. 2008, Figuerola et al. 2010, chapter 5). After losses due to breakage, viability of defecated intact seeds depends on effects of combined scarification and chemical treatment,
mediated by seed volume and seed coat strength. Again, large seeds suffer the most, as
shown by the strong negative relation between seed size and viability of retrieved seeds
in a study by Soons et al. (Fig. 3.4). However, also seeds with weaker seed coats suffer
greatly from the combined treatment. The latter may explain the remarkably low survival of the smallest seeds used in chapter 5, which indeed had a very permeable seed
coat, and seems to be the second-most important determinant of intact gut passage.
Wongsriphuek et al. (2008) showed that seeds with high fibre content indicating a
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stronger seed coat) has a higher probability of intact gut passage and a lower germination, supporting the seed coat effects found in this study.

Intact retrieval
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0.0

0.0
0.1

1

Germination of retrieved

Retrieval = 0.21 - 0.045 * ln(vol)
Germination = 0.28 - 0.088 * ln(vol)

1.0

10

Seed volume (mm )
3

Figure 3.4 The negative relation between seed volume and gut passage as a proportion of
retrieved seeds (open circles, dotted line) and between seed volume and germination (viability)
after gut passage (closed circles, solid line) as found in the feeding experiment performed by
Soons et al. (2008).

Implications for seed dispersal

Our results detailing the mechanisms underlying the effects of seed traits on gut passage
survival allow better estimation of survival and dispersal rates, and estimation of the
effectiveness of dispersal by specific seed-vector pairs. Under natural circumstances,
many species of ducks and other waterbirds seasonally change their diets. Their guts
have the ability to adapt rapidly to the quality and quantity of the food: a seed-based
(high fibre) diet in autumn and winter results in a larger gizzard and longer intestines
in comparison to an animal-based (low-fibre) diet in spring and summer (Miller 1975,
Kehoe et al. 1988, Piersma et al. 1993). This may be expected to have major consequences for seed dispersal (Charalambidou et al. 2005, chapter 5). In late autumn and
winter, the larger gizzard is likely to increase increases the probability of seed destruction, but may also cause scarification of the seed coat, decreasing viability if the scarified
seed is exposed to gastric juice. Seeds consumed by waterfowl during an animal-based
diet have less chance of scarification due to the smaller gizzard, and thus higher viability
after gut passage. Retention time also increases during the seed-based high-fibre diet,
thereby further reducing seed viability after gut passage (Charalambidou et al. 2005,
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Soons et al. 2008). Thus, seeds ingested by dabbling ducks in late summer and early
autumn have a high probability of intact and viable gut passage, and hence dispersal,
independent of seed traits. As autumn progresses, seed traits become increasingly
important and in late winter only small seeds with tough seed coats can be expected
to be successfully dispersed by dabbling ducks, as these are best adapted to survive gut
passage under all conditions.
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0.498
0.943
1.419

3
1, 2
1, 2, 3

Juncus effusus

Lotus pedunculatus

Lycopus europaeus

2.803

7.661

1, 3

Iris pseudacorus

-

0.755

3

Hypericum tetrapterum

Polygonum aviculare

2.812

3

Filipendula ulmaria

1.356

2.638

3

Eupatorium cannabium

3

0.995

3

Epilobium hirsutum

Phragmites australis

1.533

4

Eleocharis palustris

0.683

3.107

4, 5, 7

Echinochloa crus-galli

3

1.449

3

Comarum palustre

Mentha aquatica

1.310

5, 7

Chenopodium album

1.539

2.628

1

Carex acuta

0.914

2.799

4, 5, 6

Bolboschoenus maritimus

3

1.630

3

Berula erecta

3

2.357

1,2

Althaea officinalis

Lysimachia vulgaris

3.060

1, 2

Agrostemma githago

Lythrum salicaria

Length (mm)

Reference*

Species

Table A3.1 Species names and traits of seeds used in this experiment.

1.033

0.133

0.062

0.086

0.645

0.372

0.443

0.011

153.775

0.046

0.735

0.190

0.067

0.654

3.276

0.808

0.670

0.813

3.698

0.797

2.106

10.481

Volume (mm³)

79.955

10.256

30.273

20.121

67.199

94.472

36.630

9.900

350.137

23.628

50.758

25.823

15.330

131.429

41.189

80.258

43.788

59.064

236.765

136.176

56.197

66.402

SCT (μm)

0.112

0.275

0.302

0.286

0.097

0.129

0.664

0.176

0.110

0.071

0.176

0.060

0.187

0.033

0.069

0.131

0.043

0.247

0.018

0.113

0.238

0.264

SCP

22.024

6.409

0.467

0.797

3.172

2.481

6.573

1.783

132.217

0.421

3.604

1.734

0.717

12.562

36.019

8.571

20.619

10.266

100.236

10.929

3.816

12.401

Hardness (N)
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2.887
1.132
3.242
3.147
7.765
2.451
1.199
1.281

5
3
1, 2
3
1, 2
4
3

Polygonum pensylvaticum

Ranunculus sceleratus

Rumex hydrolapathum

Sanguisorba officinalis

Sparganium erectum

Thalictrum flavum

Trifolium repens

Typha latifolia

0.039

0.469

2.055

19.148

2.168

5.064

0.250

2.927

Volume (mm³)

5.146

65.066

196.571

837.736

33.221

27.866

89.809

111.015

SCT (μm)

0.279

0.769

0.125

0.097

0.103

0.225

-0.022

0.098

SCP

2.502

16.969

9.301

73.532

4.167

16.828

3.905

113.748

Hardness (N)

Mueller & Van der Valk 2002

* References: (1) chapter 5; (2) chapter 4; (3) Soons et al. 2008; (4) Brochet et al. 2010 ; (5) Wongsriphuek et al. 2008; (6) Figuerola et al. 2010; (7)

Length (mm)

Reference*

Species
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Table A3.2 Interaction effects between treatments and seed traits, with the
differences in effects of seed size on (a) viability and (b) time to germination
between treatments, and the differences in effects of seed coat on (c) viability
and (d) time to germination between treatments.
(a)

Estimate

St.dev

ΔAIC

p-value

-0.88

0.07

-13.4

<0.001

CTRL:CHSC

-0.547

0.05

-10.9

<0.001

CTRL:MC

-0.131

0.04

-3.4

0.001

CTRL:MCSC

-0.152

0.04

-3.5

<0.001

CTRL:SC

-0.454

0.04

-12.3

<0.001

CH:CHSC

-0.535

0.06

-9.3

<0.001

CH:MC

0.560

0.04

14.4

<0.001

CH:MCSC

0.534

0.06

9.0

<0.001

CHSC:MC

0.655

0.05

14.0

<0.001

CTRL:CH

0.692

0.06

12.3

<0.001

MC:MCSC

-0.170

0.03

-5.7

<0.001

SC:CH

-0.398

0.04

-10.0

<0.001

SC:CHSC

-0.398

0.05

-7.8

<0.001

SC:MC

0.170

0.03

5.4

<0.001

SC:MCSC

0.030

0.04

0.8

0.433

Estimate

St.dev

ΔAIC

p-value

0.108

0.058

1.9

0.064

CHSC:MCSC

(b)
CTRL:CH
CTRL:CHSC

-0.067

0.065

-1.0

0.304

CTRL:MC

0.050

0.052

1.0

0.332

CTRL:MCSC

0.077

0.058

1.3

0.187

CTRL:SC

0.030

0.057

0.5

0.596

CH:CHSC

-0.115

0.058

-2.0

0.048

CH:MC

-0.066

0.053

-1.2

0.214

CH:MCSC

-0.029

0.056

-0.5

0.605

CHSC:MC

0.054

0.053

1.0

0.314

CHSC:MCSC

0.066

0.069

1.0

0.332

MC:MCSC

0.051

0.049

1.0

0.294

SC:CH

0.081

0.061

1.3

0.184

-0.038

0.062

-0.6

0.541

SC:MC

0.020

0.057

0.3

0.728

SC:MCSC

0.068

0.059

1.2

0.243

SC:CHSC
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(c)
CTRL:CH
CTRL:CHSC
CTRL:MC
CTRL:MCSC

Estimate

St.dev

ΔAIC

p-value

-1.632

0.14

-11.7

<0.001

0.320

0.06

5.2

<0.001

-0.145

0.07

-2.1

0.037

0.113

0.09

1.3

0.210

CTRL:SC

-0.330

0.08

-4.3

<0.001

CH:CHSC

0.313

0.08

3.9

<0.001

CH:MC

0.460

0.07

6.5

<0.001

CH:MCSC

0.315

0.07

4.2

<0.001

CHSC:MC

-0.091

0.07

-1.4

0.168

CHSC:MCSC

-0.189

0.07

-2.7

0.007

MC:MCSC

-0.071

0.06

-1.2

0.240

SC:CH

-0.545

0.09

-6.2

<0.001

0.218

0.07

3.0

0.003

SC:CHSC

0.315

0.07

4.3

<0.001

-0.050

0.08

-0.6

0.548

Estimate

St.dev

ΔAIC

p-value

CTRL:CH

0.227

0.086

2.6

0.009

CTRL:CHSC

0.026

0.088

0.3

0.768

CTRL:MC

0.207

0.075

2.7

0.006

CTRL:MCSC

0.159

0.086

1.8

0.065

CTRL:SC

0.027

0.104

0.3

0.791

CH:CHSC

-0.162

0.086

-1.9

0.060

CH:MC

-0.039

0.076

-0.5

0.604

CH:MCSC

-0.078

0.083

-0.9

0.351

CHSC:MC

0.134

0.079

1.7

0.089

CHSC:MCSC

0.068

0.090

0.8

0.452

-0.019

0.080

-0.2

0.809

0.165

0.101

1.6

0.104

SC:MC
SC:MCSC
(d)

MC:MCSC
SC:CH
SC:CHSC

-0.046

0.104

-0.4

0.657

SC:MC

0.167

0.097

1.7

0.084

SC:MCSC

0.142

0.109

1.3

0.193
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Passing through waterbird guts, part II:
How do diet composition and seed size
affect seed dispersal by mallards (Anas
platyrhynchos)?

Erik Kleyheeg, Sandra Otero Ojea, Bart A. Nolet & Merel B.
Soons

CHAPTER 4

Abstract
Digestive tract morphology and seed size have been proposed as regulating factors
for the survival and speed of passage through the digestive tract of waterfowl, thereby
determining the dispersal capacity of a wide range of plant species. Yet, gizzard size
and intestine length in birds adjust rapidly to dietary fibre content, which could result
in seasonally variable dispersal potential. Meanwhile, studies are inconsistent about
the effects of seed size on retention time in the digestive tract. We performed a series of
feeding trials to unravel the mechanisms underlying effects of organ size and seed size
on seed dispersal potential.
We subjected 18 mallards to experimental diets varying in fibre content and
tested gut passage survival and retention time of seeds before and after the diet treatment. Shortly afterwards, the mallards were euthanized to measure the digestive
organs in order to test their effect on seed gut passage. Three hours before euthanasia, the mallards were fed with differently sized seeds for a second experiment, so that
during digestive tract analysis we could retrieve the seeds from the various sections of
the digestive tract to test where seed size-dependent differences in retention time are
generated.

The first experiment showed that seed survival increased in mallards on a low-fibre
diet, while retention time increased on a high-fibre diet. Otherwise, no differences in
gut passage or digestive organ size were detected due to large between-individual variation within diet groups. A weakly positively relation of small intestine and colon length
with retention time was rejected after Bonferroni correction. No other digestive tract
measures were related with seed survival or retention time. The second experiment
revealed that small seeds pass through the digestive tract rapidly, while large seeds are
retained in the foregut, especially in the gizzard. The longer retention of large seeds
in the gizzard, which is the section where seeds can be destroyed, likely underlies the
negative relation between seed size and intact gut passage survival.

These results confirm that rapid, flexible diet adaptation affects the digestion of
seeds, although this effect seems not mediated by organ size alone. The large variation
in seed retrieval between individuals feeding on a similar diet is likely to provide opportunities for dispersal of seeds in the field throughout the year.
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Introduction
Internal (endozoochorous) dispersal by waterfowl is an important dispersal mechanism
for a broad range of plant species (Brochet et al. 2009, Soons et al. submitted, chapter
2) and quantitatively more effective than external dispersal (epizoochory; Brochet et
al. 2010a). Intact passage through the digestive tract of waterfowl is a requirement for
this mode of dispersal, and has repeatedly been shown to depend largely on seed size
(e.g. Mueller & Van der Valk 2002, Soons et al. 2008, Figuerola et al. 2010, chapters 3
and 5) and digestive tract performance (e.g. Figuerola et al. 2004, Van Leeuwen et al.
2012a, chapter 5). The latter is not only variable between waterfowl species (Kehoe &
Ankney 1985), but also between individuals of the same species and even within individuals over time. Field studies have shown that digestive tract morphology of waterfowl is highly adaptive with small intestine lengths increasing with food consumption
in Bewick’s swans (Cygnus bewickii; Van Gils et al. 2008) and mallards (Anas platyrhynchos; Olsen et al. 2011). Similarly, the size of the mallard’s gizzard, which plays a crucial
part in food digestion (chapter 3), is highly variable in response to diet quality in the
field (Whyte & Bolen 1985, Heitmeyer 1988, chapter 2) and in captivity (Miller 1975,
Kehoe et al. 1988).
Variation in digestive organ size can be quite substantial, with changes in gizzard
and small intestine size by 19% and 41%, respectively, in wild mallards during the
non-breeding season in the Netherlands (chapter 2). Experiments with captive mallards
demonstrated that digestive organ size responds rapidly to changes in dietary fibre
content, with strong increases in gizzard size and small intestine length when mallards
switch from an animal-based (low-fibre) to a plant-based (high-fibre) diet (Miller 1975,
Kehoe et al. 1988). This mechanism enables birds to switch seasonally between different food types without sacrificing assimilation efficiency (Van Leeuwen et al. 2012b).
Moreover, differences in diet composition and resource availability may underlie interspecific differences in digestive tract morphology (Kehoe & Ankney 1985, Barnes &
Thomas 1987). Along with increasing digestive efficiency, larger digestive organs, both
intra- and interspecifically, may reduce the survival potential of ingested plant seeds
and other small organisms (Figuerola et al. 2004).

As predicted from the studies by Miller (1975) and Kehoe et al. (1988),
Charalambidou et al. (2005) showed in experimental feeding trials with mallards that
dietary fibre content indeed negatively affects the survival potential of fennel pondweed
seeds and brine shrimp cysts. Adaptations in digestive organ size or other physiological
changes were proposed as underlying mechanism, but this was not further investigated.
Together with contradicting results in field studies (Figuerola et al. 2004, chapter 2),
the direct effect of digestive organ size on seed survival remains elusive. Even more
ambiguous is the effect of digestive organ size on seed retention time. Theory predicts
that, for a given diet, birds should maintain a constant retention time with varying diges-
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tive tract morphology to optimize digestion over time (Van Gils et al. 2008, Van Leeuwen
et al. 2012b). In contrast, in their experiments with variable diets, Charalambidou et al.
(2005) found that plastic markers were retained longer in mallards on a high-fibre diet
than in those on a low-fibre diet. Although this retention time effect was not observed
for seeds or cysts (which were partly digested), more digestion-resilient seeds may be
retained longer in larger digestive tracts.
To rigorously test this theoretical framework, we experimentally investigated
how flexible mallards are in adapting the size of their digestive organs to variation in
fibre content of their diet, and how this flexibility translates to changes in gut passage
and dispersal potential of seeds. Specifically, we performed seed feeding experiments
with mallards before and after adaptation to low-, medium- and high-fibre diets, and
followed these experiments by quantification of their digestive tract morphology. To
evaluate the extent to which seed size modulates variation in retention time, we fed the
mallards differently sized seeds shortly before euthanasia and digestive tract analysis.
We expected that digestive organ size would vary with experimental diet, with a direct
effect of gizzard size on seed survival, but no change in retention time. Additionally, we
expected that seed size-dependent variation in retention time is mostly determined by
retention in the gizzard, which could explain why large seeds generally have a lower gut
passage survival.

Methods

Study species

In this experiment we used 18 captive mallards (12 females and 6 males) that were
housed at the Netherlands Institute of Ecology (Wageningen, the Netherlands). The
birds were all born in captivity and at least 3 years of age. Before the experiment
all mallards were kept on a mixed diet of grains and commercial waterfowl pellets
(Anseres 3®, Kasper Faunafood, Waalwijk, the Netherlands) in an outdoor facility. We
used mallards because of their omnivorous and seasonally variable foraging behaviour,
their high abundance in most of the Northern Hemisphere (Del Hoyo 1992) and the
high adaptive plasticity of their digestive tract morphology in response to diet changes
(Miller 1975, Kehoe et al. 1988, Heitmeyer1988, chapter 2).

Diet adaptation

We randomly divided the mallards into three diet groups (Table 4.1) and kept them
in different compartments in an indoor waterbird facility for the duration of the diet
study. We used a plant-based, high-fibre diet based on a mixture of wheat and corn
grains, and a low-fibre, animal-based diet consisting of trout pellets. Group H received
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the high-fibre diet, Group M a 1:1 mixture of high-fibre and low-fibre diet, and Group L
only the low-fibre diet. The mallards were kept on the experimental diet for four weeks
to make sure that they had enough time to adjust to the new diet (according to Kehoe et
al. (1988) the strongest changes occur within 10 days). Food and water were available
ad libitum at all times. The birds were checked every day and weighed once every three
days.
Table 4.1 Diet, composition and mean body mass of the experimental diet groups.
Diet type

Diet composition

Group composition

Body mass (g) (± SD)

Low-fibre

trout pellets

4♀+2♂

1150 (± 184)

Medium-fibre

1:1 mixture

4♀+2♂

1130 (± 88)

High-fibre

mixed grains

3♀+3♂

1087 (± 143)

Experiment 1: Effects of diet on seed gut passage survival

To analyse how adaptation of mallards to diets of different quality affects their seed
dispersal potential, we tested their digestive performance before and after the diet
treatments. Therefore, the mallards were submitted to 24h feeding trials directly before
and after adaptation to the experimental diet. At the start of each feeding trial, each
mallard was force-fed with feeding pellets containing 200 seeds of four plant species
(Berula erecta, Comarum palustre, Lysimachia vulgaris and Mentha aquatica; Table 4.2),
adding up to a total of 800 seeds per individual per trial. The 3-4 cm long pill-shaped
feeding pellets were made of crushed commercial waterfowl pellets, which were wetted
to create a dough-like substance, similar to the pellets used successfully in previous
feeding trials (Van Leeuwen et al. 2012a, chapter 5). The feeding pellets were made the
day before the feeding trials and kept overnight in a refrigerator at 4°C.

After force-feeding, the mallards were individually placed in wooden boxes
(0.6 x 0.5 x 0.5 m) with mesh wire front, back and bottom. The birds were unable to see
each other, but could still hear each other. A plastic tray was placed underneath each
box to catch the droppings that fell through the mesh wire bottom. Droppings were
collected from the trays every hour for 12 hours and once more after 24 hours. During
the feeding trials the mallards were deprived from food, but had ad libitum access to
water. The feeding trials were repeated at the end of the diet adaptation period for all
individuals. Total intact retrieval of seeds was calculated for both feeding trials 1 and 2
as the sum of all seeds of each species retrieved over 24 hours per individual mallard.
Mean retention time was calculated as the weighted mean time after feeding when
seeds of each species were collected. For highest detail, we restricted this calculation to
seeds retrieved during the first 12 hours (when seeds were retrieved hourly; including
90% of the seeds retrieved in this study).
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Table 4.2 Volume and number of seeds fed in feeding pellets to individual mallards in the first
and second experiment.
Plant species

Seed volume (mm3)

Experiment

N seeds fed

Berula erecta

0.80

1

200

Comarum palustre

0.81

1

200

Lysimachia vulgaris

0.65

1

200

Mentha aquatica

0.06

1

200

Bolboschoenus maritimus

3.70

2

50

Carex pseudocyperus

0.81

2

50

Epilobium palustre

0.07

2

50

Hypericum tetrapterum

0.05

2

50

153.77

2

25

Lycopus europaeus

0.37

2

50

Polygonum pensylvanicum

2.93

2

50

19.15

2

25

Iris pseudacorus

Sparganium erectum

Experiment 2: Digestive tract analysis and seed-size dependent passage
rates

Besides digestive performance of the vector species, the size of ingested seeds also plays
an important role in the dispersal potential. The negative effect of seed size on survival
is well-known, but reported effects on gut passage time are contradictory. Therefore,
the aim of the second experiment was to further disentangle the mechanisms behind
seed size-dependent variation in retention times. To this end, the mallards were subjected to a third feeding trial directly after the end of the second feeding trial of the first
experiment. This time the mallards were force-fed with a total of 350 seeds of 8 plant
species, greatly differing in size (Table 4.2). The conditions during the third feeding
trial were the same as during the previous two, except that the trays underneath the
boxes were emptied only once at the end of the trial. Based on the results of the first
feeding trial, we expected retrieval to peak after three hours, indicating that seeds have
spread across the entire digestive tract by this time. Therefore, exactly three hours after
force-feeding, the mallards were euthanized and the position of the seeds in the digestive tracts was determined. For euthanasia, the mallards were first sedated by inhalation of isoflurane and subsequently injected with a lethal dose of t61 in a vein in the
leg. Directly afterwards, the total body length of the mallards was measured and their
complete digestive tracts from esophagus to colon were removed. The digestive tracts
were separated in seven parts: esophagus, proventriculus, gizzard, first and second half
of the small intestine, ceca and colon. Their contents were sieved on a 100 μm mesh and
the seeds were collected and counted under a dissecting microscope with 10-40 x mag60
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nification. The same procedure was followed for the seeds recovered from the faeces
that were collected during the final feeding trial. We expressed the number of seeds per
species found in the separate organs and in the faeces as a proportion of the number of
ingested seeds. Of all digestive tract parts we measured length (before and after emptying) and fresh weight (empty). Additionally, we measured the gizzard volume by volumetric displacement of water in a measuring cylinder.

Data analysis

First, we tested whether a priori (pre-diet) differences existed between the diet groups
in the intact retrieval of seeds (proportion of ingested) and we repeated this test for
the post-diet retrieval. We used generalized linear mixed-effects models (GLMMs) with
binomial error distribution and logit link function, including diet treatment as fixed
effect and seed species and mallard ID as random effects to control for seed species
effects and repeated measures within individuals. Secondly, to formally test the interaction effect between diet treatment and feeding trial (i.e. before and after treatment),
we ran the same GLMM with feeding trial number (first or second) and the interaction
between diet treatment and feeding trial as additional fixed effects. We used backward
selection of full models to find the best fitting model, and subsequently used likelihood
ratio tests between the models with and without the terms of interest to test their
respective contributions to the model. Significant diet effects were further explored
using Tukey HSD post-hoc tests. The same procedure was followed for testing the effect
of diet treatment on mean retention time, but we used linear mixed-effects models with
normal error distribution (LMMs), with the same fixed and random effects.
The effect of diet treatment on the length and mass of digestive tract was tested
using LMMs with diet as fixed effect, body size as covariate and mallard sex as random
effect. As a measure of body size we used the scores of the first component of a principal
components analysis on three structural size measures: tarsus, head-bill and total body
length. The first principal component explained 92.1% of the variance (eigenvalue of
42.2) and correlated positively with all three size measures. First we tested for an effect
of diet type on total length and mass of the digestive tract, and subsequently tested for
effects on the different sections of the digestive tract.

To test the direct relations between digestive tract length and mass and seed
gut passage irrespective of diet treatment, we used the same models as described above
(binomial GLMMs for seed retrieval and LMMs for seed retention time). Seed species,
mallard ID and diet treatment were included as random effects. Additionally, we tested
the effect of separate digestive organ measures, which were highly correlated with each
other and were therefore included as fixed effects in separate models to avoid collinearity. We used Bonferroni-corrected p-values to correct for multiple comparisons. Only
retrieval data from the post-diet feeding trial in the first experiment were used, since
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organ sizes were measured through carcass analysis, which was obviously only possible
after the diet treatment.

The effect of seed size on the proportion of seeds retrieved from each separate digestive organ after feeding trial 3 was again tested with binomial GLMMs with
logit link function and seed volume as fixed factor. Plant species and mallard ID were
included as random effects. Data were log-transformed when necessary. For all statistical analyses we used the packages lme4 (Bates et al. 2013) and multcomp (Hothorn et
al. 2008) in R version 3.0.3 (R Core Team 2014).

Results

Effect of diet on seed gut passage

Retrieval of intact seeds varied between 1.2-49.4% and averaged 9.4% in the first
experiment. In the post-diet feeding trial, seed retrieval was lowest in the high-fibre
diet group (4.3 ± 0.9% SE) and highest in the low-fibre diet group (19.8 ± 4.1% SE).
However, a similar pattern was by chance already observed in the pre-treatment feeding
trial, where seed retrieval was 3.4 ± 0.8% in the high-fibre group and 11.8 ± 1.4% in
the low-fibre group. In both feeding trials 1 and 2, seed retrieval differed significantly
between the low-fibre and high-fibre diet group (p = 0.012 and p = 0.027 respectively),
but only after adaptation to a new diet, retrieval in the low-fibre group was also weakly
significantly higher than in the medium-diet group (p = 0.72 and p = 0.049 respectively).
Accordingly, we found a significant effect of the interaction between feeding trial and
diet group (p < 0.001), indicating that the change in digestive efficiency was different
between diet groups. When zooming in on the ratio of retrieval (after : before the diet
treatment) between individuals, a clear trend is visible of increased seed retrieval from
mallards on diets with a lower fibre content, relatively low seed retrieval from mallards
on diets with a high-fibre content, and no change in the medium-fibre diet group (Fig.
4.1a). Only Berula erecta deviated from the general pattern and was retrieved more in
both the high-fibre and low-fibre group.
Mean retention time did not differ significantly between the three diet groups
in either of the feeding trials (pre-treatment nor post-treatment). The interaction
between diet and feeding trial, however, had a significant effect on mean retention time.
The mean ratio of post-treatment to pre-treatment retention times within individuals
indeed showed a trend with on average 35.6% increased retention times in the high-fibre diet group and 12.6% reduced retention times in the low-fibre diet group (Fig. 4.1b).

Effect of diet on gut morphology

Digestive tract analysis revealed that differences in average length or mass of digestive
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organs did not follow the expected increase in size in mallards on a high-fibre diet, or
a decrease in size in mallards on low-fibre diets (Fig. 2.2). Even the organs for which
we expected the strongest effects (gizzard and small intestines) did not shown any
significant diet effect. On average, gizzards were smallest and lightest in the low-fibre
diet group, but largest and heaviest in the medium-fibre group rather than in the
high-fibre group. Small intestine length did follow the expected trend with highest
values in the high-fibre group and lowest values in the low-fibre group, but in contrast
small intestine mass was highest in the medium-fibre group. None of these differences
were significant, however.
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Figure 4.1 Diet treatment effects expressed as the log-transformed mean (± SE) ratio of post-diet
to pre-diet total retrieval of (a) intact seeds and (b) mean retention time of seeds within individual
mallards (untransformed ratio on secondary y-axis). The four seed species tested in the feeding
trials are indicated by different symbols (closed circle = Berula erecta, closed triangle = Comarum
paluste, open circle = Lysimachia vulgaris, open triangle = Mentha aquatica). The x-axis denotes
the dietary fibre content (high, medium or low) of the three diet groups.

Effect of digestive tract morphology

The lack of clear differences in the length and mass of the digestive tract between diet
groups was related to a high variation in digestive tract morphology between individual
mallards, e.g. with gizzard mass ranging from 12.9 to 26.12 g and small intestine length
from 91 to 137 cm. Nonetheless, even when ignoring diet treatments, we found no relation between the digestive tract length or mass and the proportion of seeds retrieved
in the post-diet feeding trial in the first experiment (p = 0.76 and p = 0.17 respectively).
None of the separate organ dimensions was related to seed survival. Similarly, length or
mass of the total digestive tract were unrelated with seed retention time (p = 0.59 for
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both measures). Mean seed retention time was positively related with small intestine
length (p = 0.029) and colon length (0.018), but these relations were rejected after Bonferroni correction of the p-values (p = 0.17 and p = 0.11 respectively). Hence, we found
no clear significant relations between digestive tract morphology and seed survival.
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Figure 4.2 Relative difference in (a) length and (b) mass (± SE) of the separate sections of the
digestive tract of mallards between the three diet groups (H = high-fibre, M = medium-fibre, L
= low-fibre). To facilitate comparison between the sections, the high-fibre and low-fibre diets
have been scaled relative to the medium-fibre diet (most closely representing the pre-diet food
conditions). Whiskers denote the 5th and 95th percentiles around the median. Names of the
digestive tract sections are abbreviated (ESO = esophagus, PRO = proventriculus, GIZ = gizzard,
SMI = small intestine, CEC = ceca, COL = colon). Diet type had no significant effect on any of the
organ measures.

Seed size and retention time

Digestive tract analysis three hours after feeding mallards with differently sized seeds
(trial 3) revealed large differences in retention between seed species. Of the largest
two species, Iris pseudacorus and Sparganium erectum, 96.4 and 94.2% of the ingested
seeds were still present, respectively, inside the digestive tract. In contrast, only 29.6
and 32.2% of the two smallest species, Epilobium palustre and Hypericum tetrapterum,
were still present. This size effect was strongest in the upper parts of the digestive tract
(Fig. 4.3), where most seeds were still present (50% of all seeds were retrieved from
the gizzard). There was a significantly positive effect of seed size on the proportion
of seeds present in the proventriculus and especially in the gizzard. A near significant
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effect was found in the esophagus. Conversely, seed size was negatively correlated with
the proportion of seeds per species found in the first half of the small intestine. Interestingly, the total number of seeds in the second half of the small intestines exceeded
the number in the first half, indicating that gut passage delayed in the second half of
the small intestines. Very few seeds were retrieved from the ceca and colon, and we
found no clear relation with seed size in those parts. We found no evidence that larger
gizzards or longer small intestines contained more seeds.
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Figure 4.3 Relation between seed volume and the distribution of ingested seeds over the separate
parts of the digestive tract, and the faeces, as measured 3 hours after feeding. Note that the x-axis
is on a log scale. Names of the digestive tract sections are abbreviated (ESO = esophagus, PRO
= proventriculus, GIZ = gizzard, SM1 = first half of small intestine, SM2 = second half of small
intestine, CEC = ceca, COL = colon, FEC = faeces). Thick solid fitted lines denote the significant
relations, whereas non-significant trends are shown as dotted lines.

Discussion

The results of feeding trials 1 and 2 showed that mallards adapt differently to diets containing different fibre contents. Most profoundly, mallards shifting to a low-fibre diet
reduce their digestive efficiency, providing more opportunity for seeds to survive digestive tract passage. Rather than a clear change in digestive efficiency, mallards adapting
to a high-fibre diet showed an increase in mean seed retention times. The mallards in
the medium-fibre diet showed neither a change in digestive efficiency nor in seed retention time, in line with our expectation as the pre-experimental diet most closely resembled the medium-fibre diet. Digestive organ size did not show clear differences between
diet treatments, but the experimental set-up did not enable the examination of changes
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in digestive organ size within individuals. Regardless of diet treatment, we found a
weak indication that longer retention times are associated with long small intestines
and colons, although the results of feeding trial 3 could not confirm that longer guts
contain more seeds. The final part of the experiment did show clearly, however, that
beside in the crop (esophagus) and gizzard, seeds are also retained in the second half
of the small intestine. Moreover, large seeds were more present in the upper digestive
tract than small seeds, and the negative relation between seed size and seed presence in
the small intestine suggests that large seeds are especially held up in the gizzard, where
they are more likely to be destroyed.

Effect of diet on seed retrieval

To optimize energy uptake, mallards and other vertebrates adjust the morphology of
their digestive tract when diet quality changes (Miller 1975, Kehoe et al. 1988, Karasov
1996, Starck 2003). Accordingly, this should affect the digestive efficiency of food particles, including seeds. Indeed, mallards on a low-fibre diet showed a significantly higher
retrieval of seeds than both other diet groups. However, already before the diet treatment there was a significant difference between the low-fibre and high-fibre group.
Therefore we specifically examined the change in digestive efficiency within individual mallards before and after the diet treatment. In accordance with our hypothesis,
after four weeks of adjustment to different diets, the digestive efficiency of birds on
a low-fibre diet had slightly decreased (i.e. more seeds were retrieved intact), while
little change had occurred in the digestive efficiency in the medium-fibre treatment.
This pattern was clear for all seed species but B. erecta, which showed an unexplained
reduced survival of gut passage in mallards on a medium-fibre diet. Although the differences between diet groups were not quite as strong as observed by Charalambidou
et al. (2005), these results support their conclusion that dispersal potential for seeds
depends on the general diet of a mallard. Mean retention time did not differ between
diet groups, but again we did observe between-group differences in changes within
individuals.
Mean retention time was especially increased in the high-fibre diet group, while
remaining highly variable in the medium-fibre group and changed only little in the
low-fibre diet group. Charalambidou et al. (2005) detected changes in seed retention
time for plastic markers, but this study provides the first indications that digestible
plant seeds are also retained longer in mallards on a high-fibre diet. Mallards shift from
a primarily animal-based diet in spring and early summer to a seed-based (high-fibre)
diet in autumn and winter (Dessborn et al. 2011a). This suggests that seed digestion is
relatively high, but seed retention time is relatively long during migration and movements in autumn-winter. This would affect the probability for long-distance dispersal.
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Causes and consequences of digestive organ size

High-fibre diets are relatively hard to digest and Miller (1975) and Kehoe et al. (1988)
observed that mallards respond to a shift towards a high-fibre diet by enlarging their
digestive organs, as shown in gizzard mass and in both mass and length of the small
intestine, ceca and colon. However, despite the relatively long adjustment period of four
weeks, we found no significant difference in the size of any digestive tract part between
the diet groups in this study. Since we examined the digestive sections through carcass
analysis, we were obviously unable to observe within-individual changes, which might
have been much more substantial than shown by our approach.
When combining the observations of digestive tract adaptation (Miller 1975,
Kehoe et al. 1988) and seed retrieval (Charalambidou et al. 2005) in response to dietary
fibre content, one would expect a causal relationship, namely that more seeds are
destroyed by larger digestive organs as a result of a high-fibre diet. However, none of
the size measures of the digestive tract contributed significantly to the variation in seed
retrieval or retention time. This indicates that digestive efficiency, and seed retrieval,
are not only determined by weight and length of the various digestive organs, and that
other aspects, such as grit in the gizzard and organ activity level must play a role. The
large variation in seed retrieval between individuals feeding on a similar diet does
suggest opportunities for seeds dispersal in the field throughout the annual cycle.

Seed size and retention time

The relation between seed size and gut passage time has often been described, but the
direction of this relation differs between studies (e.g. positive in Soons et al. 2008, while
negative in chapter 5). Experiments to test the underlying mechanisms are lacking. In
the second experiment described here, we show that larger seeds are delayed at multiple positions in the digestive tract, but only in the upper part. Firstly, large seeds were
overrepresented in the esophagus, which contains the crop, which has a storage function of food before it passes to the organs where digestion occurs (Ziswiler & Farner
1972). Secondly, relatively high numbers of larger seeds were found in the proventriculus, which is a short organ where seeds are probably cued and pre-treated with gastric
juice (chapter 4) before they enter the gizzard. Finally, the strongest seed size effect
on retention was observed in the gizzard, from which most large seeds were retrieved.
Small seeds are probably more likely to exit the gizzard by chance through the relatively
narrow pylorus, which connects the gizzard with the small intestine. An alternative
explanation would be that species-specific differences in abundance in the gizzard are
caused by more efficient digestion of small seeds, but in the small intestine the relation
between seed size and relative abundance is gone or even reversed. The retention of
large seeds in the proventriculus and gizzard has consequences for their survival. The
gizzard is the organ where mechanical forces aid the digestion of hard food particles,
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including seeds (Ziswiler & Farner 1972), and the proventriculus is where are pretreated with gastric juice to aid mechanical digestion (chapter 4).

The probability of digestion increases with time and hence, the prolonged retention in the gizzard could be the mechanism underlying the negative relation between
seed size and gut passage survival (e.g. Mueller & Van der Valk 2002, Soons et al. 2008).
Yet, this delayed passage of the gizzard explains both the positive and the negative
relation between seed size and retention time found in different studies. For resilient
large seeds, which survive treatment in the gizzard, or birds with relatively weak gizzards, this delay may eventually result in longer overall retention times than for small
seeds. On the other hand, soft large seeds (e.g. those used in chapter 5) will always be
destroyed with prolonged retention in the gizzard and only the few seeds that do pass
rapidly survive gut passage, resulting in overall low retention times. Hence, the gizzard
and seed resilience together modulate the retention time of large seeds.

Implications and conclusions

This study is the first to test within individual waterbirds how diet adaptation and
variation in digestive organ size may affect the dispersal potential of ingested plant seeds.
After four weeks of adaptation to different diets we found no consistent differences in
digestive organ size between diet groups, indicating that digestive organ size variation
is naturally high, even within birds feeding on the same food type. Nonetheless, digestive efficiency of seeds within individual mallards was reduced after adjustment to a
more animal-based diet. This suggests that relatively small changes in digestive organ
size are sufficient to adapt to digestion of food of different quality, or that other physiological mechanisms play a (potentially additive) role. Either way, the rapid adjustment to diet shifts enables mallards to cope with variable and unpredictable environmental conditions, which has consequences for seed survival of digestive tract passage.
Mallards adapting to a high-fibre diet showed an increase in seed retention time, corresponding with longer intestine and colon lengths, although we could not conclusively
show a direct relation. Regardless of diet, prolonged retention of seeds in the gizzard is
seed size-related, which in the first place provides time for pre-treatment with gastric
juices to soften the seeds, and meanwhile increases the probability that the seeds break
down, which requires more force for large seeds than for small seeds (chapter 3). This
prolonged exposure to chemical and mechanical digestion underlies the negative relation between seed size and intact gut passage, as well as the lower viability of large
seeds that are excreted intact (Soons et al. 2008). Hence, the interplay between digestive processes and seed resilience finally determines the retention time and survival of
large seeds. These results improve our mechanistic understanding of the regulation of
dispersal potential of plant seeds by waterfowl in naturally variable ecosystems.
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CHAPTER 5

Abstract
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 affect 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, affects 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 6 hours in a flume tank at different swimming speeds (activity levels). We
compared gut passage survival and retention times of seeds against a control treatment
with mallards resting in a conventional dry cage. Intact gut passage of seeds increased
significantly with mallard activity (up to 80% in the fastest swimming treatment compared to the control), identifying reduced digestive efficiency 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
effect 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 findings 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 effects of physical activity on digestive efficiency of mammals suggests
that endozoochorous dispersal of plant seeds by vertebrates is more effective and plays
a quantitatively more important ecological role in both terrestrial and aquatic ecosystems than previously thought.
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Introduction
Animal-mediated dispersal of plants is a wide-ranging phenomenon with an increasingly
recognized ecological importance (Santamaría et al. 2007, Spiegel & Nathan 2007,
Brochet et al. 2009, Schupp et al. 2010, Bauer & Hoye 2014). Especially dispersal by vertebrates (mostly birds, mammals and fish) 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 & Smallwood 1982). Hence, mechanistic understanding of the
process of dispersal by vertebrates is highly relevant for understanding the dynamics
of plant populations and ecosystems, and currently receives much attention in ecological research, through field studies, lab experiments and modelling, across a broad
variety of ecosystems (e.g. Soons et al. 2008, Rodriguez-Perez; Wiegand & Santamaría
2012, Spiegel & Nathan 2012, Viana et al. 2013a). Animal-mediated dispersal may be
of particular importance in ecosystems with a patchy distribution, where distinct units
of suitable habitat occur scattered throughout an inhospitable matrix, such as freshwater wetlands which have been coined ecological ‘islands’ (Darwin 1909, Pimm &
Raven 2000). The plant populations inhabiting such isolated habitats are particularly
vulnerable to local extinction and depend critically on (directed) dispersal between
habitat 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 first to point to waterbirds as potentially responsible for
the large-scale dispersal of freshwater organisms (Darwin 1859). This hypothesis has
gained much empirical support in recent years (Figuerola & Green 2002, Charalambidou
& Santamaría 2002, Van Leeuwen et al. 2012b). Many species of waterbirds, but most
prominently dabbling ducks, have been shown to transport viable plant propagules on
their feathers or skin (epizoochory) or inside their digestive tract (endozoochory), both
in experimental lab settings and in the field (Charalambidou et al. 2002, Figuerola et al.
2002, Soons et al. 2008, Brochet et al. 2010b, Van Leeuwen et al. 2012b). Quantitatively,
endozoochorous dispersal of seeds plays a vastly more important ecological role than
epizoochory (Brochet et al. 2010a, 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. submitted), many of which are likely to (occasionally) survive gut passage (Van Leeuwen et al. 2012b, chapter 2). With large numbers
of waterbirds worldwide making regular 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, Brochet et al. 2010b). Mallards
play a key role in the dispersal of plant seeds across the globe, due to their wide geographic distribution, high numbers, and opportunistic feeding behaviour (chapter 2).
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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 fixed
time intervals (reviewed in Charalambidou et al. 2002, Van Leeuwen et al. 2012b). This
provides essential information on the capacity of different propagules to survive gut
passage, and the time it takes them to pass the digestive tract (retention time), thereby
allowing calculations on dispersal effectiveness and potential dispersal distances
(Charalambidou et al. 2002, Figuerola & Green 2002, Soons et al. 2008, Guttal et al.
2011). As dispersal effectiveness and distance distributions (kernels) are crucial determinants of (spatial) population dynamics (Husband & 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 (e.g. 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. 2013a).

Such estimations are extremely valuable for our understanding 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 waterbirds (e.g. Santamaría 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 affect digestive processes, probably due
to reallocation of blood from the digestive organs to the muscles required for motion
(Oettle 1991, Brouns & Beckers 1993, Mortensen et al. 1998). This may greatly affect
the applicability of results from feeding trials in calculating dispersal effectiveness and
distances. Recently, Van Leeuwen et al. (2012a) found that plastic markers pass through
the digestive tract of swimming mallards (Anas platyrhynchos, L.) more rapidly and in
higher numbers than in resting mallards. Indigestible plastic markers, however, do not
accurately represent the natural 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 affects the retrieval pattern and dispersal
potential of real, (partly) digestible plant seeds. To this end we performed a series of
feeding experiments with mallards resting in a cage and swimming in a flume tank at
different speeds. We expected that the increased activity levels induced by swimming
would reduce the digestive efficiency and gut passage time. The results from this study
allow a critical evaluation of the applicability of previous feeding trial studies for calculations on realistic dispersal effectiveness and distances in natural ecosystems.
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Materials 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 floating 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 (Anseres 3® Kasper Faunafood, Waalwijk, the Netherlands) that were available
ad libitum. During the trials, birds were kept individually allowing collection of their
individual faeces. The feeding trials were conducted under five different conditions
(hereafter ‘treatments’): (1) resting in a dry cage (control, C), (2) floating in still water
(S0), and (3-5) swimming in a flume tank at 0.2 m/s (S1), 0.4 m/s (S2) and 0.6 m/s (S3).
While resting, each bird was in a conventional wooden dry cage (LWH: 0.54 x 0.46 x
0.48 m) with a 12 mm mesh wire floor and front. These cages were placed side by side
so the mallards were unable to see each other. While floating or swimming, the birds
were put individually in a fixed rectangular mesh wire cage (LWH: 0.72 x 0.41 x 0.45 m)
on either side of the flume tank, again unable to see each other. In the oval shaped flume
tank (LWH: 4.80 x 2.05 x 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
flume tank can be found in Van Leeuwen et al. (2012a).

During the five weeks before the experiment, the mallards were trained in the
tank four times per week until they were physically fit to maintain a swimming speed
of 0.6 m/s for 6 h. This maximum sustainable swimming speed was determined by
gradually increasing the current velocity until the point where the mallards became
unable to keep up by paddling and were pushed against the back of the cage. A maximum
sustainable swimming speed of 0.6 m/s agrees well with that found in Prange and
Schmidt-Nielsen (1970). The water current velocity was measured with a Sensa electromagnetic flow 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 undergone all five treatments. Only in the last week of the experiment all mallards received the resting treatment at the same time, but none of the four
flume tank treatments were ever given to more than two individuals per week. Each
treatment started with force-feeding a mallard with a mix of 800 seeds of nine different
species (see next section) in three pill-shaped pellets of ±40 x 15 mm that were held
together by a thin layer of 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 flume tank all faeces were
caught in a nylon filter with 0.68 mm mesh behind each mallard and collected every
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hour. After 6 h, the mallards that were initially floating or swimming were also placed
in the wooden cages. The 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 unavailable during the 24 hour trials to simulate fasting during flight. The
mean water and air temperature during the experiments was 18.8 ± 0.9 and 20.6 ± 1.0
°C respectively (±SD). Collected faeces were carefully searched for intact seeds of the
nine experimental species under a binocular microscope with a 10-40x magnification.
Table 5.1 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)

N 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 officinalis (SAN)

Rosaceae

2.94 ± 0.41

100

0.18

Althaea officinalis (ALT)

Malvaceae

2.22 ± 0.15

100

0.33

Carex riparia (CAR)

Cyperaceae

2.17 ± 0.15

100

9.15

Thalictrum flavum (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

Seed selection

Seeds of the nine freshwater wetland plant species used in all treatments belonged to
nine different genera (Table 5.1) 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 quantified using seed length, that this shape was representative
for many seed species 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 effect 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.
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Statistical analysis

The typical data output of our experiment was, for each mallard in each treatment, the
number of intact seeds of each plant species collected every hour after force-feeding for
the first 12 h, and once more after 24 h. For analysis of the total 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 first 12 h (model B), as we were interested in the detailed
retrieval pattern over time without large gaps.
We analysed the effect 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-effects 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 fixed factor with the S0 (floating) treatment as reference level
and seed size was included as centred covariate. We also tested for the interactive effect
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 average
retention time, in order to preserve information about the pattern of retrieval over time.
Treatment was included as fixed 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 interactions 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 individuals, 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 different
outcome we here report the results of the model with fixed slopes only, for reasons of
parsimony.

Significance 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 differences between treatments. Differences 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 (R Development Core Team
2013)

Results

Seeds of all species except AGR and IMP were retrieved intact from the faeces of mallards
(Table 5.1), with four species (CAR, LOT, LYC and THA) retrieved intact in all treatments.
During three floating (S0) trials, two S1 trials and two S2 trials, a mallard regurgitated
77

CHAPTER 5

Proportion of seeds retrieved

seeds and parts of feeding pellets, mixing regurgitated with defecated seeds and making
further calculations related to gut passage impossible. Therefore, the results on these
7 trials were omitted from further analysis 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 5.1). In
the first 6 h (active phase) of the trials already 92.3% of all seeds were retrieved (Fig.
5.1a). Between 7-12 h after feeding 2.2% were retrieved and the last 4.7% of seeds were
retrieved 13-24 h after ingestion. Variation in digestive efficiency 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).
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Figure 5.1 (a) Mean (± SE) proportion of intact seeds (all species combined) retrieved per
mallard per treatment in first 6 h (active phase), 7-12 h and 13-24 h. Letters indicate significant
differences between treatments in retrieval over 24 hours. (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 different
treatments. Y-axis represents proportion of total number retrieved (not a proportion of fed
seeds) within treatments.
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Figure 5.2 Effect 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.

Total seed retrieval over 24 h was significantly affected by treatment (Model A: χ2 = 56.5,
df = 4, p <0.001; Fig. 5.1a and Table 5.2). Total retrieval of intact seeds was lowest in the
resting (C) treatment (17.5 ± 3.6 SE seeds retrieved per mallard, 2.2% of total fed), but
did not differ significantly from the floating (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 resting treatment
(37.2 ± 17.4), a highly significant difference (Z = 7.0, p < 0.001). Retrieval in S2 was also
significantly higher than in S0 and S1 (Z = 4.3 and 5.0 respectively, p < 0.001). The 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), significantly higher than C (Z = 4.5, p < 0.001) but not different
from S0 (Z = 1.7, p = 0.40) and S1 (Z = 2.4, p = 0.11). These results suggest that swimming speed has an effect on retrieval of seeds, with more seeds being retrieved intact at
higher activity levels, although this increase may be non-linear (Fig. 5.1a).

The hourly pattern of retrieval of intact seeds was also significantly affected by
the interaction between treatment and both linear (model B: χ2 = 45.3, df = 4, p < 0.001)
and squared retention time (χ2 = 46.0, df = 4, p < 0.001). This indicates that treatment
also affects the retrieval pattern over time, although from Fig. 5.1b-c it becomes clear
that this cannot simply be explained by a shift in the peak of retrieval. Indeed, mean
retention time was not significantly different between treatments (ANOVA: F = 1.89, p =
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0.15), although a clear trend is present with highest mean retention time in the control
treatment (189 min) and the lowest mean retention time in the swimming treatments
(163-166 min; Fig. 5.1b-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 differed significantly between treatments (median: F = 1.71, p = 0.19;
95% percentile: F = 1.41, p = 0.27; kurtosis: F = 0.664, p = 0.62).
Table 5.2 Contributions of terms and interactions to the tested models used to explain variation in
retrieval of intact seeds. ΔAIC represents change in AIC upon removal of term/interaction from the
model. Chi-square-values and P-values of likelihood ratio tests are given. Dependent variables were
total (summed) retrieval of ingested seeds over 24 hours for model A and hourly retrieval of ingested
seeds over 12 hours for model B.
Model

Term/interaction

ΔAIC

χ2

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

Effect of seed size

Seed sizes of all studied plant species (Table 5.1) were significantly different from each
other (p < 0.001) except for the combinations ALT-CAR-THA (p > 0.90), IMP-PER (p =
0.94) and LOT-LYC (p = 0.10). We found a significant negative effect of seed size on total
retrieval (model A: χ2 = 7.4, df = 1, p < 0.01, Fig. 5.2a), with seeds >3 mm rarely passing
the digestive tract intact. The relatively low retrieval of the smallest species (LOT, Fig.
5.2a) deviates from this pattern and suggests that apart from seed size, other seed traits
also play a role (see Discussion). We also found a significant effect of the interaction
between treatment and seed size on total retrieval (model A, χ2 = 13.28, df = 4, p < 0.01),
suggesting that the effect of treatment on retrieval differs between seed sizes, but this
difference does not appear to show any consistent pattern, and is small in comparison
to the main effect of seed size (Fig. 5.2a). Seed size did not affect the retrieval pattern
over time as indicated by the non-significant interactions with linear (χ2 = 3.1, df = 1, p =
0.08) and square retention time (χ2 = 0, df = 1, p = 0.99). The near-significant interaction
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between seed size and linear retention time supports a trend of lower retention times
for larger seeds (Fig. 5.2b). 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 not cause a straightforward acceleration of gut passage
of ingested propagules. This suggests that digestion efficiency itself is influenced by
physical activity of mallards, an additional mechanism to earlier findings of accelerated gut passage of indigestible plastic markers due to increased physical activity (Van
Leeuwen et al. 2012a). These findings 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.
The 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 flume tank vs. sitting in a dry cage) may already contribute to the observed
effect of swimming (Fig. 5.1a). Prange and Schmidt-Nielsen (1970) found that thermal
conductivity of water can already raise the metabolic rate of male mallards by 25-30%.
The increased retrieval of seeds from floating mallards compared to mallards sitting in
a dry cage, albeit not statistically significant, suggests that the metabolic rate of waterbirds, rather than their activity level per se, is the primary factor affecting propagule
retrieval and retention times. This was also suggested by Van Leeuwen et al. (2012a),
who found that indigestible plastic markers were retrieved earlier in floating than dry
resting mallards. Their finding that gut passage was further accelerated in actively
swimming mallards, indicated a combined effect of thermal conductivity and either an
additional increase of metabolic rate or another physiological effect of physical activity
(swimming). Moreover, Paladino and King (1984) found that heat increment of locomotion in birds might substitute for thermoregulation, resulting in a lower increase
in metabolic rate in swimming birds compared to floating birds than expected from
locomotion costs alone. This might partly explain the lack of differences in digestive
efficiency between the wet treatments in this study. The effect of increased metabolic
rate on the functioning of the digestive system might imply a prioritization of oxygen
delivery to locomotion (or thermoregulation) on the expense of the digestive system
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(Hicks & 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 (e.g. Keeling & Martin 1987, Oettlé
1991) and increased stool weight (Coenen et al. 1992) under moderate exercise remain
unclear, but gastrointestinal syndromes have been attributed to a redistribution of
blood flow from the digestive system to the skeletal muscles (Ter Streege & Kolkman
2012).

By imposing different swimming speeds (and thereby inducing different metabolic rates (Prange & Schmidt-Nielsen 1970)) we aimed at identifying a relationship
between metabolic rate and digestive efficiency, which could be extrapolated to flight.
Metabolic rates during flight are estimated to be almost three times higher than while
swimming at maximum sustainable speed (Prange & Schmidt-Nielsen 1970, Nolet et al.
1992). However, as we found no conclusive support for a straightforward relationship
between metabolic rate and digestive efficiency, our results do not allow direct extrapolation; we cannot exclude the possibility that this relation is non-linear, for example
levelling 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 flying
birds have a much higher long-distance dispersal capacity than swimming birds. Future
studies with waterbirds flying in a wind tunnel may establish this.

We did not find a straightforward effect of mallard activity (or metabolic rate) on
the speed of seed gut passage, although the highest mean retention times were in the
control treatment and the lowest mean retention times in the swimming treatments.
The overall effect of vector activity on the distribution of seed retention times appears
to be relatively small, an effect likely to be caused by the interaction between retention
time and probability of digestion. We discuss this in the next section.

Digestible seeds vs. indigestible plastic markers

The 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 find a statistically significant shortening of
the retention time of seeds with increasing mallard activity levels, this effect 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 first 12 h following ingestion were 6 h 30 min for resting, 5 h 55 min for
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floating 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. 5.3). Hence, retention times of plastic markers were
clearly longer, and appeared to differ more between treatments, than those of seeds.
However, while the acceleration 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.
The acceleration of retrieval from floating to swimming birds was even more similar:
10% for plastic markers and 8% for seeds. The 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 are more likely to be destroyed,
ultimately resulting in low mean retention times. This mechanism partly obscures the
effect of vector activity that is apparent for indigestible plastic markers. Hence, we conclude that increasing waterbird activity most likely speeds up seed gut passage, but that
this effect is largely obscured in practice by the digestibility of seeds. The biological significance of this effect increases with more digestion-resilient propagules, which have
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Figure 5.3 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 sustainable 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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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. 5.2a) and is in accordance with the mechanism proposed by Soons
et al. (2008), that smaller seeds are more likely to escape mechanical 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 relationship. We
observed that seeds of LOT easily absorb water (a common trait in Fabaceae species),
making them soft and vulnerable to mechanical stress. This effect has also been found
in other Fabaceae species fed to cattle, where they survived very poorly (D’hondt &
Hoffmann 2011). This emphasizes that seed size is not the only seed trait determining
the potential survival of gut passage. While seed size may be the first 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 affect gut passage (e.g. DeVlaming & Proctor 1968, Wongsriphuek et al.
2008) and differences between individual species may well be explained by additional
seed traits such as water uptake and subsequent softening. The effects of seed size were
consistent 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 perhaps 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 effect is not modulated by vector activity. These implications
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.
The 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. The modestly reduced
retention times could further contribute to this increase, given the generally negative
relationship between retention time and viability after gut passage (Charalambidou
& Santamaría 2002). Hence, vector activity appears to make effective dispersal more
likely, but over somewhat shorter distances.
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distances calculated from conventional feeding trials with resting mallards will underestimate dispersal probability for all seed species and may modestly overestimate dispersal distance for less digestible seed species. If we multiply seed retrieval over time,
measured at the maximum activity level used in our study, with a flight speed of 75
km/h (Clausen et al. 2002), this results in maximum mean dispersal distances ranging
between 174-211 km for seeds of ±2 mm (CAR, LYC and THA). The dispersal distance
distributions calculated using feeding trials with resting birds have overall lower dispersal frequencies but somewhat longer distances (Fig. 5.4). Although actual dispersal
distances depend critically on the behaviour of the vectors (chapter 8), these estimated
maximum distances are more than sufficient for seeds to reach isolated freshwater wetlands in a wide variety of landscapes. The fact that 92.3% of retrieved seeds in our study
were retrieved in the first 6 h of the feeding trials, indicates that dispersal over more
than 450 km is probably very rare, even though longer migratory flights of waterfowl
are not uncommon (Viana et al. 2013a).
The fact that intact seeds of 7 out of the 9 plant species used in this study were
retrieved, supports previous findings that there is a high potential among a wide
range of different species of wetland plants for endozoochorous dispersal by mallards
(Van Leeuwen et al. 2012b). Considering 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. submitted)), and given that mallards are the world’s most abundant duck species
with a very wide distribution (Del Hoyo et al. 1992), known to have frequent local (e.g.
Legagneux et al. 2009, Sauter et al. 2012) and migratory flights (Viana et al. 2013a), we
conclude that the results of our study further build support for the important ecological
role of mallards. The effectiveness 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
important role in plant population dynamics and structuring of (freshwater) ecosystems than previously considered (Green & 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. This is likely regulated
through a reduced digestive efficiency with increased metabolic rate of the waterbirds,
a mechanism enhancing the dispersal potential of ingested seeds. Calculations of dispersal efficiency and distance distributions (dispersal kernels) based on data from
conventional feeding trials with resting captive waterbirds therefore likely produce
underestimations of actual dispersal rates in the field, and should either be corrected
for bird activity levels or discussed in relation to this. Physical activity did not simply
reduce retention times of seeds in mallards, as the interaction between retention time
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and digestion partly obscures the effects of increased gut passage speed for digestible
seeds (as opposed to indigestible plastic markers). An acceleration effect will be more
pronounced in more digestion-resilient seed species, modulating their potential dispersal distances. The overall positive effects of metabolic rate on the dispersal potential
of seeds found in this study imply an even more effective role of mallards and other
waterbirds as seed dispersers, with a greater importance for spatial plant population
dynamics and connectivity of (freshwater) ecosystems, than previous studies already
suggested. The underlying mechanisms through which waterbird activity modulates
dispersal effectiveness 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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Figure 5.4 Conceptual diagram of dispersal kernels resulting from the effect of physical activity
on digestive efficiency 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 flight of a mallard at a flight speed of 75 km/h, deduced from retention
curves from experiments with resting mallards (blue dotted lines) and mallards swimming at
maximum sustainable speed (red solid lines). The 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 efficiency (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).
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CHAPTER 6

Abstract
Regurgitation of indigestible food particles is common in birds. Many frugivorous birds
regurgitate seeds ingested with the flesh of fruits, which contributes to seed dispersal
in terrestrial ecosystems. In aquatic habitats, waterbirds are known to defecate seeds
after digestion, but little is known about regurgitation as a potential seed dispersal
mechanism. We here hypothesized that regurgitation is an additional, important dispersal mechanism in aquatic ecosystems.
We experimentally fed mallards (Anas platyrhynchos) with either a high or low
volume of wetland plant seeds, and monitored excretion of intact seeds by regurgitation
and defecation over 24 h. Regurgitation occurred in almost half of the feeding trials, and
was significantly associated with feeding of high volumes. Excretion of seeds by regurgitation was less plant species-specific than excretion by defecation, as seeds of all species
were regurgitated. Three out of ten regurgitated species never survived gut passage. We
identified two incentives for regurgitation: overfeeding resulted in non-species-specific
regurgitation after 1 to 3 hours, while large indigestible seeds were expelled from the
gizzard after 11 or more hours.
Rapid regurgitation may be an important general dispersal mechanism over
short distances, and might explain wide distributions of plant species unable to disperse
by endozoochory. Regurgitation after long retention, here found for large, indigestible
seeds, could facilitate dispersal over long distances. Knowledge on the frequency of
seed regurgitation by wild waterbirds is still lacking, and is urgently needed to improve
our understanding of the complete role of waterbirds in ecosystem functioning.
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Introduction
Regurgitation, or vomiting, is often associated with nausea and illnesses in mammals
(Grahame-Smith 1986), but is a common behaviour in the daily life of many bird species.
Deliberate regurgitation of food items has various functions in birds. Many seabirds
use it for chick provisioning, as it enables carrying prey over long distances to the nest
(e.g. Wilson et al. 1989). Predatory birds foraging on vertebrates and insects regurgitate indigestible prey remains in pellets (e.g. Barrett et al. 2007, Tornberg & Reif 2007).
Many frugivorous birds swallow whole fruits, but digest only the fleshy parts (pulp)
and regurgitate the seeds (Herrera 1984, Foster 1987, Jordano 2000). This is thought to
accelerate processing of nutritious pulp by avoiding passage of seeds through the entire
digestive tract (Levey 1987).

Interestingly, regurgitation might not only benefit the bird itself, but may also
contribute to the life cycles of ingested food items if these are regurgitated undamaged.
Analogous to the mechanism of endozoochory, i.e. the defecation of viable seeds after
gut passage which can result in long-distance dispersal (reviewed by e.g. Herrera 1984,
Figuerola & Green 2002, Van Leeuwen et al. 2012b), regurgitation may also contribute to propagule dispersal. For terrestrial ecosystems, regurgitation is indeed known
as an additional mechanism for seed dispersal (e.g. Jordano 2000). In aquatic ecosystems, however, still little attention has been paid to this potential additional dispersal
mechanism of seeds.
To our knowledge, only a handful of studies have focused on regurgitation of
seeds by shorebirds (Proctor, 1968; Sanchez et al., 2005; Sanchez et al., 2006) and only
one study specifically addressed regurgitation by waterfowl. Malone (1966) reported
two instances of regurgitation during an experimental feeding trial with mallards (Anas
platyrhynchos), which regurgitated loose pellets of Chara oospores about 45 minutes
after feeding. Regurgitation in shorebirds was also observed to occur within one hour
after feeding (DeVlaming 1967). Both studies attributed regurgitation to overfeeding
and gorging by the birds, but the short retention times suggested little importance for
long-distance dispersal. To our knowledge, only one study so far reported regurgitation
of large quantities of wetland plant seeds after long retention by shorebirds: Proctor
(1968) retrieved seeds until at least 100 hours after ingestion by killdeer (Charadrius
vociferus) and least sandpiper (Calidris minutilla). Regurgitation of intact propagules by
shorebirds was only recently confirmed in field situations (Sanchez et al. 2005, Sanchez
et al. 2006). Here we specifically address the potential of regurgitation for dispersal of
seeds by waterfowl.
Anatidae, in particular dabbling ducks, are known to consume a wide range of
seeds (Dessborn et al. 2011a, Soons et al. submitted, chapter 2). Their digestive systems
can efficiently digest the ingested materials, and relatively weak propagules (such as
soft-bodied large seeds, fish eggs and many aquatic invertebrates) generally have a low
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probability to survive passage through the entire digestive tract (Charalambidou et al.
2005, Van Leeuwen et al. 2012c, chapter 5). As endozoochory is often limited for this
category of propagules, regurgitation might provide an alternative dispersal mechanism
to explain wide distributions and rapid colonization of wetlands by species lacking a
suitable morphology for endozoochory. If regurgitated, many of the damaging digestive
processes can be avoided.

We here hypothesize that regurgitation by waterfowl provides an alternative
dispersal mechanism for these species. During a series of feeding trials with captive
mallards we encountered multiple occasions of seed regurgitation. This allowed us to
specifically test the following hypotheses: 1) regurgitation by waterfowl is associated
with overfeeding, 2) regurgitation of seeds by Anatidae can occur even after long retention, and 3) regurgitation is a particularly important dispersal mechanism for propagules which poorly survive passage through the entire digestive system (e.g. large,
soft-bodied seeds).

Methods

Experimental set-up

In Aug-Sep 2011 we performed experimental feeding trials with eight captive mallards,
involving force-feeding the mallards with a known quantity of seeds and monitoring
seed excretion by defecation and regurgitation over 24 h. For the initial purpose of
the experiment (chapter 5), the mallards were exposed to one of five different activity
treatments during the trials: sitting in a dry cage (0.54×0.46×0.48 m), floating on
water without active swimming, and swimming at 0.2, 0.4 or 0.6 m s-1 in a flume tank
(detailed description in Van Leeuwen et al. 2012a). The wet treatments lasted six hours
after which the mallards were placed in a dry cage for the remainder of the 24 h.
During all treatments, defecated and regurgitated seeds were collected every
hour for the first 12 h, and once after 24 h. The dry treatment cages were equipped with
a tray beneath a mesh wire bottom, and seeds in the flume tank were collected in nylon
filters (0.680 mm mesh). At the start of each trial, each individual mallard was fed with
either a high-volume (first set of trials) or a low-volume (second set of trials) mixture
of seeds.

For the high-volume trials, the mallards were fed with differently sized seeds of
ten wetland plant species (Table A5.1 in Appendix), with a combined volume of 10.1
cm3. During the low-volume trials, an identical combination of seeds was fed with exclusion of the largest species (Iris pseudacorus). The combined volume of this mixture was
3.1 cm3. Seeds were administered in dough pellets, hence a thin layer of dough was
added to the volume in both treatments. Similar methods were applied successfully in
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previous experiments without reports of regurgitation (Charalambidou & Santamaría
2002, Santamaría et al. 2002, Charalambidou et al. 2005, Van Leeuwen et al. 2012a). In
the high-volume trials, all eight mallards participated in the dry cage treatment, but they
were randomly subjected to the four remaining treatments, as such that four individual
mallards received all four wet treatments. In the low-volume experiment, all mallards
received all five treatments. Regurgitation was detected by continuous observation of
the mallards for the first 12 h or by the obvious presence of (parts of) regurgitated
dough pellets.

Data analysis

We were unable to fully distinguish between defecated and regurgitated seeds, as they
mixed up on the tray or in the nylon filters. Therefore, we only used the total number of
intact excreted seeds (defecation plus regurgitation) per species per collection moment
in the statistical analyses. All results were analysed in two generalized mixed models
with bird ID included as random factor.

In model I, whether or not an individual bird regurgitated (yes/no) was the
binomial dependent variable with logit link function, depending on activity level and
the volume of seeds fed (high/low) as fixed factors. In model II, the total proportion
of seeds retrieved after 24 h (either by defecation, or by defecation and regurgitation
combined) was the binomial denominator variable depending on whether or not a bird
had regurgitated (1/0) and plant species (factor with 10 levels) as fixed factors. To
detect whether birds that regurgitated excreted a higher proportion of seeds for particular plant species only, we also included the interaction between plant species and
the occurrence of regurgitation, and used Tukey´s post-hoc comparisons to detect for
which plant species regurgitation resulted in higher overall retrieval. Activity level was
included in this model as random factor.
Model selection started with the full models from which factors were stepwise
removed. If removal of a term increased the AIC value by more than 2.0 we assumed
it to contribute significantly to the model (Burnham & Anderson, 2002). All calculations were performed using R for statistics (R-Development-Core-Team, 2014). The
generalized mixed models were fitted with Maximum Likelihood estimations and computed using the package “lme4”; the posthoc test with package “multcomp”.

Results

Regurgitation occurred in 30 of the 64 feeding trials, at least once in all individual mallards. Most regurgitation was observed in the first 3 hours (35% of all cases of regurgitation) and after 10 hours (30%, Fig. 6.1). Total feeding volume strongly affected the
frequency of regurgitation, as it occurred in 12.5% of the low-volume trials, versus

93

CHAPTER 6

95.8% of the high-volume trials (significant volume effect in Model I, Table 6.1). Activity
treatment did not affect the regurgitation frequency.

Proportion of retrieved seeds (±SE)

The seed excretion pattern over time showed that regurgitation can occur after
long retention in the digestive tract (Fig. 6.1). When considering only trials where regurgitation had occurred, we observed clearly different patterns for three different size
classes of ingested seed species. The retrieval of the smallest seeds was high during the
first hours and gradually decreased only after four hours, reflecting relatively frequent
passage through the digestive tract. Medium-sized seeds, which were poor survivors
of gut passage, were mainly retrieved in the first or second hour after feeding, when
most regurgitation occurred. This early regurgitation often involved complete pellets or
parts of pellets containing many undamaged seeds, suggesting regurgitation from the
crop rather than from the gizzard. The largest seeds showed a less clear pattern during
the first hours, but their retrieval clearly peaked again after 11 hours. The seed coats
of these seeds were damaged or missing, indicating regurgitation from the gizzard. For
all seed species the mean number of retrieved intact seeds was higher during trials in
which regurgitation had occurred (Fig. 6.2).
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Figure 6.1 Retrieval pattern over time of excreted seeds in three size classes in all trials where
regurgitation occurred. Small seeds include species <5 mm3, medium is 5-10 mm3, and large is
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I
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0.092

0.00

Variance explained by
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1
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9
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0.91
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SE
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Only retrieved from regurgitation samples
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0.07
0.58
0.38
0.09
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15.46
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<0.01

Carex riparia

12.62
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Explanatory predictor
variable

Δ +556.5

5185.1

Δ +1.0

Δ +40.5

49.9

(Δ) AIC

Table 6.1 Results from the two generalized mixed models. The last column depicts the AIC value for the best model or for each term of interest the
change in AIC value that occurred because of removal of this term. Bold terms remained in the final best model.
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Proportion of retrieved seeds (±SE)
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Figure 6.2 Mean proportion of
intact seeds retrieved for each
species in trials with and without
regurgitation. Small seeds include
species <5 mm3, medium is 5-10
mm3, and large is >10 mm3 (see Table
A6.1 for details). For all species, the
trials with regurgitation resulted in a
higher proportion of retrieved seeds
(statistics in Table 6.1).

Regurgitation of seeds of ten wetland plant species by mallards was observed frequently
after feeding in an experimental setup. Intact seeds were still expelled 12 h after feeding,
suggesting regurgitation by waterfowl has a significant potential as long-distance seed
dispersal mechanism between wetlands. Even non-migratory mallards, which use different habitat patches throughout the day, are very likely to disperse seeds retained for
10-12 hours to other locations in the landscape (chapters 7 and 8). Regurgitation in the
first hours after feeding was mainly found as a response to feeding large volumes, supporting our first hypothesis. However, in accordance with our second hypothesis, large
tough seeds of Iris pseudacorus (which never were excreted intact after gut passage)
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were also frequently regurgitated after long retention periods. Regurgitation by waterfowl could be an additional, largely overlooked, dispersal mechanism for aquatic propagules, and particularly for large seeds, analogous to seed dispersal by frugivorous
birds in terrestrial systems (Herrera, 1984).

Regurgitation versus defecation

Regurgitation increased the retrieval of all seed species in this study, but mostly so
for species that were largely unable to resist digestion. Seeds of Agrostemma githago,
Impatiens glandulifera and Iris pseudacorus were never retrieved from faeces, but were
retrieved intact and able to germinate after regurgitation (pers. obs. E. Kleyheeg). While
plant species typically show high variation in their ability to resist complete digestion
(Soons et al. 2008, chapter 4), such interspecific variability has not been described for
regurgitation. This suggests that regurgitation is a less selective dispersal mechanism
than gut passage, so that it provides a particularly suitable dispersal mechanism for large
and soft-bodied propagules. Regurgitation, even after only a few hours, could enable
many less-resistant plant seeds, and organisms like fish eggs and macro-invertebrates,
to colonize distant habitats.

Feeding volume and seed size

Regurgitation during the first hours after feeding of the mallards was observed mainly
in mallards fed with a high volume and often involved retrieval of complete feeding
pellets. This strong relation with feeding volume indicates that early regurgitation is
probably an effect of overfeeding, as suggested previously (Malone 1966, DeVlaming
1967, Jordano 2000). Small and medium sized seeds that were not regurgitated due to
overfeeding, were either digested or defecated, and only rarely regurgitated after longer
retention. However, the retrieval pattern of large seeds showed a bimodal distribution,
which suggests a potential additional mechanism for regurgitation.

Large seeds (I. pseudacorus in this study) showed a second regurgitation peak 12
hours after feeding. This was long after most of the smaller seeds had been digested or
defecated, and is therefore unlikely to be related to overfeeding. The regurgitated large
seeds had damaged seed coats, indicating retention in the gizzard at least part of the
time. This regurgitation might be explained by the diameter of the mallard’s pylorus
(entrance of the duodenum; 7.5 ± 1.1 mm, N=10, unpublished data by E. Kleyheeg),
which food particles have to pass to enter the small intestines after processing in the
gizzard. If the gizzard is unable to break down seeds that are too large to pass the pylorus
(e.g. I. pseudacorus), these can only be regurgitated. This is analogous to the rejection
of seeds in fruits that are larger than the gape width of frugivorous birds (Wheelwright,
1985). I. pseudacorus seeds do occur in the natural diet of mallards (Soons et al. submitted), but rarely survive gut passage in feeding trials (chapter 5). Our observations
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suggest that large, indigestible seeds may be regurgitated after long retention times,
unrelated to overfeeding, with great potential for dispersal over long distances.

Conclusion

Regurgitation by mallards within several hours after feeding was found to be a common
response to overfeeding, and may be an important, largely overlooked dispersal
mechanism for aquatic organisms. Large, tough seeds were additionally regurgitated
after long retention (>10 hours), probably because they were too large to enter the
small intestines and too tough to be grinded by the gizzard. Such propagules are more
likely to be damaged by digestive forces in the gizzard, but avoid further digestive processes, which increases their potential for successful long-distance dispersal. This suggests that regurgitation is an especially important mechanism for the dispersal of large
or soft-bodied seeds (or other propagules found in Anatidae diets), which are unable
to benefit from dispersal by gut passage. As regurgitation in birds requires a suffocate
movement which is impossible during flight (Breitbach et al., 2012), regurgitation after
landing in a potentially suitable wetland habitat may make it an even more directed
dispersal mechanism than defecation.
Nearly half a century after Malone (1966) called for more reports of regurgitation to improve our knowledge of the role of waterbirds in the dispersal of aquatic
organisms, we still know very little about the potential of regurgitation for dispersal in
aquatic ecosystems in the field. Studies on the occurrence of regurgitation by waterfowl
under natural conditions would fill in this knowledge gap.
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Abstract
Movement behaviour is fundamental to an animal’s ecology and its interactions with
other organisms, and as such contributes to the dynamics and functioning of natural
ecosystems. Waterfowl have been proposed to play a key role in wetlands and surrounding habitats through their interactions with prey and predators, and by transporting other animals, plants, and viruses. Mallards (Anas platyrhynchos) are the most
abundant and widespread duck species worldwide, and may as such play a key role in
wetland ecosystems, but yet little is known about their daily movement behaviour and
the factors affecting it.

We successfully tracked 97 mallards with high-resolution GPS loggers in four
landscapes in the Netherlands across a gradient of wetland availability, throughout the
non-breeding season. We analysed the spatiotemporal patterns in daily movements,
and quantified how these movement patterns were affected by mallard body condition,
weather conditions, and wetland availability (area of open water, shoreline length and
number of water bodies) in the landscapes.
We demonstrate that mallards have highly predictable circadian movement
patterns, with regular commuting flights of (at most) several kilometres between a
fixed diurnal roost site and a few nocturnal foraging sites. During both day and night
mallards have a strong affinity with water. Body condition did not affect this movement
behaviour, and weather conditions only had a marginal effect. We observed, however, a
strong landscape effect, with exponentially increasing flight distances and home range
sizes with decreasing availability of freshwater habitat. The number of water bodies
and, especially, total shoreline length in the landscape surrounding the roost are the
best predictors of the spatial scale of daily movements of mallards.

Our results show how mallards have fixed temporal behavioural patterns, but
are more flexible in adjusting the spatial scale of their movements to wetland availability in the landscape. This implies that mallards may maintain wetland connectivity in
increasingly fragmented landscapes, being even more key to other wetland species than
previously thought. The high predictability of their movement behaviour in relation to
landscape features makes them reliable dispersal vectors for other organisms to adapt
to, and allows extrapolation of our results to other landscapes.
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Introduction
The spatiotemporal patterns of animal movement form an essential component of each
species’ autecology, but are also a key factor in the ecology of many other species with
which they interact (Bauer & Hoye 2014). Individual movement trajectories, which
collectively define an animal’s movement pattern, are the result of a combination of
internal factors, including the animal’s internal state, motion capacity and navigation
capacity, and external factors, such as climatic conditions and landscape composition
(Nathan et al. 2008). Studying these factors in wild animals is fundamental to understanding their role in the dynamics and functioning of natural ecosystems, and rapidly
developing techniques in spatial mapping and monitoring of animal movements now
allow detailed quantification of spatiotemporal movement patterns in relation to internal and external explanatory factors.

Highly detailed tracking data of birds have already resulted in a wealth of information that supports the development of species-specific population management
schemes and species protection plans (e.g. Haig et al. 1998). However, these data are
also of critical importance to evaluate the birds’ interactions with other organisms, most
importantly predator-prey interactions and their role as dispersal vectors. In a recent
overview of ecosystem services provided by waterbirds, Green and Elmberg (2014)
identified the dispersal of aquatic invertebrates and plant seeds as a crucial process
for maintaining wetland biodiversity, and terrestrial species may also be effectively dispersed by waterbirds species (Soons et al. submitted, chapter 2). Equally relevant, but
less beneficial, are the roles of waterbirds as dispersers of invasive species (Brochet et
al. 2009, Coughlan et al. 2015) and viruses, most notably avian influenza viruses (AIV;
Olsen et al. 2006, Van Dijk et al. 2015). Finally, waterbirds are predators of many plant
and invertebrate species (Dessborn et al. 2011b) and prey to several larger vertebrates
(Solman 1945, Gauthier et al. 2004), thereby affecting the population dynamics and
habitat quality of numerous other organisms.

Mallards (Anas platyrhynchos) are the most abundant and widespread duck
species worldwide, with 19 million individuals across four continents (Del Hoyo et al.
1992, Wetlands International 2012). They are opportunistic habitat generalists, frequenting all wetland types, and often live close to humans in agricultural and urban
areas (Cramp & Simmons 1977, Del Hoyo et al. 1992). As such, they play a major role
in wetland and terrestrial ecology, especially as dispersal vector of a wide variety of
organisms including invertebrates (Frisch et al. 2007, Van Leeuwen et al. 2012c), plants
(Figuerola & Green 2002, Van Leeuwen et al. 2012b, Soons et al. submitted, chapter 2),
and viruses (Keawcharoen et al. 2008, Van Dijk et al. 2015). Detailed studies on their
movements in relation to the landscapes they inhabit are, however, scarce. While migration routes of mallards are currently being explored to assess the potential (cross-)
continental-scale dispersal of AIV (Yamaguchi et al. 2008, Bridge et al. 2014) and plant
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seeds and invertebrate eggs (Viana et al. 2013a,b), only few studies have focused on the
consequences of day-to-day landscape-scale movement behaviour and tracking studies
are heavily biased towards North America (e.g. Jorde et al. 1984, Legagneux et al.
2009, Davis & Afton 2010, Link et al. 2011). These studies, using radio telemetry, have
shed light on many aspects of mallard movement ecology at a relatively coarse spatial
and temporal resolution. Current high-resolution tracking techniques can provide
much more spatiotemporal detail on daily movement patterns that allow analyses of
time-activity budgets and behavioural strategies at the individual level across study
sites (Sauter et al. 2012, Bengtsson et al. 2014, Beatty et al. 2014).

Recent studies showed that in general, mallards adjust their movement behaviour
according to day length (Sauter et al. 2012, Bengtsson et al. 2014), health status (Van
Dijk et al. 2015) and weather conditions (Jorde et al. 1983, Legagneux et al. 2009, Sauter
et al. 2012), but variation among individuals was large. We hypothesize that landscape
characteristics affect mallard movements even more strongly, and that variation in
landscape configuration explains a (large) part of the variation in movement behaviour
between individuals. There is growing evidence that waterfowl densities and distributions during the non-breeding season are affected by landscape composition (Webb et
al. 2010, Pearse et al. 2012, Beatty et al. 2014). Mallards are habitat generalists, but they
highly depend on water (Sauter et al. 2012), so that the availability of surface water
in the landscape is likely to predict the spatial scale of their movements. To test this
hypothesis, we analysed the effects of body condition, weather conditions and landscape configuration on the spatiotemporal movement behaviour of mallards. We did
this by tracking mallards across four landscapes varying from wet to dry. Particularly,
we investigated the relations between the spatial scale of daily mallard movements and
the spatial distribution of available freshwater habitat. For this, we included additional
mallard tracking data from other studies across Western Europe in our analysis.

Methods

Study sites

We selected four landscapes in the Netherlands varying in their availability of wetland
habitat along a west-east gradient from wet (peatland) to relatively dry (Pleistocene
sand deposit) areas: Oud Alblas (51˚52’35’’N, 4˚43’26’’E), lake Terra Nova (52˚12’55’’N,
5˚2’27’’E), lake Ir. Juliusput (52˚9’35’’N, 5˚28’44’’E) and lake Enterveen (52˚16’42’’N,
6˚33’32’’E) (Fig. 7.1). The Netherlands is a wet country in general, located in the delta
of the rivers Rhine and Meuse and with high annual precipitation (annual mean of 8400
mm over the past 30 years; Royal Dutch Meteorological Institute www.knmi.nl), so
water bodies are plentiful throughout. Nonetheless, from coastal to more inland areas
there is a strong gradient in presence of surface water. The westernmost study site (Oud
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Alblas) is situated 2 m below sea level, in a peat area with a dense network of narrow
(3-5 m wide) ditches used to drain the agricultural meadows, while the easternmost
study site (Enterveen) is situated 10 m above sea level, in a naturally-drained sandy
soil region with scattered ponds and very few canals (Fig. 7.1). Terra Nova is located
around 0.5 m below sea level at the western end of a lake complex, next to a peat area
similar to Oud Alblas. The Juliusput landscape is located at 4 m above sea level and
has considerably less surface water than Terra Nova, but a higher number of smaller
water bodies (Table 7.1). Apart from the amount of surface water, the four landscapes
were selected to be similar in land use (mainly agricultural pastureland) and away from
forest and built-up areas.
OA

JP

TN

EV

OA

TN

JP

EV

Figure 7.1 Topography and location of the four study sites in The Netherlands (OA = Oud Alblas,
TN = Terra Nova, JP = Juliusput, EV = Enterveen). The vast majority (>96%) of observed mallard
movements occurred within the black circles depicting the 2.5 km radius circle around the
primary roost within which the landscape metrics have been calculated. The topographic maps
show water (light blue), agricultural land (light green), forest (dark green), roads (dark lines) and
buildings (black dots).

Telemetry

At Oud Alblas, mallards were captured in a traditional duck decoy. A decoy is a catching
facility surrounding a pond originally designed for commercial harvesting of ducks, but
now mostly used for duck research (Karelse & Mandigers 2013). At the three other sites,
we used a home-made mesh wire swim-in trap (LWH: 3.0 x 2.4 x 1.2 m) with funnel
entrances on three sides, placed along the shoreline in c. 0.5 m deep water. We provided bait (mixed grains) on small rafts in the traps. We visited the traps every morning
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to retrieve mallards (and release the occasional by-catches). When the traps were not
used, feeding was continued but the funnels were removed to allow free entrance and
exit of birds.

Between 23 August 2012 and 21 March 2013, we captured a total of 335
mallards. All captured mallards were ringed, weighed, sexed and aged based on plumage
characteristics (Boyd et al. 1975) and biometrics were taken (maximum stretched wing,
head+bill and tarsus length). All adult male mallards (N=164) were equipped with a
CatTrack GPS logger (Catnip Technologies Ltd., Hong Kong) as a backpack using a Teflon
harness (following Roshier & Asmus 2008). We used only adult males for GPS tracking
to avoid age-related variation and to avoid the tracking of paired individuals which are
likely to have similar movement patterns (Legagneux et al. 2009). The total weight of
the package was 28 g, which was less than 3% of the male mallard body mass. The GPS
loggers were set to record a position every 15 minutes until the battery would run out
(estimated 14 days).
Since the GPS loggers did not provide remote data transfer, mallards were recaptured after several weeks using the same traps (62% success rate) to retrieve the logger
and download the data. We implemented a breaking point in the Teflon harness to
ensure automatic logger detachment after several months in case recapture failed. We
retrieved tracking data of 103 mallards, but logger quality varied in terms of battery life
and time interval accuracy. To deal with different tracking durations between individuals, we broke down the data into ‘duck days’: 24 hour periods from noon to noon which
included the entire daily active period (i.e. night-time) of the mallard. The number of
sampled duck days per individual varied from 2 to 31 (mean 18 days). The number of
recorded GPS positions varied greatly between the loggers and we removed all duck
days with less than 70 fixes (mean number of fixes minus one standard deviation) per
day, thus keeping only trajectories with 15 to 20 minute GPS intervals. After this selection of high quality data, the tracks of 97 individual mallards remained, covering 1624
duck days (1240, 155, 144 and 85 duck days over 73, 9, 11 and 4 individuals at Oud
Alblas, Terra Nova, Juliusput and Enterveen respectively).

Movement parameters

From the GPS positions we calculated a set of daily movement parameters. First we
detected and deleted erroneous outlying GPS fixes (‘spikes’, 1.4% of the positions),
defined as apparent displacements of >100 m with a direct return at least halfway back
to the original position. After this purge, we identified individual flights. Movements
within foraging or roosting sites rarely exceeded 100 m in 15 minutes and especially
at Oud Alblas most flights were too short to use the threshold of 250 m suggested by
Beatty et al. (2014). Therefore, we defined displacements between two consecutive
GPS positions covering >100 m as flights. Consecutive displacements of >100 m (i.e.
106

NL

NL

NL

NL

NL

NL

CH

CH

FR

FR

Oud Alblas (OA)

Juliusput (JP)

Enterveen (EV)

Hendrik-ido-Ambacht

Almelo

Ron

Oberkirch

Seine

Brenne

Country

Terra Nova (TN)

Location

46.749784

49.445392

47.162236

47.172433

52.381949

51.825879

52.278374

52.159681

52.215404

51.876505

Latitude

1.233226

0.372438

8.122171

8.016636

6.625596

4.647395

6.558803

5.478855

5.040708

4.723755

Longitude

632.7

650.0

768.4

18.6

45.9

100.8

29.4

56.2

410.9

74.3

Water surface
area (ha)

61

160

79

25

681

580

596

1306

714

1335

Water bodies

87.8

137.4

66.2

40.1

137.7

102.6

115.7

212.3

158.5

362.5

Shore length
(km)

40

33

8

1

1

1

4

11

9

73

N individual
mallards

-

-

-

-

7

26

85

144

155

1240

N duck
days

Table 7.1 Location, landscape characteristics and number of data points of the four main study locations in the Netherlands and the additional sites
used for the landscape metrics analysis across western Europe. Swiss data are from Sauter et al. (2012) and French data from Legagneux et al. (2009).
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when a GPS position was recorded during flight) were merged, with recalculation of the
flight distance between the first and last position of the total displacement. For timing
of flights we used the mean of the times of the GPS positions before and after the flight.
Flight frequencies and flight distances (great circle distance) were calculated from the
identified individual flights. Circadian patterns in flight behaviour were analysed by
separating diurnal and nocturnal flights.

To evaluate spatial patterns of landscape use, we subsequently identified core
areas by calculating the average latitude and longitude of recorded positions between
two flights. If the distance between these central points exceeded 450 m (the distance
that mallards could swim within 15 minutes without substantial effort; Prange &
Schmidt-Nielsen 1970), they were considered different core areas. The number of core
areas was calculated per duck day and repeated use of core areas over multiple days
was used as a measure of site fidelity. To identify how tightly mallard movements were
connected to water, we also calculated the shortest distance to water of each recorded
GPS position using high-resolution topographic maps of water bodies (BRT Top10NL
2013, Kadaster Nederland) in ArcGIS. We then compared this distance to water of the
recorded GPS positions against the distance to water of 1000 random points in the landscape within a 2.5 km radius circle around the roost. Finally, we calculated the daily
movement parameters representing the spatial scale of mallard landscape use. To quantify the total area traversed by individual mallards per duck day (i.e. daily home range)
we calculated the area of the daily minimum convex polygons (MCP) including 100% of
the recorded GPS positions. To define the size of the areas in the landscape which were
used most intensively per duck day (core area size), we calculated the area of the 50%
kernel utilization density (KUD) (R-package adehabitatHR; Calenge 2006).

Factors affecting movements

We evaluated the effects of body condition, weather conditions, and landscape
configuration on mallard movements. As a proxy for body condition we used the residuals from a linear regression between individual body mass (dependent variable)
and body size, defined as the first principal component from a PCA with scaled wing,
head+bill and tarsus length (structural body size measures) as measured on the first
capture day. The first principal component of this PCA explained 53.5% of the variation
and was negatively correlated with all three body size measures (r < -0.7 and P < 0.001
for all three). We only tested the effect of body condition on movement behaviour for
the third tracking day of each mallard, as the condition of the birds at that day was probably still largely similar to the day when body measures were taken and the greatest
behavioural effects of logger attachment had worn off (Kleyheeg et al. in prep.).

To quantify weather conditions during the days of mallard tracking, we downloaded hourly weather data from the Royal Dutch Meteorology Institute (www.knmi.nl).
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For each landscape we used weather data from the nearest weather station (Cabauw for
Oud Alblas, De Bilt for both Terra Nova and Juliusput, and Heino for Enterveen). We calculated the mean temperature, mean wind speed and total amount of precipitation for
each duck day. Due to strong positive collinearity between wind and precipitation, we
used the first component of a PCA on wind speed and precipitation in our analyses as
‘wind-precipitation’ (first principal component explained 69% of the variance), which
was negatively correlated with wind and precipitation.
Finally, we identified the availability of freshwater habitat in each study area. We
used high-resolution topographic maps (BRT Top10NL 2013, Kadaster Nederland) to
characterize the configuration of the different landscapes in the Netherlands in terms of
surface water. Within a 2.5 km radius circle around the trap locations (which included
96% of all flights and 94% of all GPS positions) we calculated the water surface area, the
number of separate water bodies and the total shore length. We selected these landscape
metrics because they are the simplest predictors of the availability of surface water in
a landscape and can be calculated from any high-resolution topographic map, facilitating extrapolation of our results to other landscapes. Short excursions where mallards
used a roost outside of the study landscape for one or two days occurred on four occasions (once at Terra Nova and Enterveen, twice at Juliusput) and were excluded from
the landscape comparison since these movements were subject to different landscape
configurations.

Additional movement data

To evaluate if the above landscape metrics indeed generally predict mallard movements, we also used tracking data from other landscapes with different open water
availabilities. Firstly, we included the data of two birds that had left the study landscapes
for a longer period of time and moved to respectively Hendrik-ido-Ambacht (51˚49’33’’
N, 4˚38’51’’E, 26 days) and Almelo (52˚22’55’’N, 6˚37’32’’E, 7 days). Secondly, we
included data from two study sites in France (Seine 49°26’43”N, 0°22’21”E and Brenne
46°44’59”N, 1°13’60”E; Legagneux et al. 2009) and Switzerland (Lake Sempach area
47°9’44”N, 8°7’20”E and 47°10’21”N, 8°0’60”E; Sauter et al. 2012). For these landscapes we calculated the same movement metrics, but at the level of individual mallards
instead of duck days. For the French study, which provided only mean home range sizes
and flight distances of multiple individuals, we used the mean, standard deviation and
sample size to construct normal distributions and from these we drew values per individual mallard for the analysis. The same landscape metrics of the areas in France and
Switzerland were calculated by evaluating water bodies on OpenStreetMaps, supplemented with satellite images to match the resolution of the topographic maps of the
Netherlands.
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Statistical analyses

First, we analysed the movement behaviour of mallards in the four study landscapes
in the Netherlands, for which most (detailed) data was available. We tested whether
the daily spatiotemporal movement patterns of mallards changed with body condition, weather conditions and study site. Secondly, we explicitly tested the associations
between mallard movements and the landscape metrics water surface area, number of
water bodies and total shore length at all study sites in the Netherlands, Switzerland
and France.
To detect circadian patterns in movement behaviour, we first evaluated the nocturnal and diurnal use of core areas and the timing of flights. Based on the distribution
of flights over the day (Fig. A7.1), we split the day into four periods: day (between sunset
and sunrise), dusk (the 1.5 hours after sunset), dawn (the 1.5 hours before sunrise)
and night (between dusk and dawn). Differences in flight distances between different
times of day were analysed using linear mixed-effects models with weather parameters wind-precipitation and temperature (linear and quadratic terms) as covariates and
study site and mallard ID as random factors. We first optimized the model (minimized
AIC) by stepwise deletion of non-significant terms and subsequently tested the contributions of the remaining terms by comparing the optimized model against the updated
models without the term of interest using likelihood ratio tests. Tukey HSD post-hoc
tests were used to analyse differences between study sites.
Differences in distance to water between diurnal, nocturnal and random positions in the landscape were evaluated using ANOVA with Tukey HSD post-hoc tests.

To test the effect of body condition, we introduced each of the movement variables of the third tracking day (see motivation above) in a linear mixed-effects model
with body condition as fixed effect, mean daily wind-precipitation and mean daily temperature as covariates and study site as random factor. Since the movement distances
could be expected to have an optimum under certain temperatures, we also introduced
the squared term of temperature as a covariate into the model. We tested the effect of
study site on mallard movement behaviour with linear mixed-effects models containing study site as fixed factor, daily wind-precipitation and mean daily temperature as
covariates and individual mallard as random factor. To test the effect of study site on the
number of flights and number of core areas (i.e. count data), we used the same terms
in generalized linear mixed-effects models with Poisson error distribution and log-link
function. We used the same procedure for model selection as described above. All continuous variables except count data were centred before entering the model.

The general effect of landscape metrics on the mean daily maximum flight distance and home range size per individual was tested using linear mixed-effects models
with surface area, number of water bodies and total shore length as fixed effects and
individual and country (i.e. study) as random factor. The fixed effects were strongly cor-
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related with each other, so they were separately introduced into the model to avoid
collinearity. For all tests home range size, core area size and flight distance values were
log-transformed to approach normality before they were introduced into the models.
Statistical tests were performed using the packages ‘lme4’ (Bates et al. 2013) and ‘multcomp’ (Hothorn et al. 2008) in R (R Core Team 2014).

Results

General movement patterns

Throughout the study period and across all study sites, the spatiotemporal patterns of
daily mallard movements showed high similarity and predictability. Most individuals
had high site fidelity and visited the same diurnal roost and nocturnal foraging sites for
days to weeks in a row (Fig. 7.2). On 92.8% of days mallards used the same roost as the
day before, and on another 4.7% of days, a roost was visited that had been used by the
individual earlier within the tracking period. The probability that an individual would
visit a foraging site that it had visited before was 96.4% per night, and new foraging
sites were explored on only 12.4% of nights. Fifty-six mallards (58%) used a single day
roost during the entire tracking period, most of them at Oud Alblas. The day roost was
usually one of the larger water bodies within the home range, where most mallards
in the area gathered. At Oud Alblas the major roost was the pond of the duck decoy
and at Terra Nova most birds roosted in a bend of a river with a slow current (Vecht).
At Juliusput and Enterveen most birds roosted on the lakes where they were caught.
However, in all study sites some individuals at least occasionally used alternative roosts
(Fig. 7.2). During the night, the mallards usually visited smaller water bodies such as
narrow canals (ditches) and streams for foraging.
The majority of flights were highly concentrated around sunset and sunrise, corresponding to the clear circadian pattern of core area use. We observed 37.8% of all
flights during dusk and dawn (18.6% and 19.2% respectively), irrespective of seasonal
changes in day length (Fig. A7.1a). Flight distances during these two activity peaks
did not differ (z = -1.44, p = 0.47), but both were on average almost twice as long as
flights during the day (z = 30.4, p < 0.001 and z = 29.5, p < 0.001 respectively) and
approximately 60% longer than during the night (z = 23.2, p < 0.001 and z = 21.3, p <
0.001 respectively). Nocturnal flights were on average 26% longer than daytime flights
(z = 10.9, p < 0.001; Fig. A7.1b). Besides movements during dusk and dawn, mallards
switched core areas 2.6 times more often during the night than during the day. On 88.4%
of the duck days, the mallards did not leave the roost during the day and in 67.0% of
the nights mallards used only one foraging site. The maximum number of different core
areas visited per night was 6 (Juliusput).

Despite this similarity of behavioural patterns, home range sizes and displace111
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Figure 7.2 Example of representative tracks of a single duck per study landscape (left; ca. 15 days
per track) and the use of core areas in the landscapes of all tracked individuals separated between
day ( light parts in pie charts) and night (dark parts; right panels). The size of the pie charts is
scaled to the relative number of GPS fixes recorded in the core areas. OA = Oud Alblas, TN = Terra
Nova, JP = Juliusput, EV = Enterveen. Note the differences in scale: mallards at Oud Alblas use a
much smaller part of the landscape around the main roost than do mallards at Enterveen. Left
panels are zoomed in on the individual tracks. Blue colours on the maps represent water, light
green is agricultural land, dark green is forest, dark lines are roads.
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ment distances varied strongly between individuals (Fig. A7.2). The total daily home
range size within which all displacements occurred (100% MCP) ranged between 0.3
and 1416.9 ha, although the median of 9.7 ha per duck day indicates that most animals
stayed in a very restricted area (Table A7.1, Fig. A7.2a). The size of the area that was
used most intensively by mallards (50% KUD), was on average 3.9% of the total home
range and had a median of 0.3 ha per day (range 0.03-40.9 ha) (Table A7.1, Fig. A7.2b).
On average, mallards visited two core areas per day (Fig. A7.2c), with a mean number of
4-5 flights per day (Table A7.1, Fig. A7.2d). The longest flight recorded during this study
was 25.5 km of a bird leaving its home range, while the overall mean flight distance was
only 494 m (Table A7.1, Fig. A7.2e) and the average longest flight per day was 926 m
(Fig. A7.2f). Mean and maximum flight distances per day were obviously strongly correlated with daily 100% MCP home range size (Spearman’s rho = 0.74 and 0.88 respectively, both P < 0.001).
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Distance to water (m)
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day
night
random
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0
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Figure 7.3 Distance to water in different landscapes during daytime and nighttime compared
to 1000 random points in the same landscape. The boxplots show the median with 25th and
75th percentiles and error bars represent the range of 95% of all positions. Significance levels of
differences between GPS positions and random points are depicted (* p < 0.05 and ** p < 0.01).
Note the log scale of the y-axis.
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Figure 7.4 The spatial scale of mallard movements at the four study sites in the Netherlands
in the order of high to low freshwater habitat availability (OA = Oud Alblas, TN = Terra Nova,
JP = Juliusput, EV = Enterveen). Graphs represent (a) the mean flight distance per day, (b) the
maximum flight distance per day, (c) the total home range size (100% MCP), (d) the core area size
(50% KUD), (e) the number of flights per day, and (f) the number of core areas visited per day.
The boxes indicate the median between 25th and 75th percentiles with whiskers depicting the 5th

and 95th percentiles. Letters denote statistical differences (p < 0.05).

Affinity with water

The mallards in our study showed a strong affinity with water, both during roosting and
foraging, irrespective of landscape configuration (Fig. 7.3). Overall, 95% of all GPS positions per mallard were within 38 m from the nearest water body. Nocturnal positions
in all landscapes were on average farther away from water (11.4 m, 95th percentile =
44.4 m) than diurnal positions (6.7 m, 95th percentile = 23.2 m). However, even during
foraging the absolute distances to the nearest water body remained short and in all
study sites except Oud Alblas the nocturnal positions were still significantly closer to
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37.4 (<0.001)
67.9 (<0.001)

29 (<0.001)

56 (<0.001)

Temperature2

Study site (NL)

29 (<0.001)

133 (<0.001)

11 (<0.001)

0.8 (0.98)

0.8 (0.10)

55 (<0.001)

59 (<0.001)

8 (0.002)

1 (0.40)

1.2 (0.37)

85.3 (<0.001)

43.7 (<0.001)

1.9 (0.76)

1.7 (0.61)

1.8 (0.69)

1.6 (0.055)
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0.1 (0.30)
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Mean daily flight Maximum flight Number of flights Number of core
distance
distance
per day
areas visited

-

31.0 (<0.001)

6.0 (0.004)

0.0 (0.17)

-

Distance of
individual flights

Flight distance

6.88 (0.36)
7.62 (0.36)
7.71 (0.22)

Area surface water

N water bodies

Total shore length

-0.00428

-0.00126

0.00026

-0.00989

-0.00254

7.11 (0.39)
7.55 (0.19)

N water bodies

Total shore length

Estimate
0.00359

Area surface water

Home range size

Intercept (±SE)
4.15 (0.16)

Fixed effect

Dependent
variable (logtransformed)

0.00058

0.00022

0.00046

0.00074

0.00039

0.00039

SE

46.2

28.1

1.3

63.3

37.0

11.4

ΔAIC

0.74
0.57

< 0.001

0.54

< 0.001
< 0.001

0.62

< 0.001

0.40

0.36

< 0.001

0.404

conditional R2

p-value

Table 7.3 Test statistics of linear mixed models of the effects of water-related landscape metrics on the log-transformed home range sizes and logtransformed flight distances between roost and foraging sites of mallards in western Europe. Conditional R2 was calculated following Nakagawa &
Schielzeth (2013).
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Table 7.2 Test statistics (ΔAIC and (p-value)) of the effects of body condition, weather conditions and study site on movement parameters in the
Netherlands.
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water than random (Fig. 7.3). Occasional foraging on agricultural fields without water
in the direct vicinity was only observed at the driest study site, Enterveen, suggesting
lower dependence on structural water bodies in drier landscapes.

Effects of body condition and weather on movement patterns

Body condition did not affect any of the movement metrics (summary statistics in Table
7.2). Flights occurred under a large range of weather conditions throughout the study
period, with temperatures ranging between -12.5 and +26.7°C, maximum wind speed
of 14 m/s and highest hourly amount of precipitation of 8.7 mm. Daily mean values
for wind-precipitation had no effect on movement parameters, but mallard movement
behaviour was significantly affected by daily mean temperature (positive effect on all
metrics except the number of flights and number of core areas) and its quadratic term
(highly significant for all movement metrics, test statistics in Table 7.2): mallard movements increased when temperatures dropped towards 0°C, but decreased again when
temperatures fell below the freezing point.

Effects of landscape configuration on movement patterns

We found significant differences between study sites for all movement parameters:
maximum flight distance, mean flight distance, home range size, core area size and
number of flights per day, except for number of core areas (Fig. 7.4, test statistics in
Table 7.2). Movement metrics at the site with highest wetland availability (Oud Alblas)
were significantly lower than in all three other landscapes, with the single exception of
mean flight distance in Terra Nova, the wettest site (p = 0.07). Mean daily home range
sizes increased from 14.0 ± 28.7 ha at Oud Alblas through Terra Nova and Juliusput to
91.3 ± 184.2 ha at Enterveen, the driest site. Similarly, core area sizes increased from
0.4 ± 0.7 to 2.7 ± 5.0 ha and maximum flight distances from 0.6 ± 0.5 to 2.1 ± 2.0 km
(Fig. 7.4). Terra Nova and Juliusput were most similar in the spatial scale of mallard
movements.
All movement metrics except the number of core areas per day showed a trend
consistent with the gradient in availability of freshwater habitat (Fig. 7.4), strongly supporting the effect of landscape configuration on movement patterns. We further investigated the relations between landscape configuration and movement patterns by quantifying the availability of freshwater habitat at the landscape level and supplementing our
data set with data from Switzerland and France. Analyses of this larger dataset clearly
showed that the total surface area of water in the landscape did not affect maximum
flight distances and was positively related with home range size, contrary to the other
landscape metrics. Both flight distance and home range size increased exponentially
with a reduction of the number of water bodies and total shore length in the landscape
(Table 7.3, Fig. 7.5).
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Figure 7.5 Relations between the movement parameters home range size (a-c) and flight distance
between roost and foraging site (d-f) with the landscape metrics water surface area (a,d), total
number of water bodies (b,e) and total shore length (c,f) within a 2.5 km radius around the
primary roost. Data from this study (black, NL), Sauter et al. 2012 (dark grey, CH), and Legagneux
et al. 2009 (light grey, FR) are shown. Points depict median values per landscape and lines and
shaded areas depict the fitted line with 95% confidence intervals of significant linear regressions
on log-transformed data. Note the log-scale of the y-axis.

Discussion

The results of this study clearly demonstrate that the spatial scale of mallard movements is strongly related with the availability of freshwater habitat in the landscape.
Regardless of landscape configuration, non-breeding mallards usually use three to four
spatially separated functional core areas within their home range. Combined with their
high affinity with water, both during day and night, this means that mallards have to
increase their flight distances and home ranges in fragmented landscapes with more
isolated habitat patches. Within these landscapes, mallards show a clear circadian
movement pattern composed of resting at a main roost site during the day and frequenting one or several foraging sites per night, with high fidelity to both roost and
foraging sites. We found no effect of body condition and only small effects of weather
conditions on mallard movement behaviour.
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General movement patterns

Commuting behaviour between diurnal roost and nocturnal foraging sites is a common
phenomenon among dabbling ducks (Tamisier 1979, Paulus 1988, Cox & Afton 1996,
Legagneux et al. 2009). It has also been reported for mallards, in Europe and North
America (Link et al. 2011, Bengtsson et al. 2014), although other studies suggest that
due to their broad habitat requirement mallards are more flexible and therefore have
a more variable landscape use (Sauter et al. 2012). We found that, despite their flexibility, mallards across a wide range of landscapes strongly prefer to spend the day on a
relatively large water body with vegetated shores providing cover, switching to smaller
and more exposed water bodies during the night. This shows that diurnal and nocturnal
core areas are functionally different, used for roosting and foraging respectively.

Within each studied landscape there was one main roost that seemed to attract
most mallards in the area and from which the birds spread out over the surrounding
landscape at night, suggesting that these landscapes are indeed used as if they are composed of “functional units” as described by Tamisier (1979). The idea of functional units
was based on the observation that foraging sites in an area are used by dabbling ducks
from a single, central roost and that a region contains multiple functional units without
overlap. Support for this was found in several dabbling duck species in Europe, Africa
and North America, but Tamisier (1979) recognized that the case of mallards could be
more complex, due to their ecological plasticity. Indeed, within our study landscapes
there were multiple smaller roost sites in use and individuals from different roosts
used overlapping foraging sites. Moreover, some areas were frequented during both day
and night (Fig. 7.2). Almost half of the mallards used more than one roost site during
the tracking period of on average 18 days. The use of alternative roost sites seemed
to occur most frequently in the wettest landscapes (79% of all core areas used also
during daytime hours at Oud Alblas and 68% at Terra Nova, versus 42% at Juliusput and
36% at Enterveen, Fig. 7.2), suggesting that aggregation of ducks at a single roost in the
landscape reflects limited availability of suitable or undisturbed habitat, rather than an
obligatory behavioural trait.

Due to the necessity to recapture mallards for data retrieval, mallards with
commuting behaviour might be overrepresented in our dataset, but birds that were
shot or recaptured outside of the studied landscapes did not behave differently. Moreover, mallards that left the study area (and of which GPS data were retrieved; N= 5),
directly resumed their commuting behaviour from a central roost upon arriving in a
different landscape. Interestingly, recapture rates were lowest at Enterveen, the driest
study site in the Netherlands, and ring recoveries later revealed that the proportion of
(long-distance) migrants was probably highest at this site (data not shown). This raises
the question whether migratory mallards show less site fidelity during the non-breeding
season than year-round residents, but our data do not allow for such a comparison.
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From a landscape perspective, these mallard movement patterns imply that
mallards selectively use only part of the landscape. The movement patterns suggest
that their dispersal capacity for other organisms is highly predictable (for plant seeds,
see chapter 8) and may have resulted in the evolution of specific dispersal traits to
promote dispersal by mallards, particularly in species with a similar affinity for water,
as already hypothesized by Darwin (1859). Such traits have indeed been proposed for
aquatic invertebrates such as aquatic snails (Van Leeuwen et al. 2012c), but have not
been confirmed for plant seeds: Indeed, seeds of wetland plant species do not differ in
their capacity to survive mallard gut passage from seeds of the many terrestrial plant
species that are also ingested by mallards (Soons et al. submitted, chapter 2). For the
spread of viruses such as AIV, the combination of daytime clustering and night-time
scattering of mallard individuals seems highly effective and this may be one explanation
why infection rates in waterbirds are generally high (e.g. Van Dijk et al. 2014).

Effects of body condition and weather conditions

Despite large variation in body condition between the individuals we tracked, we found
no effect of body condition on any of the movement parameters. This finding contradicts
our expectation that health status may play an important role in mallard behaviour, but
is in line with a study reporting that AIV infection in mallards only has a marginal effect
on their movement behaviour (Van Dijk et al. 2015).

Wind and precipitation also appeared to have no effect on local daily movements of mallards, but temperature did, even though effect sizes were small. The quadratic effect of mean daily temperature was dominant and affected all movement metrics,
revealing a pattern of increased mobility at temperatures around 0°C. This is probably related to increased foraging activity with rising energetic requirements as temperatures drop, in combination with lack of activity while staying at larger open water
bodies as soon as surface water became ice-covered. When surface water freezes, most
food resources become out of reach and it would be more beneficial for mallards to stay
at the roost to save energy and keep the roost free of ice. This relation between temperature and activity has also been described in other studies of mallards (Jorde et al.
1983, Paulus 1988) and other endothermic animals (e.g. Nolet & Rosell 1994) although
the behavioural response to freezing may differ between individual mallards (Sauter et
al. 2012).

Effects of landscape configuration

We quantified landscape configuration in relation to the availability and distribution
of freshwater habitat. Our data show that regardless of this landscape configuration,
mallards always highly depend on the availability of open water. In our study 95% of the
GPS positions were within 38 m from the nearest open water, which is in close agree-
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ment with studies in Switzerland (93% within 20 m; Sauter et al. 2012) and the USA
(at least 94% of the time on water; Jorde et al. 1984). This affinity with water during
both day and night, combined with the generally strict separation of roost and foraging
sites, results in a strong effect of landscape configuration on the spatial scale of mallard
movements. Despite the large variation between individuals, as also reported in other
studies (Sauter et al. 2012, Bengtsson et al. 2014), mallards clearly had larger home
ranges and covered longer distances during commuting flights in drier landscapes in
the Netherlands.

At first glance, the generally lower mobility of mallards at Oud Alblas than Terra
Nova seems counterintuitive, since Terra Nova has by far the largest area of surface
water. However, mallards tend to avoid large open water bodies and instead roost along
shores and forage in shallow water and in shorelines. The landscape at Oud Alblas is
characterized by a dense network of parallel ditches with only 30 to 40 meters of wet
pastureland in between, offering a wealth of foraging habitat around any roost sites.
Indeed across all landscapes (including two other landscapes in The Netherlands, and
landscapes in France (Legagneux et al. 2009) and Switzerland (Sauter et al. 2012)),
flight distances and home range sizes showed a stronger correlation with total length
of shoreline than with the total surface area of water. Unfortunately, we had to limit
this analysis to home range size and daily maximum flight distance due to differences
in tracking methods between studies, but we are confident that this spatial pattern will
apply to the other movement parameters as well given the similarity in responses of all
scale-related movement parameters in the analyses of our study sites only.

The exponential increase of movement distances and home range sizes with a
reduction in the total length of shoreline and the number of waterbodies in the landscape surrounding the roost implies that mallards will strongly respond to loss of
wetland habitat even though they are generally considered a highly flexible and opportunistic species. On the one hand, the increased spatial scale of mallard movements in
landscapes with more scattered wetland habitat will help maintain biotic connectivity
between isolated wetlands patches, at least up to the degree of fragmentation in the
driest landscape used in our study. This may seem good news for the management of
wetlands, but we observed an increased tendency to forage on land in drier landscapes
and in even drier or more fragmented landscapes mallards might switch to foraging primarily on land, especially in areas where mallards can forage in shallow puddles and on
crop waste on agricultural fields (Jorde et al. 1983, Krapu et al. 2004), thereby reducing
their role in connecting wetland biota. The degree of habitat fragmentation at which
mallards will completely avoid the landscape is yet to be determined, as well as the
relation between habitat fragmentation and the number mallards and other waterfowl
using the landscape.
Finally, the lack of an effect of total surface area of water establishes that not
the amount of water in a landscape per se is relevant for the spatial scale of mallard
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movements, but rather the availability of foraging habitat (i.e., shallow water along
banks and shorelines) in combination with a suitable roost. This relation can be used
to predict the spatial scale of mallard movements, and hence the spatial scale relevant
to their dispersal capacity, in landscapes for which tracking data are not available. It
should be noted, however, that direct usage of the relationship presented in this study
requires calculation of landscape metrics at a similarly high spatial resolution.

Conclusions and further implications

Landscape configuration, and particularly the total amount of shoreline of water bodies,
very strongly and predictably affects the spatial scale and patterns of mallard movement behaviour. Other factors, such as body condition (internal state) and weather, did
not or only marginally affect these movements. Temporal aspects of movement behaviour were also highly predictable and varied with day length, independent of landscape
configuration. The high predictability of mallard spatiotemporal movement patterns
suggest that other organisms such as prey, predator and dispersed species, may have
adapted to optimize their interactions – and hence, dependency – on mallards. Indeed,
mallards may be more of a wetland keystone species than previously thought. The
strong, exponential increase of the scale of mallard movement behaviour in landscapes
decreasing in the availability of freshwater habitat suggests that wetland fragmentation
over time will induce a similarly strong response in mallards, leading to longer flight
distances. One the one hand this will help maintain the biotic connectivity between isolated wetlands patches, at least up to some degree of fragmentation, but on the other
hand this implies that mallards are more sensitive to wetland loss and fragmentation
than previously considered. If indeed they are a keystone species, effects of wetland
loss on mallard movement ecology will have cascading effects on many other wetland
organisms.
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Appendix
Table A7.1 Movement parameters per day for mallards in landscapes Oud Alblas (OA), Terra Nova
(TN), Juliusput (JP) and Enterveen (EV). Mean values are presented with standard deviation between
brackets.
OA
Home range size (ha)
Core area size (ha)
Max. flight distance (km)
Mean flight distance (km)
Number of flights
Number of core areas

Sunrise

mean

14.0 (28.7)

range

0.3 - 706.6

mean

0.4 (0.7)

range

0.03 - 16.7

mean

0.6 (0.5)

max

0.1 - 5.0

mean

0.4 (0.3)

max

0.1 - 1.8

mean

3.9 (1.9)

range

0 - 14

mean

1.7 (0.7)

range

1-5

TN

JP

56.7 (99.9)
0.7 - 611.6

91.3 (184.2)

0.5 - 929.0

0.7 - 1416.9

1.6 (2.6)

2.7 (5.0)

0.05 - 19.5

0.02 - 40.9

1.5 (1.6)

2.1 (2.0)

0.1 - 9.1

0.1 - 14.0

0.7 (0.7)

0.8 (0.7)

0.1 - 4.1

0.1 - 4.0

6.1 (3.0)

6.6 (3.0)

0 - 15

2 - 14

2.4 (1.3)

2.2 (1.1)

1-5

1-4

1.3 (2.7)
0.03 - 20.6

EV

59.2 (102.5)

1.2 (1.1)
0.1 - 7.5
0.5 (0.4)
0.1 - 3.3
6.9 (3.3)
0 - 18
2.6 (1.2)
1-5

Sunset

(a)
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Figure A7.1 Proportion of flights (a) and flight distances (b) relative to the time of day.
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Figure A7.2 Spatial scale of mallard movements: (a) distribution of daily home range size (100%
MCP), (b) daily core area size (50%KUD), (c) the number of core areas visited per day, (d) daily
flight frequency, (e) flight distances and (f) maximum flight distances per day.
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Daily movements of mallards (Anas
platyrhynchos) result in frequent
directional long-distance dispersal of
plant seeds

Erik Kleyheeg, Jelle Treep, Bart A. Nolet & Merel B. Soons

CHAPTER 8

Abstract
Animal-mediated dispersal is crucial for the distribution of immobile organisms living
in discrete habitats. Diet studies and experiments have shown that many plant species
can be dispersed inside the guts of waterbirds, but to identify the spatial scale of
waterbird-mediated dispersal, this information has to be combined with animal movement data. Recently developed models have been used to estimate dispersal distances
by migratory waterbirds, while daily regional-scale waterbirds movements, which may
result in much more frequent and directed dispersal, were neglected.
Here, we present a spatially explicit mechanistic model to simulate realistic seed deposition patterns resulting from day-to-day movements of mallards (Anas
platyrhynchos) during winter. By combining detailed empirical data on mallard movements with gut passage times of seeds, we aimed at evaluating the effects of landscape
configuration and seed size on the distance distributions of seeds dispersed by mallards.

The model simulations showed that non-migratory mallards generate highly
clumped seed deposition patterns, with directed dispersal between their core areas.
The longer distances between habitat patches visited by mallards in a fragmented landscape resulted in multimodal dispersal kernels, whereas seeds are more evenly distributed in a homogeneous landscape. Due to the relatively short retention times, on
average 50% of the ingested seeds were already excreted while the mallard was still in
the same habitat patch. Most other seeds were dispersed towards the communal roost,
which may therefore function as a sink for seeds dispersed by mallards.

This study provides the first spatially explicit estimation of seed deposition patterns generated by waterfowl and evaluates the mechanisms behind these patterns.
It reveals that landscape configuration, rather than retention time and seed survival,
shape seed deposition patterns. Seeds retained in the mallard guts for 12 hours have
the highest probability to be dispersed directionally between habitat patches, over
distances exceeding those accomplished by most other dispersal mechanisms. This
long-distance directed dispersal between isolated habitats may promote plant species
persistence in fragmented landscapes and help to maintain wetland biodiversity.
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Introduction
Vector-based dispersal is the only way to move between habitat patches for many plant,
and therefore crucial for population dynamics and their ability to cope with environmental changes (Howe & Smallwood 1982, Levin et al. 2003). The spatial pattern of
seed deposition after dispersal forms a template for plant recruitment and subsequent
ecological and evolutionary processes (Nathan & Muller-Landau 2000, Fraaije et al.
submitted). This pattern often results from multiple dispersal mechanisms, which by
themselves may induce very different seed deposition patterns. For plants with general
habitat requirements, or those growing in a homogenous landscape, dispersal direction
and distances may be relatively unimportant, whereas plants in habitats with a patchy
distribution across the landscape (e.g. ponds or forest gaps) greatly benefit from directional dispersal. Transportation by animals (zoochory) that use the same habitat type
is often the most effective dispersal strategy for these plants (Howe & Smallwood 1982,
Wenny 2001).

While the importance of animal-mediated directed dispersal can easily be reasoned from a theoretical perspective, it is notoriously difficult to quantify seed deposition patterns in the field. This particularly applies to animal-dispersed seeds, as animal
behaviour is often quite variable and involves long-distance movements. Therefore,
mechanistic models to predict seed deposition patterns are increasingly being used to
study the consequences of zoochorous dispersal, despite the challenging implementation of the complex interplay between plant and animal traits (Russo et al. 2006, Will
and Tackenberg 2008, chapters 3 and 4). Once it is clear which species are involved
in the interaction, the most fundamental components of such models are 1) the time
and location of seed attachment or ingestion, 2) the duration of transportation and 3)
the movement trajectories of the disperser animal. For all three components, empirical
data can be obtained in field studies and lab experiments. Dispersal by either attachment (epizoochory) or ingestion (endozoochory) has major consequences for seed survival and deposition patterns. Since animal behaviour and associated movements vary
over time, seed attachment and ingestion may not occur simultaneously, potentially
resulting in different dispersal distances. More importantly, ingested seeds have to pass
the animal’s digestive tract, which affects their survival and duration of transportation
(retention time) and causes selective pressure for other seed traits (e.g. seed size and
seed coat thickness, Soons et al. 2008, Wongsriphuek et al. 2008, chapter 3) than those
required for attachment to animal fur or feathers (e.g. external structures; Tackenberg
et al. 2006).

In wetlands, endozoochorous dispersal by waterfowl has been identified as
an important mechanism for directed dispersal between isolated habitat patches
(Amezaga et al. 2002, Green et al. 2002), both for aquatic and terrestrial plant species
(Soons et al. submitted, chapter 2). Especially mallards (Anas platyrhynchos), the most
127

CHAPTER 8

abundant waterfowl species worldwide with a large geographic distribution (Del Hoyo
et al. 1992), may be a key driver of dispersal in wetlands. Seeds are an important component of the mallard’s diet, which includes a wide range of species (Brochet et al. 2011,
Soons et al. submitted, chapter 2), most of which have the potential to survive digestive tract passage (Charalambidou et al. 2005, Van Leeuwen et al. 2012b). At the same
time, mallards are highly mobile on the landscape scale (Sauter et al. 2012, Bengtsson
et al. 2014, chapter 7) and capable of migrating over long distances (Viana et al. 2013a),
providing ample opportunity for long-distance seed dispersal. However, due to their
opportunistic habitat use, nocturnal activity and rapid displacements, it is difficult to
quantify their contribution to seed dispersal and determine the resulting seed deposition patterns in the field. Mechanistic models could be used to provide deeper insights
into the role of mallards as seed dispersers.

Current estimations of dispersal distances following transportation by mallards
and other waterfowl are based on simple models aiming at identifying maximum dispersal distances, estimated from maximum flight speed during non-stop unidirectional
flights directly after seed ingestion (e.g. Charalambidou et al. 2003, Soons et al. 2008,
chapter 5, but see Viana et al. 2013a). Indeed, long-distance dispersal (LDD) is of disproportionate importance for spatial plant population dynamics (Cain et al. 2000, Nathan
2006) with migratory mallards (A. platyrhynchos) and teal (A. crecca) transporting seeds
over distances up to 1582 km (Viana et al. 2013a). However, successful LDD events following migration remain exceedingly rare (Clausen et al. 2002). Daily, non-migratory
waterfowl movements result in shorter, but much more frequent and perhaps more
relevant LDD events with a high probability of directional dispersal towards suitable
freshwater habitat with similar environmental (e.g. climatic) conditions.
In this study, we explore the dispersal patterns of seeds transported by mallards
during their frequent daily movements, taking advantage of the detailed information
which has become recently available on all essential aspects of this internal seed dispersal: 1) the range of seed species ingested, 2) empirically determined gut passage times
and survival rates under a range of seed sizes, and 3) mallard movement data from
real high-resolution GPS tracks of mallards during the non-breeding season. We combined all these aspects in a single, mechanistic, spatially explicit model and used this to
analyse seed deposition patterns and to quantify its most important determinants.

Modelling approach

We developed a spatially explicit simulation model to estimate seed deposition patterns
after dispersal by mallards. This model combines information on different aspects of
the dispersal process from earlier studies to mechanistically simulate spatial dispersal
processes. We present the results of model simulations for two different landscapes in
the Netherlands which represent areas with a low and high degree of wetland fragmen128
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tation, to explore the (range of) effects landscape configuration on dispersal kernels.
The model consists of two parts: 1) a seed part modelling the ingestion and gut passage
of plant seeds, and 2) a movement part where the mallard movements over the landscape are modelled based on actual GPS locations and a Brownian bridge model to fill in
the gaps between recorded positions.

Seed ingestion and gut passage

Seed ingestion is the first requirement for endozoochorous dispersal by waterfowl.
Mallards have a clear circadian activity pattern, mainly resting during the day at a roost
site and foraging mainly during the night at one or several foraging sites (Bengtsson
et al. 2014, chapter 7). For simplicity, we therefore assumed that seed intake occurred
only during the night and only when mallards were away from the day roost and not
in flight (i.e. present at the foraging sites). Although some information is available
on intake rates of seeds under lab conditions, it is difficult to estimate the number of
seeds consumed by mallards in the field (and thus how many seeds are potentially dispersed). Since the model was designed to estimate a spatial probability distribution of
seed deposition, the exact number of seeds consumed and dispersed is not relevant. To
facilitate interpretation of the model results, we assumed a constant intake rate of 1000
seeds per hour during foraging periods. The number of ingested seeds was multiplied
by a realistic size-dependent seed survival probability to exemplify relative differences
in the proportion of dispersed seeds between differently sized species, following:
I=c*s
where I is the number of ingested seeds per hour that survives digestion, c is the
constant intake rate [seeds h-1] and s is a survival probability as specified below.

Ingested seeds could either be digested or excreted intact. The relation between
survival in this model (the proportion of seeds passing through the digestive tract
intact) and seed size was based on a logarithmic function fitted on seed retrieval data
from a feeding experiment with 24 differently sized seed species fed to mallards (Soons
et al. 2008, see Fig. A8.1 in supplementary material):
s = 0.206 - 0.045 * log V
where V is the volume of an individual seed in mm3. This results in survival probabilities
between approximately 30% for small seeds to 3% for very large seeds within the range
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of seed sizes that have been found in the mallard diet (Soons et al. submitted).

Seed excretion (E) per hour was calculated based on the 48 hour history of seed
intake and an excretion probability as a function of time after intake:
0

E=�

-48

(I(t) * �(|t|;k,�))

where I is hourly intake rate at time (t) and �(|t|;k,�) is the gut passage time drawn
from a gamma distribution. In the model, the integral is approximated using discrete
time steps equal to the interval between the GPS positions. Gut passage times are highly
variable between seed species, between and within individual waterbirds and between
studies. Generally, the first seeds are excreted shortly after ingestion, with peak retrieval
within 4-6 hours and a long tail. The two parameters (shape (k) and rate (�)) of this distribution were estimated for seeds of different sizes passing the guts of mallards (Soons
et al. 2008; see Fig. A8.2 in supplementary material). Gut passage time showed a positive correlation with seed size, which was best estimated by a constant shape parameter
(k = 6) and a varying rate parameter following a logarithmic function of seed volume:
� = 0.9492 - 0.094 * log V
where V is the volume of an individual seed in mm3. Increasing the rate parameter
relative to the shape parameter results in a more peaked retention curve at shorter
retention times. This translates to peak excretion of seeds at around 4 hours after ingestion for very small seeds and around 10 hours for the largest seeds.

Mallard movements

To best simulate realistic seed deposition patterns, we used real, high-resolution movement trajectories of mallards from a GPS tracking study in the Netherlands during the
winter of 2012/2013 (chapter 7). These data were collected over a range of landscape
types, differing in wetland fragmentation. To evaluate the extent to which landscape
configuration can affect seed deposition patterns, we used the tracks of five mallard
individuals from the two most extreme landscapes: Oud Alblas, a wet peat area with
high connectivity of aquatic habitat, and Enterveen, a relatively dry sandy area with isolated ponds and canals (Fig. 8.1; chapter 7). All individual trajectories consisted of nine
days (which was the length of the shortest track). GPS positions had been recorded at a
15 minute interval (± GPS logger inaccuracy) and Brownian bridges were used to estimate mallard movements in between the GPS positions (Horne et al. 2007). Establish130
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ing a Brownian bridge between two locations requires a mean GPS error and a Brownian motion variance. The GPS error was estimated at 10 m (based on 24.081 positions of
three loggers fixed to a pole). The Brownian motion variance can be estimated directly
from GPS data (Horne et al. 2007), however as it varies with time and behaviour, it
might be better to allow for this variation in the estimation method. Recently, methods
have been developed to estimate the Brownian motion variance dynamically (Kranstauber et al. 2012, Kranstauber et al. 2014). As entire flights between habitat patches in
our data are typically completed within 2 consecutive GPS locations, the recently developed dynamic methods cannot be used to estimate the Brownian motion variance for
flights. Therefore, we separated the data into flight (distance >100m) and non-flight
(distance <100m) behaviour and assigned a constant Brownian motion variance for
both behaviour types. For non-flight data the Brownian motion variance was estimated
using the classical method (Horne et al. 2007), which yielded 55 m2 at Oud Alblas and
52 m2 at Enterveen. For flight data, we selected all flights where 1 location was sampled
during the flight from one core area to another. In this way sequences of 3 GPS points are
created (i.e. core area A, flight and core area B) from which a single Brownian motion
variance was estimated using the leave-one-out approach. The Brownian motion variance during flight was 200 m2 at Oud Alblas and 330 m2 at Enterveen.

Analysis of landscape and seed size effects

For model simulations run to compare the two landscapes, mallards were assumed to
forage on seeds of a fixed size (2 mm3) to facilitate interpretation of the model output.
To assess the effect of seed size on seed deposition patterns, we performed a sensitivity
analysis on seed volume (V). We varied seed size over a range from 0.1 mm3 to 100 mm3
with steps of 0.1 mm3 and tested the effect on 1) the proportion of seeds dispersed away
from the core area of ingestion and 2) the mean dispersal distance.

Results

Seed deposition patterns

Mallards foraged in distinct patches in the landscape, resulting in highly spatially concentrated seed intake (Fig. 8.1). Seed retention times and nocturnal movement activity
of mallards determined the subsequent seed deposition patterns. Seed excretion
occurred within and between foraging and roost sites across the entire home range of
the mallards, but clearly peaked at the roost sites (Fig. 8.1). Due to the rapid gut passage,
seeds excreted at the foraging sites had usually been ingested in the same habitat patch
several hours earlier (Fig. 8.2). On average, little over 50% of the ingested seeds were
excreted in another patch in the landscape than where they were ingested, depending
on seed size. At Oud Alblas 45.5% of all ingested seeds of 2 mm3 were excreted at the
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roost and at Enterveen this was 50.3%. At Enterveen more than twice as many seeds
were transported to another foraging site than at Oud Alblas (7.6 versus 3.5 % respectively for seeds of 2 mm3, Fig. 8.2).
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Figure 8.1 Plots of landscape use by mallards (based on the density of GPS positions
with Brownian bridges) and corresponding seed ingestion and deposition patterns at
Oud Alblas (left; homogeneous landscape) and Enterveen (right; fragmented landscape).
Graphs are based on 9-day tracks of five mallards in both landscapes, feeding on seeds
at the foraging sites at night and spending the day at a communal roost. Note difference
in spatial scale between the two landscapes.
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Figure 8.2 The proportion of seeds of different sizes dispersed by five mallards per landscape
over nine days, towards either the roost site, another foraging site, or to the same foraging site
(core area) as where the seeds were ingested, based on model runs for differently sized seeds
(0.2, 2 and 20 mm3) in a homogeneous (OA) and a fragmented (EV) landscape. Note that the
proportion of seeds excreted within the site where they were ingested is highest for the smallest
seeds due to rapid passage through the digestive tract.

Dispersal distances

Since most seeds were deposited at the foraging sites and the roost (Fig. 8.2), the distances between these patches strongly affected the dispersal kernels (Fig. 8.3). Due to
the rapid flights of mallards between habitat patches, very few seeds were deposited en
route (Fig. 8.1), creating peaks in deposition probability around the distances between
the roost and the foraging sites. Mallard movement distances differed between the two
landscape types, with longer flights between habitat patches at Enterveen than at Oud
Alblas, resulting in dispersal distances up to ca. 8000 m at Enterveen and up to ca. 1600
m at Oud Alblas (Fig. 8.3). The higher probability of larger seeds to be dispersed away
from their original patch resulted in slightly longer mean dispersal distances, but seed
size did not affect the range of dispersal distances.
To evaluate the effect of gut passage time on dispersal distances we analysed
the net displacement of mallards over time and compared this with realized dispersal
distances over gut passage time. The spatial behaviour of mallards showed a clear diel
pattern with repeated visits to the same habitat patches for foraging and roosting. At
any time of the day, mallards were likely to be at the same habitat patch as where they
were 24 hours earlier (either at the foraging site or at the roost). Conversely, at twelve
hour intervals, mallards had most likely switched between patches, from foraging to
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roosting or vice versa. Therefore, potential dispersal distances increased only for gut
passage times up to twelve hours. The median dispersal distance of seeds retained in
the guts for 12 hours was 3000 m at Enterveen and 600 m at Oud Alblas, irrespective
of seed size. However, with gut passage times between 12 and 24 hours, dispersal distances decreased and seeds had an increasing probability to be dispersed back to the
habitat patch where they had been ingested. After 24 hours this pattern repeated itself
(Fig. 8.4).

Seed size effects

Model simulations for a range of different seed sizes between 0.1 and 100 mm3 showed
that the proportion of seeds transported away from the source increased with seed size,
ranging from ca. 40% for the smallest seeds to ca. 65% for the largest seeds. Accordingly,
there was a positive relation between seed size and the mean dispersal distance, with
mean dispersal distances of the largest seeds ca. 14% longer than the smallest seeds,
translating to 68 m longer distances at Oud Alblas and 265 m longer at Enterveen. The
increase in dispersal distance over seed size levelled off at ca. 20 mm3, and at Oud Alblas
the mean distances slightly decreased for very large seeds, reflecting the increasing
probability to be dispersed back to original site of ingestion due to their longer retention times. Due to the lower gut passage survival of large seeds, the absolute numbers
of seeds dispersed away from the site of ingestion decreased exponentially with size,
indicating that plant species with small seeds may still benefit quantitatively more from
dispersal by mallards.

Discussion

The results of the mechanistic model presented in this study show that the geographic
extent and the circadian pattern of habitat patch visits by mallards strongly determine
the spatial patterns of deposition of the seeds that they disperse. While seed size is a
main determinant of gut passage survival and hence numbers of seeds dispersed, it
plays only a minor role in shaping seed deposition patterns.

Clumped seed deposition

The dispersal kernels shaped by mallard-mediated dispersal do not have the typical
shapes known from hydrochory or anemochory, or from estimations of long-distance dispersal by migratory waterfowl (i.e. with a continuously decreasing dispersal
probability over distance). Instead, the kernels are multimodal with relatively high probabilities to be dispersed across the total extent of the mallard’s home range. Outside the
migratory period, the home range size of mallards varies greatly between individuals,
from less than 10 ha to more than 3000 ha, as shaped by a network of frequently visited
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Figure 8.3 Seed dispersal kernels (dispersal probability over distance) for differently sized seeds
(0.2, 2 and 20 mm3) in a homogeneous (Oud Alblas) and a fragmented (Enterveen) landscape,
based on 5 mallards tracked for 9 days in each landscape. Note that the dispersal distances at
Enterveen are much higher and the kernel is shows more peaks (multimodal) due to larger
variation in distances between core areas (Fig. 8.1, chapter 7). Seed size had a mildly positive
effect on the proportion of seeds dispersed away from the site of ingestion.
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Figure 8.4 Seed dispersal distances over retention time up to 48 hours (based on 45 tracking
days per landscape) in a homogeneous (Oud Alblas) and fragmented (Enterveen) landscape. The
solid line represents the median dispersal distance and the dotted lines represent the 5th and 95th

percentiles. Due to the circadian rhythm of mallard movement patterns, with visits to the same
foraging/roost sites every night/day, the longest dispersal distances are realized with a retention
time of 12 hours.
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patches in the landscape (Legagneux et al. 2008, Sauter et al. 2012, chapter 7). The high
consistancy in the use of these relatively well-defined core areas (chapter 7) results
in highly clumped seed deposition in and around wetland habitat, indicating strongly
directed dispersal towards mallard habitat (i.e. freshwater habitat). Clumped deposition after zoochory has been shown previously for terrestrial ecosystems (Schupp et
al. 2002, Russo & Augspurger 2004), but to our knowledge this is the first model result
suggesting similar clumping in wetlands. Wenny (2001) argued that directed dispersal is more common in disturbed or fragmented landscapes, where the distribution of
‘safe sites’ for disperser species are more predictable, than in homogeneous landscapes.
The more peaked dispersal kernel at Enterveen( fragmented) than at Oud Alblas (more
homogeneous) in this study also suggests more directed dispersal in fragmented landscapes (Fig. 8.5), but this does not imply that seeds in more homogenous landscapes
are less likely to be dispersed towards suitable freshwater habitat (since this habitat is
nearly omnipresent, hence the homogeneity of the landscape).

Disperser animals gathering at a roost is one of the mechanisms that may result
in directed dispersal (Wenny 2001). Mallards and many other waterbird species (e.g.
Tamisier 1978) use communal roost sites. Assuming that mallards ingest seeds only
(or mainly) at the foraging sites, combined with very few switches between foraging
sites during the night, the model predicts that mallards disperse seeds asymmetrically
towards the daytime roost. The resulting asymmetric gene flow may result in spatial
population dynamics of the disersed species which resemble a ‘mainland-island’ system
more closely than a network of equal patches (such as the traditional metapopulation).
Perhaps more importantly, foraging and roost sites may be in different catchments
(without hydrological connection), so that in many cases the seeds are dispersed to
habitat patches that would be unreachable by hydrochory, and unlikely reached by
anemochory. Mallards sharing foraging sites but using a different roost site would
create a network of dispersal pathways across the landscape. Secondary dispersal by
other mechanisms after seed excretion, e.g. by water, may lead to even further extension
of the final seed shadow.

Landscape effects

The daily mallard movements used as input in this model were restricted to the vicinity
of a communal roost site at both sites, but the spatial extent of these movements
depends on the amount of available freshwater habitat (chapter 7), which largely differs
between Oud Alblas and Enterveen. Hence, mallards at Oud Alblas strayed up to 1.6 km
from the roost, while mallards at Enterveen used core areas up to 8.2 km away from
the roost (Fig. 8.1). Obviously, this strongly affected the dispersal distances of ingested
seeds. According to our simulations, mean dispersal distances were between 480 and
550 m at Oud Alblas and between 1920 and 2180 m at Enterveen. Due to the fast flights
of mallards, there is little time for seeds to be defecated in-between suitable habitat
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patches, even if the flight distances are several kilometres. The circadian pattern of
foraging and roosting at separate sites is not affected by landscape configuration, so the
ratio between seeds deposited inside and outside the patch where they were consumed
remains similar. Mallards in both landscapes used on average only foraging one foraging
per night, but mallards at Enterveen were more than twice as likely to change foraging
areas between nights than mallards at Oud Alblas (on average 3.8 vs. 1.8 foraging sites
used per individual, respectively, during the 9 days tracking period). This means that
seeds with long retention times (especially large seeds) had a higher probability to be
dispersed to another foraging site at Enterveen than at Oud Alblas.
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Figure 8.5 Conceptual diagram of utilization of homogenous (wet) and fragmented landscapes by
mallards and subsequent waterfowl-mediated dispersal kernels. The longer distances between
deposition sites and the highly clustered deposition patterns result in a stronger multimodal
dispersal kernel in fragmented landscapes.
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Dispersal distances and gut passage time

If seeds are dispersed outside of the original patch, the dispersal distances are often
relatively high: at Oud Alblas and Enterveen 50% of the seeds were dispersed over 600
m and 3000 m respectively. Since plant seeds normally end up close to the mother plant,
landscape-scale dispersal by mallards should be considered long-distance dispersal (i.e.
>100 m as suggested by Cain et al. 2000, or >250 m as suggested by Traveset et al. 2013).
Based on the typically fat-tailed dispersal kernels described before, long retention times
of seeds within animals are often associated with dispersal over longer distances. This
may be the case for instance for grazing mammals, moving continuously through the
landscape (Will & Tackenberg 2008), or for other animals heading in a dominant direction. Similarly, waterfowl-mediated dispersal distances are usually estimated based
on an assumed unidirectional flight, ranging up to several thousands of kilometres for
seeds retained in the digestive tract for >24 hours (e.g. Soons et al. 2008, Viana et al.
2013a). However, the cyclic daily movement patterns of non-migratory mallards result
in very differently shaped dispersal kernels with highest median dispersal distances
after gut retention of twelve hours and decreasing distances for seeds retained longer.
By far most seeds are digested or excreted within 12 hours after ingestion by mallards,
so the positive relation between retention time and dispersal distance remains for most
seeds. However, very long retention times (exceeding 12 hours), which are emphasized
in many studies as particularly important, may in reality result in relatively low dispersal distances.
The mean retention time of large seeds may approach the seemingly optimal
duration of 12 hours, although such long retention comes with the cost that survival
is generally very low. To optimize dispersal by waterbirds, plants need to find strategy
within the trade-off between retention time and survival by producing seeds that are
small enough and with a tough enough seed coat to survive (chapter 3), but large enough
to optimize their retention time. Sparganium erectum might represent an example of
such adaptation, as it produces seed with a seed coat so thick that it requires damaging
(for instance by digestive forces) to germinate (Soons et al. 2008), while at the same
time the thick seed coat makes the seeds large enough for relatively long retention in
the digestive tract (chapter 4). However, the 20% lower probability of small seeds to be
dispersed away from the site of ingestion is more than compensated by their higher gut
passage survival probability.

Model improvement: ingestion, digestion and transportation

The model presented in this study aimed to identify the deposition patterns of seeds
dispersed by mallards in realistic landscapes. A logical next step would be to implement
information about seed intake to estimate the quantitative role of mallards in seed dispersal. Basic questions that first need to be addressed are: How much time do mallards
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spend foraging on seeds? What is the intake rate of seeds under natural foraging conditions? What is the relation between seed size and intake rate? For estimation of the time
spent foraging, we propose the use of accelerometry data to obtain an overall idea of
mallard activity (e.g. overall dynamic body acceleration, Wilson et al. 2006), or to try to
identify foraging behaviour from acceleration data (e.g. Shamoun-Baranes et al. 2012).
Seed intake rates by mallards have been quantified under controlled conditions (e.g.
Van Dijk et al. 2012) and have been shown to be seed size-dependent (Fritz et al. 2001).
Diet studies, which have shown that mallards forage on multiple species at the same
time (e.g. chapter 2) could be used to predict which species, with which seed traits, are
consumed. Finally, one should consider the limitations of digestive tract capacity for the
number of seeds that can be consumed per unit of time and for the maximum seed load,
which is again seed size-dependent.
A next step would be to include variation in digestive efficiency among and
within individuals (e.g. seasonally) and between different waterfowl species. At least
two factors affecting digestive efficiency should be included for more realistic estimation of seed survival: 1) digestive plasticity in response to diet quality, and 2) digestive
efficiency during different types of behaviour. Waterbirds adapt their digestive tract
morphology to seasonal changes in diet quality (Miller 1975, Kehoe et al. 1988, Starck
1999), modulating seed survival potential (Charalambidou et al. 2005, chapter 4),
resulting in a difference similar to differences between carnivorous and herbivorous
waterfowl species (Kehoe & Ankney 1985). Secondly, recent studies have shown that
active behaviour in mallards reduces the digestive efficiency and hence increases the
survival potential of ingested seeds (Van Leeuwen et al. 2012a, chapter 5).
Finally, the current representation of space use by mallards using Brownian
bridges allows for improvements, especially for flights. Since the time interval between
our GPS locations is around 15 minutes and we expect flight times to be typically
(shorter than) one minute, we probably overestimated the time spent in between core
areas, and hence the probability of seed deposition outside of mallard habitat. Accounting for flight speed when setting up a Brownian bridge and the use of GPS data with
shorter time intervals between positions would improve these estimations. Alternative
methods of motion variance calculation are currently under development.

Conclusions

This study provides the first spatially explicit estimation of seed deposition patterns
generated by waterfowl-mediated dispersal, and takes into account the differences
between landscape types. Particularly, it sheds light on the patterns of seed dispersal by
frequent daily movements of resident mallards and on the mechanisms that generate
these patterns. Non-migratory mallard movements result in highly aggregated seed dispersal patterns at discrete habitat patches used for foraging and/or roosting. Dispersal
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kernels are clearly multi-modal and reveal dispersal distances at the scale of kilometres,
depending on landscape configuration, exceeding distances accomplished by most
other dispersal mechanisms. Most seeds are dispersed asymmetrically towards the
communal roost site, which could function as a dispersal sink for waterfowl-dispersed
seeds. The long-distance directional dispersal across barriers between isolated habitats
may promote plant species persistence in fragmented landscapes and helps to maintain
wetland biodiversity.
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Figure A8.1 The exponential relation between seed volume and the proportion of seeds passing
through the mallard digestive tract intact based on a feeding trial study with 24 plant species by
Soons et al. (2008). Note that the variation in gut passage survival is high and other seed traits
besides size also play a role.
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Figure A8.2 Gut passage time curves (following a gamma distribution) differently sized seeds
estimated from feeding trial data by Soons et al. 2008. For each seed species used in this feeding
experiment we estimated the rate parameter for a fixed shape (k = 6). We fitted a logarithmic
curve to the relation between the rate parameter and seed volume (R2 = 0.37 and p = 0.008),
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Dispersal in wetlands
Dispersal is a widespread phenomenon. Across the kingdoms of life, offspring are released
into the environment in search of unoccupied space where conditions are suitable for
growth and reproduction. Species-specific requirements determine where and how to
find the right niche and even within species inter-individual variation co-determines
the dispersal strategy. For most plants, the dispersal phase is the only life-history stage
in which individual organisms are mobile, and failing to reach a suitable destination for
establishment and reproduction in this stage is fatal. Worldwide, over 350,000 plant
species (Paton et al. 2008) struggle to persist in a variable environment, each with their
own habitat requirements, competitive strength and dispersal strategies. A growing
number of these species is facing extinction, largely due to human-induced environmental changes, especially in freshwater ecosystems (Dudgeon et al. 2006). When plant
populations become isolated, they may lose the capacity to exchange propagules with
other populations, or to (re)colonise available habitat patches. Finding suitable habitat
is thus becoming ever more crucial for the persistence of plant species, especially in
vulnerable, fragmented ecosystems.

Charles Darwin (1859) characterized freshwater wetlands as ‘islands in a sea of
land’, but recognized at the same time that many aquatic organisms are widely distributed, sometimes cross continents. This seems to contradict with the predicted dispersal
limitation in fragmented landscapes. Indeed, plants that rely solely on hydrochorous
dispersal require physical aquatic habitat connections for dispersal (Ozinga et al. 2009),
while wind-dispersed species are less sensitive to the loss of such connections, but are
mostly dispersed unidirectional over relatively short distances (Soons 2006). As Darwin
predicted, the most promising natural (i.e. not anthropogenic) mechanism to achieve
directional dispersal between isolated freshwater habitats is zoochory by waterfowl. In
this thesis the scale and potential of waterfowl-mediated dispersal is evaluated by identifying (1) which plant species are involved, (2) the mechanisms underlying seed gut
passage survival, and (3) factors determining the resulting seed deposition patterns in
the landscape. In this final chapter, these three focal points are discussed in the context
of freshwater ecosystem functioning and directions for future research are defined.

Ingestion – who gets eaten?

Mallards and most other dabbling duck species are partially granivorous (Crams
& Simmons 1977, Del Hoyo 1992), which means that they forage on seeds when the
availability of animal food is relatively scarce. Although thorough diet comparisons
between seasons are lacking, the proportion of animal matter in the diet seem significantly lower during the non-breeding season (i.e. in autumn and winter) than during the
breeding season (Dessborn et al. 2011a). Since the non-breeding season coincides with
the hunting season for waterfowl in many European countries, the ‘granivorous period’
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of dabbling ducks is this period of the year when many carcasses are available for digestive tract analysis. Hence, we have a rather detailed overview of the types of seeds consumed by waterfowl (Dessborn et al. 2011a, Brochet et al. 2012). Seven dabbling duck
species living in the Western Palearctic together consume seeds of at least 445 plant
species of 189 different genera. Rarefaction curves for diet studies in the Camargue and
the Netherlands suggest that still more species are to be expected when sampling effort
would be increased (Soons et al. submitted). This confirms the conclusions of Dessborn
et al. (2011a) that the species composition of seeds in the diet of dabbling ducks is
highly variable in space and time. This variation is also clearly demonstrated in chapter
2, where we report 81 plant species recovered from digestive tracts of 77 individual
mallards during winter in the Netherlands. In this study, 28 species were found in only
one individual mallard and from October to January, the species composition of the diet
shifted by the month. The current list of species potentially dispersed by dabbling ducks
is thus still far from complete, but already it is clear that waterfowl-mediated dispersal
is a phenomenon occurring on a very large scale.
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Figure 9.1 Availability of seeds for waterfowl in three different micro-habitats (on land, at the
water surface and on the bottom of shallow water) in natural and agricultural habitats in the
western peat district of the Netherlands. Three soil samples per micro-habitat were taken at
four locations in natural and agricultural habitat. In natural habitats most seeds are found at the
water surface, while in agricultural habitats most seeds can be found on land. In both habitats, the
least number of seeds were found at the bottom of the water. All differences within and between
microsites were statistically significant (p < 0.05, tested by a generalized linear mixed-effects
model with Poisson error distribution and location as random factor). Data were collected by
Isabel Muñoz in fall 2008 (unpublished data).

145

CHAPTER 9

The large amount of available data on dabbling duck diets allows evaluation
and generalization of plant species characteristics and seed traits of ingested seeds.
Seeds in a size range of 1-10 mm3 were shown to be preferred by dabbling ducks (Soons
et al. submitted), which is also the size range of species with usually a relatively high
survival probability of passage through the digestive tract of waterbirds (Soons et al.
2008, Van Leeuwen et al. 2012b). The full range of seed sizes is, however, much wider
and ranges from seeds that are barely visible to the naked eye, to seeds as large as
acorns (Quercus sp.), which are in some areas even the primary food source of mallards
(Dabbert & Martin 2000, Miller et al. 2003). Seeds with a wide range of adaptations
for different dispersal mechanisms are found in the dabbling duck diet, stipulating the
opportunistic selection of food items. Species that are potentially adapted to dispersal
by waterbirds constitute only part of their diet and for many plant species dispersal by
waterbirds must be supplementary besides other dispersal mechanisms such as hydrochory or anemochory. In the same line, in chapter 2 and Soons et al. (submitted), we
show that seeds in the diets of mallards and other ducks belong to species with a wide
range of preferred habitat conditions. Beside wetland species, many terrestrial species
are consumed, including agricultural and even garden species. This again demonstrates
the opportunistic foraging behaviour of dabbling ducks and mallards in particular, but
also indicates that the role of waterfowl in the dispersal of plants is not restricted to
wetland plants, but spans a wide range of species and habitats (see also Fig. 9.1). This
also includes invasive species, whose dispersal may be greatly enhanced by waterfowl
movements across the landscape (e.g. Brochet et al. 2009, Coughlan et al. 2015).

Digestion - how to survive gut passage?
The seed perspective

In chapter 2 we have seen that mallards and other dabbling duck species forage highly
opportunistically on seeds of a large range of plants species, suggesting that apart from
size, seed traits are not important for ingestion by mallards. As a consequence, ingested
seeds vary greatly in their capacity to resist the digestive forces they encounter in the
waterbird digestive tract. Although previous feeding trial studies have shown that many
plant seeds do at least occasionally pass the digestive tract intact (e.g. Soons et al. 2008,
Wongsriphuek 2008), we have shown both in wild (chapter 2) and captive mallards
(chapter 5) that some plant species rarely – perhaps never – survive digestive tract
passage (e.g. Quercus sp., Thalictrum aestivum, Agrostemma githago). This indicates
that there are seed traits that enhance survival potential, which also allows adaptation
to waterbird-mediated dispersal. Which seed traits are these? Previous studies with
captive mallards have convincingly shown that seed size is negatively related with survival of digestive tract passage (Mueller & Van der Valk 2002, Soons et al. 2008, Figue146
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rola et al. 2010), which was supported by the feeding trials in chapter 5, and also found
in wild mallards in chapter 2. Most other seed traits affecting seed survival are related to
the seed coat (e.g. seed coat thickness (Soons et al. 2008, Traveset et al. 2008), hardness
(Agami & Waisel 1986) and permeability (D’hondt & Hoffmann 2011)). These relations
were, however, based on little empirical evidence and potential underlying mechanisms
have been subject to speculation.

The aim of chapters 3 and 4 was to elucidate the interactions between seed
size and seed coat related traits with digestive processes that occur in the waterbird
digestive tract. In chapter 3, seeds with different traits were exposed to simulated
mechanical, chemical and intestinal digestive processes, which occur at different locations within the digestive tract. Chemical and intestinal digestion had little impact on
the viability of intact seeds, but did reduce the survival of seeds that were scarified,
which is likely to occur in the gizzard. The significant interaction effect between seed
coat traits and digestive treatment in chapter 3 clearly indicates that seed coat thickness and permeability, which are strongly negatively correlated with each other, are
involved in the resistance against chemical and intestinal digestion. Seed size also interacted with the effect of treatment on seed viability, suggesting that large seeds, having
a large contact area, are more sensitive to the negative effects of chemical and intestinal
digestion than small seeds. The interaction between mechanical and chemical digestion, simultaneously occurring in the gizzard, also works in the opposite direction and
is particularly critical: pre-treatment of seeds with acid for two hours reduces the force
required to crack seeds by as much as 80%, an effect that was strongest in seeds with
a thin, permeable seed coat. Destruction of larger seeds required more force, but in
chapter 4 we showed that large seeds are retained longer in the proventriculus and
gizzard than small seeds, providing longer acidic pre-treatment and more time for
damaging the seeds. This eventually results in greater losses of large seeds than small
seeds during gut passage (chapters 4 and 5).
The longer retention time of large seeds in the proventriculus and gizzard, as
shown in chapter 4, explains the previously described faster gut passage of smaller
seeds (Soons et al. 2008). At the same time, it also explains why some studies described
a longer passage time of large seeds (Traveset 1998, Figuerola et al. 2010, chapter 5).
The longer retention time in the gizzard does not mean that these seeds will ever leave
the bird intact. Especially relatively weak large seed species (as used in chapter 5) have
a high probability of destruction in the gizzard and only the few large seeds that pass
the gizzard rapidly, are recovered in the faeces. Those seeds that are retained in the
gizzard, do not survive, or are regurgitated (chapter 6).

So how can we determine if seeds of a plant species are likely to survive passage
through the digestive tract of a waterbird? We show in this thesis that seed size is
indeed a major determinant of dispersal potential, but emphasize that seed coat traits,
especially permeability, should not be neglected. Large seeds with permeable seed
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coats (e.g. Triticum aestivum, Agrostemma githago and Impatiens glandulifera) have an
exceedingly low probability to survive digestive tract passage, while small size and a
strong, impermeable seed coat may point to adaptation to endozoochorous dispersal.

Avoiding digestion

Passing through the entire digestive tract is not the only option after ingestion. Under
specific circumstances, seeds may escape digestion, while still being transported internally. During the feeding trials described in chapter 5, we found that mallards regularly
regurgitated seeds at different times after feeding (chapter 6). More importantly, the
regurgitated seeds included species that were never found to pass the entire digestive tract intact. This suggested that the seeds regurgitated shortly after feeding had
not yet entered the destructive gizzard before regurgitation. For soft seeds and small
animals this could be an effective dispersal mechanism, but, although it does occur in
the field (pers. obs. Merel Soons), it is not yet known how often wild mallards regurgitate food items. Regurgitation in the lab probably had two causes: regurgitation of
various seed species within one or two hours after ingestion was probably induced by
overfeeding, while regurgitation of large, hard seeds at ten or more hours after feeding
(which did show signs of mechanical digestion in the gizzard) were possibly expelled
because they were too large to enter the small intestines. Both mechanisms are likely to
occur in the field: mallards may stuff themselves when food abundance is high (based
on esophagus contents in chapter 2), and regurgitation of large grit particles should
also occur regularly. However, this is yet to be confirmed by field observations. Regurgitation of indigestible food items is common in other birds, including regurgitation of
seeds by frugivorous passerines (Levey 1986, 1987). Moreover, regurgitation of pellets
containing seeds is described as a mechanism of secondary dispersal by raptors feeding
on frugivorous animals (Nogales et al. 2007).

The duck perspective

The physiology (chapter 4) and behaviour (chapters 5 and 7) of the disperser species
may determine the dispersal potential of ingested seeds. The digestive tract is highly
variable and plastic, as demonstrated for wild (Kehoe & Ankney 1985, Starck 1999)
and captive waterfowl (Miller 1975, Kehoe et al. 1988). In chapter 2, I describe that
gizzards and small intestines of mallards during the non-breeding season in The Netherlands vary in size from 18 to 57 cm3 and from 102 to 187 cm respectively, with a
clear pattern over time which may be the result of changing food quality and availability. Indeed, lab-based experiments in mallards fed with different experimental diets
(Miller 1975, Kehoe et al. 1988) indicated that digestive tract plasticity is adaptive and
may vary in the field with food digestibility (fibre content) and abundance, to optimize
digestive efficiency and energy gain (Olsen et al. 2011, Van Gils et al. 2008). A study by
Charalambidou et al. (2005) suggested that changes in digestive tract morphology as a
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response to diet change, would directly affect digestive tract passage survival of plant
seeds. In a diet experiment described in chapter 4, we were partly able to show a similar
effect of diet quality on the survival potential of ingested seeds, with a positive change in
retrieval of intact seeds in mallards on a low-fibre diet. However, due to large variation
within treatment groups, we were unable to detect significant differences in digestive
organ size (unlike Miller 1975 and Kehoe et al. 1988) and we were unable to relate the
size of any digestive organ to the proportion of seeds retrieved from the birds’ faeces.
In chapter 2, this relation also remained undetected in wild mallards. However, we did
find a positive relation between intestine length and seed retention time in chapter 4,
potentially suggesting longer seed retention in mallards and other waterbirds with a
herbivorous diet, an effect that was not observed for plant seeds by Charalambidou et
al. (2005). Clearly, more studies are required before we fully understand the interaction
between digestive organ physiology and seed dispersal potential.

Besides digestive organ size and mass, the behaviour of waterbirds also affect
the digestive efficiency and retention time of food items. Van Leeuwen et al. (2012)
convincingly showed in a feeding experiment that indigestible plastic markers pass
the digestive tract of mallards faster when the birds are exercising than when they are
resting on water or sitting in a cage. Since retention time positively affects the probability of digestion of seeds, wild mallards that are physically active (e.g. foraging, flying)
may be better dispersal agents than birds sitting still in a cage, as is usually the case
in feeding experiments. Indeed, in chapter 5 we show that seeds are more likely to
pass the digestive tract intact when birds are swimming in a flume tank than when
they are inactive, which coincides with a (non-significant) acceleration of digestive tract
passage. This indicates that wild, active birds may be more efficient dispersal agents
than estimated based on lab-experiments with inactive birds. The retention time effect
of physical activity on seeds was, however, much weaker than on plastic markers. This
is probably again due to the relation between digestion and seed destruction, which
advances the seed retrieval peak so that differences become hard to detect. Hence, the
accelerated gut passage in active versus inactive birds is strongest in digestion-resilient
seeds and could potentially reduce maximum dispersal distances by several hundreds
of kilometres.

Transportation – Dispersed where to?
Dispersal distances

Dispersal distance is a fundamental element of the dispersal process and has been the
focus of numerous studies in plants and animals, from marine larvae to tropical forest
trees (e.g. Kot et al. 1996, Clark et al. 1999, Nathan & Muller-Landau 2000, Cowen et
al. 2006). In the study of waterbird-mediated dispersal, dispersal kernels have always
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been estimated for migratory waterbirds, based either on empirical data (Viana et al.
2013a) or theoretical assumptions on flight speed and direction (e.g. Charalambidou
et al. 2003, Soons et al. 2008, chapter 5). This is probably due to the strong emphasis
in literature on the disproportional importance of long-distance dispersal (LDD) for
range expansions, spread of invasive species, colonization of oceanic islands and other
ecological processes (Cain et al. 2000, Nathan 2006). Indeed, dispersal by migrating
birds may result in extremely long dispersal distances, but we should be careful not
to mix up the scales of long-distance dispersal (as understood by plant ecologists) and
long-distance migration (as understood by ornithologists). Since most seeds end up
within meters to tens of meters from the parent plant (Howe and Smallwood 1982),
LDD may be defined as a dispersal event over more than 100 meters (Cain et al. 2000,
Tackenberg 2003) or as “a dispersal event that occurs in the upper 1% of seed dispersal distances calculated from a dispersal kernel” (Turchin 1998), which implies similar
distances for most plant species. In contrast, migratory flights of waterfowl may cover
hundreds of kilometres (>1500 km according to Viana et al. 2013a), and daily, landscape-scale movements easily cover several kilometres in most landscapes. Both movement types fall well within the distance range of LDD. Clausen et al. (2002) argue that
LDD events following waterfowl migration are exceedingly rare and its effectiveness is
questionable. I argue that the importance of the frequent, directional landscape-scale
movements of waterfowl has been underrated.
100 day-1

1 day-1
20 year-1

1 year-1
<1 year

This thesis

5 year-1

Short-distance
dispersal

Frequency of movements

10 day-1

Extreme LDD

-1

10 m

100 m

10 km

100 km

>1000 km

Movement distance

Figure 9.2 Conceptual diagram of the frequency of movements (single displacements/flights)
of a certain distance. Note that both axes are on a log-scale, indicating that distances over a few
meters are covered very frequently, while flight distances of hundreds of kilometres are rare
and occur only few times per year (i.e. during migration), assuming that the mallard in question
belongs to a migratory population. The shaded area defines the range of distances that this thesis
focused on.
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Recent studies in mallards showed that, at least twice per day, non-breeding mallards cover several hundreds of meters up to several kilometres between their roosting and foraging sites within their winter staging areas, with frequent displacements of
> 100 meters over the course of the day (Sauter et al. 2012, chapter 7). At stopover sites
during migration, mallards may regularly cover distances exceeding 20 km between
roost and foraging sites (Bengtsson et al. 2014). It is therefore obvious that besides
migratory flights, the frequent local movements of waterbirds are highly relevant for the
distribution of dispersed organisms over the landscape. The accuracy of GPS tracking
is sufficiently high to analyse distances shorter than 100 meters, and to evaluate smallscale dispersal patterns related to micro-habitat use of the disperser species (Fig. 9.2).

Seed deposition patterns

Rather than dispersal distances, the spatial pattern of seed deposition determines
whether seeds can germinate and establish as an adult plant and, thus, whether dispersal is successful (Nathan & Muller-Landau 2000). Seed deposition patterns are
notoriously difficult to measure in the field, but can be modelled if the relevant dispersal processes are sufficiently understood (Levin et al. 2003). For zoochory, the two
most relevant factors are retention time in the digestive tract and movements of the
disperser animal. For waterfowl, detailed information on seed survival and retention
time is available from experimental feeding trials (chapters 4 and 5), and data from GPS
tracking studies are building up (chapter 7). Chapter 8 presents the results of the first
mechanistic model simulation of seed dispersal by waterbirds based on realistic gut
retention times and real GPS data of waterfowl, obtained in chapter 7. By comparing the
effect of landscape configuration (which affects the vector movements) with the effect
of seed size on seed deposition patterns, it became clear that landscape configuration
much more strongly determines seed deposition patterns than seed traits. This agrees
with the notion of Wenny (2001) that the deposition pattern following zoochorous dispersal is an outcome of animal behaviour rather than an adaptive strategy by plants.
This does, however, not rule out that plants can be adapted to enhance the probability
to be dispersed by a specific animal.

The clumped deposition pattern observed in chapter 8 for both a homogeneous
and a fragmented landscape, is typical for animal-mediated dispersal (e.g. Russo & Augspurger 2004, Muller-Landau et al. 2008) and serves as an important difference with
abiotic dispersal mechanisms. Most animals use the landscape in a non-random fashion
and are likely to ingest and excrete seeds in the same habitat type, which can result
in directed dispersal (Wenny 2001). The more discrete the habitat patches are, the
stronger the directionality of dispersal is. Wetlands can be characterized as ‘islands in a
sea of land’ (Darwin 1859), well reflecting their discreteness in the landscape. Mallards
have been shown to be highly dependent on water, rarely straying further than ca. 20
m from water (Sauter et al. 2012, chapter 7), and Jorde et al. (1984) even reported that
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mallards in their study in North America stayed at least 94% of the time on the water.
It follows that mallards, but probably also many other potential waterbirds, achieve
highly directional dispersal for wetland species.

This high directionality towards wetland habitat is not favourable for all
ingested plant species. As discussed before, mallards and other dabbling ducks disperse
plant seeds from a wide range of habitats, including terrestrial habitat (chapter 2). On
the one hand this means that quite some seeds excreted in the water end up in the wrong
habitat, but on the other hand it also implies that seeds excreted on land, for example
when mallards are foraging on fields or fly over land, are not all lost. In fact, chapter 2
reported that only 28% of the plant species found in mallard diets are typical wetland
plants (and 40% if the species ingested by dabbling ducks in the Western Palearctic;
Soons et al. submitted). This implies that by seed deposition on land, mallards could be
an unanticipated dispersal agent of terrestrial plant species as well.

Implications and conclusions

What is the scale of waterbird-mediated dispersal?

Diet studies have shown that mallards and other dabbling duck species (chapter 2)
ingest large numbers of seeds of many different plant species. Although seeds may be
destroyed or lose their viability inside the digestive tract depending on their own traits
and the characteristics of the disperser (chapter 3 to 6), most of these species have the
capacity to at least occasionally survive digestive tract passage. Retention times, which
are primarily modulated by seed size (chapter 4), combined with mallard movements
(chapter 7), eventually determine the seed deposition patterns (chapter 8), which form
a template for vegetation establishment. These results provide opportunity for a wide
range of plant species to be dispersed, but only represent a limited part of the complete potential role of waterbirds for seed dispersal. Worldwide there are 167 species
of ducks, geese and swans, 198 species of shorebirds (waders), 54 species of gulls and
dozens of other waterbird species, distributed across most of the world’s wetlands and
representing an enormous variety in foraging behaviour and movement behaviour. Not
all of these species are granivorous, but many of them are omnivorous and have been
shown to regularly consume seeds (Figuerola & Green 2002, Green & Elmberg 2014).
Even fish-eating waterbirds may be an effective secondary disperser of seeds that were
initially ingested by their prey. The advantage of ingestion by waterbirds foraging primarily on animal food is that their digestive systems are not adapted to seed digestion
and therefore provide a high survival probability (Charalambidou et al. 2005, chapter
4). Among these waterbirds, many species are migratory and cover extremely large distances in relatively little time. The longest non-stop flights are recorded in bar-tailed
godwits (Limosa lapponica), which are able to fly >11 000 km between Alaska and
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New Zealand during fall migration (Battley et al. 2012). Although incidentally ingested
seeds are unlikely to be transported during this extreme long-distance migration due to
reduced digestive organs (Piersma & Gill 1998), it indicates that organisms transported
internally or externally by waterbirds can potentially spread over the entire globe.

How does it compare to other modes of dispersal?

In chapter 1, hydrochory and anemochory were introduced as abiotic dispersal vectors
that play an important role in wetland ecosystems, both having limitations that can be
partly overcome by waterfowl-mediated dispersal. This thesis has provided at least two
new insights that are useful for the comparison between these three dispersal vectors.
The first is related to the variety of seeds that can be transported by the respective dispersal vectors, the second is related to the potential deposition patterns of dispersed
seeds.

In chapter 2 we describe the wide range of seeds that are ingested by dabbling
ducks and have the potential to be dispersed by endozoochory. These included many
species with adaptations to other modes of dispersal. However, supported by our
analysis in Soons et al. (submitted), showing that the majority of ingested seeds have
terminal velocities exceeding 1 m/s, we found that most of the ingested seeds require
too much uplift to be dispersed over more than tens of meters by wind (Soons 2006).
Additionally, many species are well-adapted to dispersal by water (floating percentages
of 90-100% after one week), which seems an obvious consequence of foraging from the
water surface. An important consequence of this diet selection by dabbling ducks is that
they especially disperse seeds that are unable to profit from anemochory, and would
otherwise be confined by the boundaries of the water body in which they are released.
It thus seems that waterfowl-mediated dispersal is for many species not merely an additional dispersal mechanism, but may be their primary mechanism towards long-distance
dispersal.
The shape of seed deposition patterns also strongly depends on the dispersal
vector. Following the analysis of mallard movements in chapter 7, we estimated dayto-day seed deposition patterns following dispersal by mallards in different landscape
types. One of the most striking results is the multimodality of the dispersal kernel in
the fragmented landscape, reflecting directed dispersal towards the core areas of
mallards within the landscape. Typical dispersal kernels for seeds dispersed by water
or wind usually follow a fat-tailed distribution with most deposition close to the source
and decreasing dispersal probabilities with increasing distance. For seeds dispersed
by water, the deposition site is normally aquatic, but for wind-dispersed seeds, this
deposition pattern means that they can end up in any habitat. For habitat-generalists
and pioneer species this is likely to be a highly effective dispersal mechanism. For habitat
specialists, however, for example species dependent on wet conditions, wind-dispersal
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may be less beneficial. Interestingly chapter 8 shows that dispersal kernels in very wet
landscapes are also much less multimodal and seeds may end up at any distance from
the source, within the mallard’s home range. Multimodality seems to occur especially
in fragmented landscapes, where this type of dispersal would indeed be most beneficial. Wenny (2001) proposed that the fact seed deposition patterns in fragmented landscapes are a direct consequence of animal behaviour, means that the influx of seeds
can be manipulated to aid restoration of degraded landscape patches. Such effects have
already been observed in degraded forests (e.g. Robinson and Handel 1993, Wunderle
1997) and may also apply for aquatic habitats.

Directions for future research

When we distinguish between spatial processes (e.g. foraging, movements, vegetation
development) which require field studies, and digestive processes (e.g. gut passage survival and retention times) which can be assessed in lab experiments, it becomes clear
that (1) seed digestion has been well studied relative to spatial processes, and (2) much
can still be gained from combining knowledge about the mechanisms of seed dispersal with autecological studies on waterbirds and plant-ecological studies on establishment and competition. The work presented in this thesis, combined with a wealth of
other studies, provides a basis for further investigation of the consequences of dispersal
mediated by free-living waterbirds in the field.

Nonetheless, lab-based experiments can still provide valuable knowledge of
the mechanisms underlying waterbird-mediated dispersal. While the role of seed traits
variability is relatively well known, many other propagule types that are likely consumed and dispersed by waterfowl, including a range of small aquatic invertebrates,
have received less attention in comparative studies. Within plant species it would be
interesting to compare the dispersal potential of native and invasive plant species to
see if invasive species have a dispersal advantage relative to native species, or if the
success of invasive species is rather determined by local environmental conditions or
other means of dispersal (e.g. dispersal by humans). Also, the potential for epizoochory
has perhaps been underappreciated, as it may be highly beneficial for propagules that
are unable to survive digestive tract passage. Relatively simple lab-based experiments
can reveal which propagule traits facilitate attachment to a bird and how well these
propagules are resistant against exposure to flight conditions.
However, the current true challenges in this field are mostly related to (1)
waterbird behaviour and (2) the fate of seeds after deposition. To estimate which plant
species are dispersed in a certain landscape at a given time of year it would be useful
to find proxies for the diet composition. Given the opportunistic foraging behaviour of
mallards, could the composition of their diet be estimated from the availability of seeds
in an area? If so, the seasonal availability of plant seeds could be used to predict the
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potential for extreme LDD (during waterbird migration) and dispersal direction (southbound fall migration or northbound spring migration).

Considering migration, it remains unclear if waterbirds such as dabbling
ducks ingest seeds before taking off or if they engage in a period of fasting to reduce
the weight of the digestive tract before departure. Detailed investigation of hunted
specimens during the migratory period could potentially provide more insights in this.
Moreover, it is not clear if the effects of physical activity on seed digestion as shown in
swimming birds in chapter 5 are also valid for birds in flight. The higher energetic costs
of flight might enhance the effects on one hand, but might also slow down digestion due
to diversion of the blood flow towards the flight muscles. Feeding trials with waterbirds
flying in a wind tunnel would be an exciting way to investigate this.
Another promising direction is further development of spatially explicit
mechanistic models to combine empirical studies on various elements of the dispersal
process. As discussed in chapter 8, implementing knowledge about foraging behaviour
by waterbirds is most essential for quantification of seed dispersal. Where, when and
how much do they eat? Combining intake rates with energetic requirements could
provide estimations of the amount of food required, while GPS telemetry combined
with accelerometry could provide further insights in where and when waterbirds
forage. Advances in the interpretation of accelerometry data are especially interesting,
since well-calibrated data can provide highly detailed information about the body
position and body movements of tagged birds, from which small-scale behaviour (e.g.
up-ending) can be inferred. Since the principles of dispersal are very similar, such mechanistic models could also be applied for assessing the spread of AIV and other diseases
in birds.

Finally, perhaps the most challenging, but also the most relevant question yet
to be answered is: how much does waterbird-mediated dispersal really contribute
to population dynamics of plants? One element of this is to tease apart the different
dispersal mechanisms that act simultaneously and sequentially on seeds of the same
plant species. Theory predicts that waterbird-mediated dispersal is more effective than
anemochory or hydrochory at the scale of several kilometres in fragmented landscapes.
Clever use of molecular techniques in well-chosen study sites might allow addressing
this question in the field. Another element is the fate of dispersed seeds and their contribution to the vegetation composition. How important are these waterbird-dispersed
seeds for population dynamics, persistence of species in a landscape and migration with
moving climatic zones? Only when we are able to provide an answer to these complex
questions, we can convincingly advocate the great importance of waterbird-mediated
dispersal for biodiversity of wetlands and beyond.
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Summary
Movement is key to population dynamics and adaptation to environmental changes
in nearly all organisms. However, many organisms, including plants, lack the ability to
move by themselves. They rely on transportation by biotic or abiotic vectors during
a mobile life-history stage, for example as seeds. Seed transportation away from the
parent plant is called dispersal, and has a series of benefits, including escape from unfavourable local conditions and persistence in an unpredictable environment. Besides
dispersal by gravity, there are three important natural vectors for seed dispersal: wind
(anemochory), water (hydrochory) and animals (zoochory). Many plants invest in
adaptations that favour dispersal by a specific vector, such as seeds with a pappus for
anemochory or fleshy fruits for zoochory.
If suitable habitat is omnipresent, the distance and direction of dispersal
may be relatively unimportant. However, most habitats are scattered across the landscape. Freshwater wetlands were characterized by Charles Darwin as ‘islands in a sea
of land’, referring to their patchy distribution and discrete habitats. Freshwater wetlands are among the most biodiverse ecosystems, but also among the most vulnerable
to human-induced environmental changes. Dispersal in fragmented and degraded ecosystems is ever more important for exchange of genetic information between isolated
populations and colonization of available habitat patches. Since anemochory normally
acts over relatively short distances and hydrochory is restricted to the boundaries of a
catchment, plants need another vector for dispersal between wetlands. Waterbirds, and
especially dabbling ducks, may fulfil this role and have been identified as effective seed
dispersers due to their abundance, digestive (in)efficiency and movement behaviour.
Although increasingly studied in the past decades, many questions remain regarding
the plant species that benefit from this dispersal mode, the mechanisms that determine
the survival of digestive tract passage, and the consequences of waterbird behaviour in
shaping the spatial patterns of seed deposition. These questions form the basis of this
thesis. While focusing on mallards, this thesis covers (1) the selection of seeds as part
of the diet of dabbling ducks, (2) the consequences of seed traits and vector traits for
the potential survival of digestive tract passage, and (3) the causes and consequences of
landscape scale movement behaviour of the vector animal.
The diet of mallards and other dabbling ducks is highly variable and contains
many seeds, belonging to a broad range of species. Analysis of 100 digestive tracts of
mallards in the Netherlands during the non-breeding season revealed that the species
composition of seeds in mallard diets changes through time, eventually summing up to
81 plant species, represented by 9645 seeds (chapter 2). Nineteen species had not previously been reported from mallard diets and only 28% of the species were classified
as typical wetland species. These wetland species did not appear to survive mallard
digestive processes better than terrestrial species, suggesting that they are not better
adapted to internal dispersal by waterfowl. Despite large seasonal variation in the size
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of digestive organs (gizzard size varied between 18 and 57 cm3 and small intestine
length from 102 to 187 cm), we found no relation with seed survival. Small seeds were
overrepresented in the hindgut, indicating poor survival of large seeds in the gizzard.
Surviving digestion is a prerequisite for endozoochorous dispersal, and earlier
feeding experiments have already revealed that both seed traits and vector traits play a
role in this. In particular, seed size and seed coat traits have been put forward as important for gut passage. In an experiment to evaluate their contribution to the survival of
digestion by birds with different digestive strategies, seeds of 30 plant species were
exposed to separate, simulated digestive processes that occur in the digestive tract of
ducks (chapter 3). Most seeds were quite capable of resisting mechanical, chemical
and intestinal digestion, but a combination of digestive processes greatly reduced seed
survival. Most importantly, pre-treatment of seeds with acid made them much more
vulnerable to mechanical forces, and scarification of the seed coat resulted in loss of viability by 12-17% when combined with chemical or intestinal digestion. Large seeds and
seeds with thin, permeable seed coats were especially sensitive to chemical and intestinal digestion, which suggests that small seeds with a tough seed coat could be adapted
to endozoochorous dispersal by waterbirds. Mechanical break-down and scarification
in the gizzard play a key role in seed digestion, suggesting that seeds have the highest
survival probability when passing the digestive tracts of carnivorous birds, which have
lighter gizzards.
Whether birds with smaller digestive organs indeed provide higher dispersal
potential was tested in a series of feeding experiments with mallards. The digestive
tracts of 18 mallards were allowed to adjust to different diets, reflecting the seasonal
shift from animal-based summer diets to seed-based winter diets (chapter 4). Theory
predicts that birds on an animal-based (low-fibre) diet develop smaller gizzards and
shorter intestines than birds on a plant-based (high-fibre) diet. We found no differences
between diet groups, but within the low-fibre diet group the digestive efficiency of seeds
decreased, while within the high-fibre group the seed retention time increased. Subsequent digestive tract analysis showed no significant differences in organ size between
diet groups, and also no direct effect of gizzard size or intestine length on seed survival
or retention time. These results confirmed that diet adaptation affects the digestion of
seeds, but the exact role of organ size remains elusive.
A weakness of experimental feeding trials is that birds are normally kept in
a small cage while digesting seeds. In the field, birds are active and for extrapolation
of results from lab-based studies it is necessary to know how physical exercise affects
digestive function. This was tested by feeding experiments with (trained) mallards
swimming in a flume tank for 6 hours at different swimming speeds (chapter 5). Seed
survival increased significantly (up to 80% in the fastest swimming treatment compared to the control) and gut passage speed was modestly accelerated with mallard
activity, identifying physical activity as a mechanism enhancing the dispersal potential
of ingested seeds. These findings imply that seed dispersal potential calculated from
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experiments with resting birds is underestimated, while dispersal distances may be
overestimated for some plant species.
During experimental feeding trials with birds, regurgitation of food items
(e.g. seeds) occurs regularly. Regurgitation is common in birds, but is rarely discussed
in literature about waterfowl, even though it is a potentially effective seed dispersal
mechanism. We analysed instances of regurgitation by mallards and identified two different mechanisms, both with large potential implications for seed dispersal (chapter 6).
Firstly, regurgitation shortly after feeding (1-3 hours) may be a response to overfeeding,
which may also occur in the field, and is not seed species-specific. Even seed species
that were never found to survive gut passage were regurgitated in large numbers, which
may also allow dispersal of other soft-bodied aquatic organisms. The second type of
regurgitation occurred later, after 11 or more hours, and involved hard, large seeds that
were probably unable to enter the small intestines, and therefore had to be disposed
of through regurgitation. This long retention time may aid long-distance dispersal,
and suggests that also large seeds with very tough seed coats could be well-adapted to
endozoochorous dispersal by waterbirds. More reports on the frequency of occurrence
in free-living waterbirds is needed to support the hypothesis that this is a potentially
effective dispersal mechanism for organisms that cannot pass the entire digestive tract.
While seeds are struggling to survive digestion, the vector animal has to
realize the spatial dispersal. Rather than investigating rare, but potentially important,
long-distance dispersal events following bird migration, we studied the causes and
consequences of landscape-scale movement behaviour of 97 non-breeding mallards
through GPS tracking in the Netherlands (chapter 7). Since habitat fragmentation is
considered a major threat for wetland biodiversity, we were particularly interested to
see if mallards adjust their behaviour according to the configuration of the landscape.
Mallards turned out to have highly predictable circadian movement patterns, with commuting flights between diurnal roost and nocturnal foraging sites. Weather conditions
only had a marginal effect on movement behaviour, but flight distances and home range
sizes were strongly related to landscape configuration, probably due to a strong affinity
with water. The number of water bodies and total shoreline length in the landscape
surrounding the roost are the best predictors of the spatial scale of daily movements of
mallards, as supported by additional movement data from Switzerland and France. This
implies that mallards become even more key to wetland connectivity and biodiversity
in fragmented landscapes than previously thought.
When sufficient information on seed retention times and animal movement
behaviour is available, mechanistic models can be used to evaluate the consequences
of endozoochorous dispersal. We used a spatially explicit mechanistic model to explore
the seed deposition patterns following dispersal by mallards with a particular interest
in the role of landscape type and seed size (chapter 8). Model simulations show that
seed deposition is highly clumped, reflecting directed dispersal to freshwater habitat
in the landscape. This was most profound in the more fragmented landscape, where
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directed dispersal between isolated habitat patches is especially important. Seed size
had very little effect on dispersal distances and seed deposition patterns, but due to
their longer retention time, larger seeds were more likely to be dispersed away from the
patch where they were ingested. These results imply that seeds have very little influence
on their dispersal distances and selection is probably primarily aimed at surviving
digestive tract passage. However, especially wetland plants have a high probability of
deposition in suitable habitat, also – and perhaps especially – in fragmented landscapes.
In conclusion, the studies reported in this thesis have shown that large numbers
of plant species have the potential of being dispersed by waterbirds, by being part of the
waterbird diet and having the capacity to survive digestion, at least occasionally. The
vast number of waterbird species, each with their own diet, digestive strategy and movement behaviour, provides ample opportunity for dispersal of many more plant species
than those discussed here. Daily movement distances of waterbirds are highly relevant
for biotic connectivity between plant populations and habitat patches, especially in
fragmented landscapes. They facilitate dispersal of seeds across the boundaries of the
waterbodies in which they were released, over distances often longer than achieved
by wind. Quantification of the contribution of the respective dispersal mechanisms to
population viability and maintenance of biodiversity should ultimately reveal the true
importance of waterbird-mediated dispersal, but this remains one of the challenges for
future research.
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Nederlandse samenvatting
Ruimtelijke beweging is cruciaal voor populatiedynamiek en aanpassingsvermogen van
vrijwel alle levende organismen. Veel organismen, waaronder planten, ontberen echter
het vermogen om zichzelf te verplaatsen. Zij zijn voor hun transport afhankelijk van biotische en abiotische vectoren tijdens een mobiele fase in hun levenscyclus, bijvoorbeeld
als zaad. De beweging van zaden weg van de moederplant heet zaadverspreiding en
heeft een aantal voordelen, waaronder ontsnapping aan lokaal ongunstige omstandigheden en overleving van een populatie in een veranderlijke omgeving. Naast verspreiding door zwaartekracht, zijn er drie belangrijke vectoren voor zaadverspreiding: wind
(anemochorie), water (hydrochorie) en dieren (zoochorie). Veel planten investeren in
aanpassingen die verspreiding door een specifieke vector faciliteren, zoals zaden met
pluizen voor anemochorie of vlezige vruchten voor zoochorie.

Als geschikte leefomgeving overal beschikbaar was, zou de afstand en richting
van verspreiding relatief onbelangrijk zijn. Echter, de meeste habitats liggen verspreid
over het landschap. Zoetwaterhabitats (zoals poelen en meren) werden door Charles
Darwin gekenmerkt als ‘eilanden in een zee van land’, verwijzend naar hun discrete en
gefragmenteerde voorkomen in het landschap. Zoetwatersystemen behoren tot de ecosystemen met de hoogste biodiversiteit, maar zijn zeer kwetsbaar voor door de mens
veroorzaakte veranderingen in het milieu. Met toenemende fragmentatie en degradatie
van zoetwater ecosystemen is zaadverspreiding steeds belangrijker voor de uitwisseling van genetische informatie tussen geïsoleerde populaties en kolonisatie van beschikbare habitats. Aangezien anemochorie normaal gesproken vooral effectief is over korte
afstanden en hydrochorie beperkt is tot de grenzen van een waterlichaam, hebben
planten een andere vector nodig voor verspreiding tussen wetlands. Watervogels, en
vooral grondeleenden (Anatinae), worden beschouwd als effectieve zaadverspreiders
door hun grote populatieomvang, relatief inefficiënte spijsvertering en hun ruimtelijke
gedrag. Hoewel in de afgelopen decennia zaadverspreiding door watervogels veel aandacht heeft gekregen, blijven veel vragen nog onbeantwoord, met name wat betreft het
identificeren van welke plantensoorten profiteren van deze verspreidingsstrategie,
welke mechanismen bepalen of zaden de weg door het spijsverteringskanaal overleven,
en wat de invloed van het gedrag van watervogels is op het creëren van ruimtelijke
patronen van zaaddepositie. Deze vragen vormen de basis van dit proefschrift. Met een
focus op Wilde Eenden (Anas platyrhynchos), behandelt dit proefschrift (1) de soortsamenstelling van zaden in het dieet van grondeleenden, (2) het belang van eigenschappen van zaden en hun potentiële vector voor de overleving van de weg door het spijsverteringskanaal, en (3) de oorzaken en gevolgen van de lokale bewegingspatronen van
de vector.
Het dieet van de Wilde Eenden en andere grondeleenden is zeer gevarieerd en
bestaat grotendeels uit zaden, die toebehoren aan een breed scala aan soorten. Uit
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analyse van 100 spijsverteringsstelsels van Wilde Eenden in Nederland buiten het
broedseizoen bleek dat de soortsamenstelling van de zaden in het dieet verandert door
de tijd, met in totaal tijdens deze studie 81 plantensoorten, vertegenwoordigd door
9645 zaden (Hoofdstuk 2). Negentien soorten waren niet eerder gemeld in dieetstudies
bij Wilde Eenden en slechts 28% van de soorten werd geclassificeerd als typische
moerassoorten. De plantensoorten van vochtige standplaatsen bleken spijsverteringsprocessen niet beter te overleven dan meer terrestrische soorten, wat erop wijst dat ze
niet beter zijn aangepast aan interne verspreiding (endozoochorie) door watervogels.
Ondanks grote seizoensgebonden variatie in de omvang van spijsverteringsorganen (de
grootte van de spiermaag varieerde tussen de 18 en 57 cm3 en de lengte van de dunne
darm tussen 102 en 187 cm), vonden we geen relatie met zaadoverleving. Wel waren
kleine zaden oververtegenwoordigd in de darmen, wat aangeeft dat grote zaden slecht
overleven in de spiermaag.
Het overleven van de spijsvertering is een voorwaarde voor endozoochorie,
en eerdere experimenten wezen uit dat zowel eigenschappen van het zaad als van de
vector hierin een belangrijke rol spelen. Vooral zaadgrootte en zaadhuideigenschappen
bleken belangrijke factoren voor overleving in het spijsverteringskanaal. Om het belang
van deze factoren voor het weerstaan van verteringsprocessen in vogels met verschillende spijsverteringsstrategieën te kunnen inschatten, hebben we een experiment uitgevoerd waarbij zaden van 30 plantensoorten werden blootgesteld aan gesimuleerde
spijsverteringsprocessen die in het spijsverteringskanaal van eenden plaatsvinden
(Hoofdstuk 3). De meeste zaden waren behoorlijk goed bestand tegen mechanische,
chemische en intestinale vertering, maar een combinatie van de spijsverteringprocessen
resulteerde in een sterke afname in zaadoverleving. De belangrijkste resultaten waren
dat zaden veel gevoeliger waren voor mechanische vertering wanneer ze waren voorbehandeld met zuur en dat beschadiging van de zaadhuid resulteerde in een 12-17%
verminderde levensvatbaarheid indien gecombineerd met chemische of intestinale
vertering. Vooral grote zaden en zaden met een dunne, doorlatende zaadhuid waren
gevoelig voor chemische en intestinale vertering, wat suggereert dat kleine zaden met
een harde zaadhuid aangepast kunnen zijn aan endozoochore verspreiding door watervogels. Mechanische afbraak en beschadiging van de zaadhuid in de spiermaag spelen
klaarblijkelijk een belangrijke rol in de vertering van zaden, wat suggereert dat zaden
de hoogste overlevingskans hebben bij het passeren van het spijsverteringsstelsel van
vogels die vooral dierlijk materiaal eten, aangezien die een lichtere spiermaag hebben.
Of vogels met kleinere spijsverteringsorganen inderdaad een hogere potentie
hebben om zaden intact te verspreiden, werd getest in een reeks voederexperimenten met Wilde Eenden. Het spijsverteringsstelsel van 18 Wilde Eenden werd gedurende
een gewenningsperiode aangepast aan verschillende diëten, gebaseerd op de seizoensgebonden verschuiving van dierlijke voeding in de zomer naar een dieet gebaseerd op
zaden in de winter (Hoofdstuk 4). Theorie voorspelt dat vogels op een dierlijk (vezel-
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arm) dieet binnen enkele weken een kleinere spiermaag en kortere darmen ontwikkelen dan vogels op een plantaardig (vezelrijk) dieet. We vonden geen significante verschillen in zaadoverleving tussen de dieetgroepen, maar opvallend was dat binnen de
vezelarme dieetgroep de spijsverteringsefficiëntie van zaden afnam, terwijl binnen de
vezelrijke dieetgroep de retentietijd van zaden toenam. De daaropvolgende analyse van
het spijsverteringskanaal toonde geen significante verschillen in orgaangrootte tussen
de dieetgroepen, en ook geen direct verband tussen de grootte van de spiermaag of
darmlengte met zaadoverleving of retentietijd. Deze resultaten bevestigden dat de aanpassing aan het dieet effect heeft op de vertering van zaden, maar de precieze rol van
orgaangrootte blijft onduidelijk.

Een zwakte van experimentele voederproeven is dat vogels tijdens het verteren
van de gevoerde zaden meestal worden gehuisvest in een kleine kooi waarin ze nauwelijks kunnen bewegen. In het veld zijn vogels actief en om resultaten op basis van
lab-studies te kunnen extrapoleren naar de veldsituatie is het noodzakelijk om te weten
hoe lichaamsbeweging de spijsvertering beïnvloedt. Dit werd getest in voerderexperimenten waarbij (getrainde) Wilde Eenden gedurende 6 uur in een grote stroomgoot
zwommen bij verschillende zwemsnelheden (Hoofdstuk 5). Zaadoverleving nam aanzienlijk toe (tot 80% in de snelste zwembehandeling vergeleken met de controle) en
de darmpassage werd matig versneld bij verhoogde lichaamsactiviteit. Dit laat zien dat
fysieke activiteit de kans op succesvolle verspreiding van geconsumeerde zaden vergroot. Deze bevindingen impliceren dat zaadverspreidingskansen berekend uit experimenten met rustende vogels worden onderschat, terwijl de verspreidingsafstanden
mogelijk worden overschat voor sommige plantensoorten.
Tijdens voederexperimenten met vogels komt regelmatig regurgitatie van
voedsel voor (het opbraken van bijvoorbeeld zaden). Braken is komt veel voor in
vogels, maar wordt in de literatuur zelden beschreven voor watervogels, ook al is het
een potentieel effectief zaadverspreidingsmechanisme. Analyse van gevallen van regurgitatie door Wilde Eenden toonde aan dat er twee verschillende mechanismen voor
regurgitatie zijn, beide met grote potentiële implicaties voor zaadverspreiding (Hoofdstuk 6). Ten eerste kan het opbraken van voedsel kort na de voeding (1-3 uur) voorkomen in reactie op overvoeding, wat ook kan optreden in het veld en niet afhankelijk
is van het type voedsel. Zelfs zaadsoorten die nooit de weg door het hele spijsverteringskanaal overleefden, werden in grote aantallen intact uitgebraakt, wat eveneens de
verspreiding van andere zachte aquatische organismen (bijvoorbeeld visseneitjes en
ongewervelde diertjes) mogelijk maakt. De tweede soort regurgitatie kwam later voor,
na 11 uur of meer, en betrof harde, grote zaden die waarschijnlijk niet in staat waren
om door de smalle opening van de dunne darm te raken en daarom via regurgitatie
moesten worden afgevoerd. De lange retentietijd van dit soort zaden kan resulteren in
lange-afstandsverspreiding en suggereert dat ook grote zaden met een harde zaadhuid
goed kunnen zijn aangepast aan endozoochore verspreiding door watervogels. Meer
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informatie over de frequentie van regurgitatie in vrij levende watervogels is nodig om
de hypothese te testen dat dit een effectief verspreidingsmechanisme is voor organismen die de weg door het hele spijsverteringskanaal niet overleven.

Terwijl de zaden zich een weg banen door het spijsverteringskanaal, is het de
taak van de verspreider om de daadwerkelijke verspreiding te realiseren. In plaats
van te focussen op zeldzame, maar potentieel belangrijke, lange-afstandsverspreiding
tijdens de vogeltrek, bestudeerden wij de oorzaken en gevolgen van bewegingspatronen op de landschapsschaal van 97 Wilde Eenden buiten het broedseizoen door middel
van GPS-zenders in Nederland (Hoofdstuk 7). Aangezien habitatversnippering wordt
beschouwd als een grote bedreiging voor de biodiversiteit van zoetwatersystemen,
waren we vooral geïnteresseerd om te zien of Wilde Eenden hun gedrag aanpassen aan
de configuratie van het landschap. Wilde Eenden bleken zeer voorspelbare dagelijkse
bewegingspatronen te hebben met woon-werkverkeer tussen slaapplaatsen (waar ze
overdag verblijven) en foerageerplekken (die ze ’s nachts bezoeken). Weersomstandigheden hadden slechts een marginaal effect op de bewegingen, maar vliegafstanden en
de grootte van de leefgebieden waren sterk gerelateerd aan landschapsconfiguratie,
waarschijnlijk door een sterke affiniteit met water. Het aantal waterlichamen en de
totale oeverlengte in het landschap rondom de slaapplaats bleken de beste voorspellers
van de ruimtelijke schaal van de dagelijkse bewegingen van Wilde Eenden. Dit patroon
werd ondersteund door gegevens van Wilde Eenden uit Zwitserland en Frankrijk. Dit
betekent dat Wilde Eenden nog belangrijker zijn voor de connectiviteit en biodiversiteit
in gefragmenteerde landschappen dan eerder werd aangenomen.

Zodra er voldoende informatie over zaadretentietijden en het gedrag van de
verspreiders beschikbaar is, kunnen mechanistische modellen worden gebruikt om
de gevolgen van endozoochore verspreiding te evalueren. We gebruikten een ruimtelijk expliciet mechanistisch model om de depositiepatronen na zaadverspreiding door
Wilde Eenden te verkennen, met een speciale focus op de rol van landschapstype en
zaadgrootte (Hoofdstuk 8). Modelsimulaties laten zien dat zaaddepositie sterk is geconcentreerd als gevolg van de directionele verspreiding van zaden naar zoetwaterhabitat
in het landschap. Dit patroon was het meest uitgesproken in een sterker gefragmenteerd
landschap, waar directionele verspreiding tussen geïsoleerde habitats extra belangrijk
is. Zaadgrootte had zeer weinig effect op de verspreidingsafstanden en depositiepatronen, maar door hun langere retentietijd hadden grotere zaden meer kans om te worden
verspreid naar een andere plek dan waar ze werden opgegeten. Deze resultaten impliceren dat zaden zeer weinig invloed hebben op hun verspreidingsafstanden en dat aanpassingen waarschijnlijk vooral primair zijn gericht op het overleven van de weg door
het spijsverteringskanaal. Het is echter duidelijk dat vooral water- en oeverplanten een
grote kans hebben om terecht te komen geschikte habitat, ook - en misschien vooral - in
sterk gefragmenteerde landschappen.
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Kortom, de studies beschreven in dit proefschrift hebben aangetoond dat een
groot aantal plantensoorten de potentie heeft om te worden verspreid door watervogels, doordat ze enerzijds deel uitmaken van het dieet van watervogels en anderzijds
het vermogen hebben om de spijsvertering te overleven, op zijn minst af en toe. Het
grote aantal soorten watervogels, elk met hun eigen dieet, spijsverteringsstrategie en
ruimtelijke gedrag, biedt volop gelegenheid voor verspreiding van veel meer plantensoorten dan hier besproken. Dagelijkse bewegingsafstanden van watervogels zijn zeer
relevant voor de biotische connectiviteit tussen populaties en habitats, vooral in gefragmenteerde landschappen. Ze helpen de verspreiding van zaden voorbij de grenzen van
de waterlichamen waarin ze werden geproduceerd, vaak over grotere afstanden dan
die bereikt door wind. Kwantificering van de bijdrage van de respectieve verspreidingsmechanismen aan de levensvatbaarheid en instandhouding van de biodiversiteit van
zoetwatersystemen moet uiteindelijk het ware belang onthullen van verspreiding door
watervogels, maar dit blijft één van de uitdagingen voor toekomstig onderzoek.
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Dankwoord
Tijdens een promotietraject specialiseer je jezelf in een onderwerp waar maar weinig
andere mensen aan werken. Het is dus misschien wel vanzelfsprekend dat je soms het
gevoel bekruipt dat je op een eilandje zit, met alle ongemakken van dien. Echter, in de
afgelopen jaren heb ik mogen ervaren dat ik er in werkelijkheid nooit alleen voor heb
gestaan. Terugkijkend op het hele project is het bijna onvoorstelbaar hoeveel mensen
er direct of zijdelings bij betrokken zijn geweest, zowel inhoudelijk als moreel. Dit
proefschrift was er niet geweest zonder de steun van al die mensen en daarom wil ik
iedereen bedanken die op enige wijze een bijdrage heeft geleverd. Een aantal mensen
wil ik hier in het bijzonder noemen.

Allereerst wil ik natuurlijk de mensen bedanken die mij gedurende het project
begeleid hebben. Ik kon altijd bij jullie terecht voor goed advies, opbouwende kritiek,
een ongedwongen gesprek of waar nodig een peptalk. Merel, als dagelijkse begeleider
van het project had jij meer dan een formele functie. Ik herinner me als de dag van
gisteren de eerste keer dat ik bij jou aan de deur stond, nog in het Wentgebouw, om
te vragen of ik een masterstage bij je kon doen. Ik zie nog de verbazing in je ogen toen
ik ermee instemde om eendendarmen te doorzoeken. Ik ben je erg dankbaar door je
enthousiasme, je geduld, je heldere visie en de kansen die je me hebt gegeven. Jos, als
promotor stond jij iets verder af van de dagelijkse begeleiding, maar vooral tijdens de
perioden van afwezigheid van Merel hield je altijd een oogje in het zijl en was je er voor
me wanneer dat nodig was. Jouw ervaring, relativeringsvermogen en vooral je vriendelijkheid hebben veel voor mij betekend. Bart, hoewel je geen formele betrokkenheid bij
mijn promotietraject had, heb jij je altijd vol overgave over mij en het project ontfermd,
vooral tijdens de perioden die ik op het NIOO heb doorgebracht. Ik stel het enorm op
prijs dat ik altijd bij je binnen kon lopen en ik heb veel gehad aan je bijzonder kritische
blik. Ik hoop dat we nog lang zullen samenwerken.
Ik had mijn werk bij Ecologie en Biodiversiteit in Utrecht en bij Dierecologie
op het NIOO niet kunnen doen zonder de steun en goedkeuring van repectievelijke
groepsleiders. George, ik dank jou hartelijk voor je onvoorwaardelijke support aan het
project, ondanks dat ik misschien een figuurlijke ‘vreemde eend’ was binnen de groep.
Marcel, jouw steun aan het project mag ook niet onderschat worden. Ik ben erg dankbaar voor het gemak waarmee ik bij het NIOO experimenten kon uitvoeren en van de
faciliteiten gebruik kon maken.
Daarnaast was er vast niets van mij terecht zijn gekomen zonder mijn geweldige collega’s in Utrecht en bij het NIOO. Ik kan hier niet iedereen noemen, maar jullie
zijn allemaal fantastisch! Rob en Annemarie, als kamergenoten vanaf het prille begin
en mede-PhDs van Merel hebben wij over de jaren lief en leed gedeeld. Ik hoop dat ik
jullie niet te vaak heb verveeld met persoonlijke verhalen en jullie gemoed niet heb
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verzwaard met mijn problemen. Ik ben jullie erg dankbaar voor jullie luisterend oor
en advies. Hoewel we alledrie graag zelfstandig werkten, konden we altijd bij elkaar
aankloppen voor hulp en in mijn ogen hebben we samen een hele bijzondere tijd meegemaakt. Simone, sinds eind 2013 maakte jij het kwartet op onze kamer compleet. Als
sociaal mens in een nieuwe omgeving maakte jij het steeds gezelliger. Mag ik je nog een
laatste keer plagen door te zeggen dat jouw opstartproblemen mij hebben geholpen
om mijn eigen problemen te relativeren? Lieve kamergenoten, ik wens jullie allemaal een prachtige carrière en een gelukkige toekomst. Jeroen, Edwin, Karlijn, Joost,
Bas, Bas, Jelle, Marloes, Bin en alle andere EB-ers, ook jullie stonden altijd klaar voor
een leuk gesprek of het uitwisselen van gedachten en frustraties. We hebben samen
vooral veel gelachen en dankzij jullie ben ik elke dag met plezier naar Utrecht afgereisd.
Rob en Jeroen, bedankt dat jullie mij in raad en daad wilden bijstaan als paranimf bij
mijn verdediging! De analisten in Utrecht bedank ik vooral voor het verdragen van de
onsmakelijkheden (stank) van mijn experimenten.
Het NIOO voelde voor mij als een tweede thuis, al sinds enkele jaren voor de start
van mijn PhD. Daarom ben ik ontzettend blij dat ik tijdens mijn PhD veelvuldig de kans
heb gekregen om experimenten te doen bij het NIOO en met mensen daar samen te
werken. Naast Bart en Marcel wil ik een aantal mensen in het bijzonder bedanken. Ten
eerste Casper, jij werkte als PhD tot 2012 aan een heel vergelijkbaar onderwerp en ving
mij als het ware op tijdens mijn eerste project bij het NIOO. Jouw creativiteit en aanstekelijke enthousiasme zijn een groot voorbeeld voor mij geweest, net als je kennis van
GLMMs! Ik hoop dat we in de toekomst nog vaker op zo’n leuke, ongedwongen manier
kunnen samenwerken. En Jacintha, wat moet ik zeggen? Jouw ontwapenende openheid,
je doorzettingsvermogen en streven naar perfectie hebben veel indruk op mij gemaakt.
We hebben samen pieken en dalen beleefd en ik ben erg dankbaar voor ons contact.
En dan was er bij het NIOO natuurlijk Peter! Bedankt voor jouw hulp bij alle experimenten, maar nog meer bedankt voor de gezellige momenten die we hebben gehad.
Ook de andere analisten en dierverzorgers bij het NIOO ben ik veel dank verschuldigd
voor hun inzet. Zonder jullie waren de experimenten allemaal in de soep gelopen! De
onderzoekers en PhDs bij het NIOO hebben mij altijd een welkom gevoel gegeven in
Wageningen. Als laatste wil ik nogmaals Sven hartelijk bedanken voor al zijn hulp bij
een van de hoofstukken in dit proefschrift.
Bij het vele werk dat is verzet tijdens mijn PhD heb ik de onmisbare hulp gehad
van een klein leger aan studenten. Vanaf dag één van mijn project ben ik bijgestaan
door masterstudenten. Mary, jij was de allereerste en hielp meteen bij misschien wel
het zwaarste project. Ik heb het al eerder mogen zeggen, maar ik bedank jou niet alleen
voor het werk dat je hebt verzet, maar ook voor alles wat je mij hebt geleerd. Despina,
jij kwam helemaal uit Griekenland om aan Wilde Eenden te gaan werken. We hebben
samen je Nederlands geoefend (aan Grieks heb ik mij maar niet gewaagd), dus ik weet
dat je dit kunt lezen. Bedankt voor je vrolijke enthousiasme en je hulp bij het leren
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werken met R! Tara en Dieuwertje, jullie hebben samen geholpen met het vangen en
zenderen van eenden. Jullie hebben het heftige veldwerk dragelijk gemaakt en ik heb
een prachtige tijd gehad met jullie. Bedankt daarvoor! Mascha, jij had de zware taak om
tijdens mijn schrijffase bijna geheel zelfstandig een experiment uit te voeren, maar je
bent daarin met vlag en wimpel geslaagd. Bedankt dat jij nog experimenten bleef doen
toen ik dat niet meer ‘mocht’ van Merel! Y Sandra, muchas gracias por su ayuda en el
último experimento con los patos! Siento que ella tenía que morir. Ik wil de bachelorstudenten en masterscriptiestudenten bedanken dat ik jullie mocht ‘gebruiken’ om
interessante zijwegen te verkennen die niet direct in de lijn van mijn eigen onderzoek
lagen. Sanne, Mirjam, Robert, Evelien en Jeffrey, bedankt voor jullie scripties vol inspirerende bevindingen en ideeën voor toekomstig onderzoek. Kristel, bedankt voor het
doorzoeken van poep en bodemmonsters en wat jammer dat er niet zoveel uit kwam!
Pauline en Martin, wat leuk dat jullie allebei samen met Heinjo wilden onderzoeken of
zangvogels misschien mossen verspreiden. Dat soort projectjes gaf mij altijd volop frisse
energie. Zo ook Milou en Maxime, bedankt voor het doorzoeken van vissenmaagjes en
Aalscholverbraakballen om te kijken naar ‘secundaire zaadverspreiding’ door visetende
vogels. Werken met studenten kost niet alleen tijd, maar is vooral ook inspirerend en
genereert veel positieve energie. Bedankt dat ik jullie mocht begeleiden!

Eén van de mooie kanten van een PhD project is dat je ook in contact komt met
mensen van buiten je eigen werkomgeving, zeker bij veldwerk. Ik wil graag Nico Bouman
(Waternet), Martijn Bergen (Utrechts Landschap) en Rick Ruis (Staatsbosbeheer) zeer
hartelijk bedanken voor jullie medewerking en het verlenen van toestemming om
eenden te vangen in jullie terreinen. Het is geweldig om te zien hoe welwillend jullie
organisaties tegenover onderzoek in jullie gebieden staan. Hierbij wil ik ook meteen de
mensen bedanken die mij in het veld hebben bijgestaan: Han, Henri, Hanneke, Sjoerd en
Cor, hartelijk bedankt! De hulp van Teun, kooier op de Roodnatkooi, was van onschatbare waarde voor het onderzoek en bovendien was het heel gezellig om met enig regelmaat de kooi te bezoeken. Heel veel dank daarvoor. Van mensen van buitenlandse instituten wil ik in ieder geval Marcel en Andy noemen: many thanks for your enthusiasm
and support. I hope we will continue our collaboration for many years to come!
Als laatste wil ik de drie mensen bedanken die waarschijnlijk – bewust of onbewust – het meest hebben bijgedragen aan dit proefschrift. Pap en mam, jullie hebben
mij van kinds af aan gestimuleerd en gesteund om mijn passie te volgen en altijd mijn
best te doen zonder mezelf daarbij voorbij te rennen. Beide elementen hebben ervoor
gezorgd dat dit proefschrift er nu ligt. Wij hoeven nooit veel woorden te gebruiken en
daarom houd ik het kort. Bedankt dat jullie er zijn, altijd. En als laatste natuurlijk Jonne,
als geen ander heb jij ervaren dat een PhD project niet altijd over rozen gaat. Als ik problemen mee naar huis nam, was jij er altijd om alles in de juiste proporties te zien en me
waar nodig te steunen. Jij bent mijn rots en welke onzekerheden er ook mogen liggen in
de toekomst, we gaan hem samen tegemoet. Dank je wel dat jij altijd bij me bent.
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