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« Il ne faut pas penser à l'objectif à atteindre, il faut seulement penser à
avancer. C'est ainsi, à force d'avancer, qu'on atteint ou qu'on double ses
objectifs sans même sans apercevoir. »

Bernard Werber (Extrait de La Révolution des Fourmis)
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FOREWORD
Le sujet originel de cette thèse portait sur « les déplacements locaux des sarcelles
d’hiver (Anas crecca) et les conséquences pour la dispersion des graines, des invertébrés et
des agents pathogènes au sein d’un quartier d’hivernage ». Comme de nombreuses thèses, ce
thème s’est vu élargi au fil des mois. Dans le cas de ma thèse, j’ai étudié d’autres espèces de
canards, bien que la sarcelle d’hiver soit restée l’espère phare de mes travaux, et la dispersion
une plus large échelle spatiale. Ne pouvant isoler une espèce de tout son contexte
« écologique », il a été particulièrement intéressant d’intégrer la communauté de canards dans
son ensemble, leurs mouvements migratoires et la dispersion à longues distances au sujet
initial.

Des domaines très variés ont été explorés lors de ces années camarguaises. Aussi, par
souci de concision, les résultats présentés tout au long de ce manuscrit de thèse ne constituent
pas un état des lieux exhaustif du travail réalisé, des connaissances acquises ou des
publications scientifiques issues de ces trois années de thèse. Un certain nombre de
documents se retrouvent ainsi en annexes.

Mon travail de thèse a consisté à passer de nombreuses heures sur le terrain à capturer
des canards en hiver ou à découvrir les plantes des zones humides en été, ainsi que d’autres
nombreuses heures au labo, assise derrière une loupe binoculaire à chercher des graines ou
des invertébrés dans les fientes de canards. Le temps restant, je l’ai consacré à rédiger des
articles scientifiques en anglais, qui ont été ou qui seront soumis dans des revues
internationales. L’intégration dans le mémoire de thèse de ces articles avait été définie pour la
plupart d’entre eux dès le début de cette étude, assurant ainsi la cohérence de ce mémoire. Je
présente donc trois chapitres comportant trois ou quatre articles chacun.
Dans l’introduction, il me semblait important d’informer, même brièvement, le lecteur
du contexte général des processus de dispersion, ce terme revenant à maintes reprises dans
mes travaux. Puis je me suis intéressée plus particulièrement au cas de la dispersion des
graines, des invertébrés et des parasites par les anatidés. L’exposé des résultats s’articule
ensuite en trois grandes parties. Le premier chapitre est dédié à l’occupation spatiale d’un
quartier d’hivernage par les canards, l’échelle locale restant prioritaire dans mes travaux. Le
deuxième chapitre est consacré à la dispersion des organismes aquatiques par la sarcelle
d’hiver en Camargue et est le cœur de mon travail de thèse. Le troisième chapitre est
également consacré à la dispersion des organismes aquatiques, mais cette fois-ci à longue
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distance. Chacune des trois parties est composée d’une tête de chapitre introduisant et
synthétisant les principaux résultats trouvés, suivie des articles en question. Enfin, la
Discussion générale permet d’établir un bilan des résultats obtenus et de les replacer dans un
contexte plus global et actuel, afin d’appréhender la dispersion dans sa globalité.

Pour faciliter la lecture, toutes les références bibliographiques citées dans ce mémoire
ont été regroupées à la fin, afin d’éviter la répétition des références communes aux différentes
parties.

J’ai ajouté en annexe trois documents périphériques à ma thèse : un article traitant de la
prévalence des cestodes chez la sarcelle d’hiver (Annexe 1), la liste des différentes
communications (orales et posters) que j’ai réalisées dans des congrès internationaux au cours
de ma thèse (Annexe 2) et la liste des affiliations des différents auteurs qui ont participé aux
manuscrits présentés dans ce mémoire (Annexe 3).

J’espère que vous aurez autant de plaisir à lire cette thèse que j’en ai eu à la préparer.

Je vous souhaite une bonne lecture !
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INTRODUCTION

I.

Dispersal as a major life-history trait
Movement of individuals, propagules and genes is one of the most studied yet least

understood concepts in evolutionary biology (Clobert et al. 2001; Bullock et al. 2002;
Cousens et al. 2008). Dispersal is indeed a complex phenomenon, whose effects are farreaching in all fields of population and community ecology (Wiens 2001). Any animal or
plant species moves during some part of its life cycle. This can be a short and unique period
as in most plants and sessile organisms, or a long and repeated event as in most herbivores
and nomadic species. Movement is essentially associated with local pressure forces. An
individual can move to escape unfavourable local conditions: it is cold and food gets scarce;
predators are too numerous and there is little shelter from these; population density is too high
and it cannot find a breeding place; etc. (Clobert et al. 2005).
Movement takes different forms, but can be classified into two main categories (Dingle
1996): natal dispersal between the natal area or social group and the area or social group
where first breeding takes place, as opposed to breeding dispersal defined as the movement
between two successive breeding areas or social groups (Clobert et al. 2001). In a simpler
definition, dispersal can be considered as the movement of an individual within its habitat
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(Turchin 1998). Whatever the type of dispersal, the process is only successful if individuals
manage to breed in their novel population, or to themselves found a new population (Weisser
2001). Dispersal therefore has consequences for the individuals but also, at a broader scale,
for populations and communities (Clobert et al. 2001).
Dispersal is probably the most important life history trait involved in both population
persistence and evolution (Clobert et al. 2001). All organisms have to face constraints from
the environment where they live and breed. Abiotic characteristics of their habitat
(temperature, photoperiod, etc.) as well as biotic interactions (predation, competition,
parasitism, etc.) are the sources of such constraints (Begon et al. 1996; Ridley 1996). To
overcome these, natural selection favours life history traits providing the highest survival rate
and breeding success (Stearns 1992). Dispersal therefore is among the behaviours the most
favoured through natural selection, in animal as well as plant species (Clobert et al. 2001;
Bullock et al. 2002; Cousens et al. 2008), but also in bacteria (Lindemann & Upper 1985) and
viruses (Méroc et al. 2008).
Clobert et al. (2005) list three main types of causes to explain the evolution of dispersal:
those associated with the quality of the physical environment, of the social environment and
of the genetic environment. The quality of the physical environment is ephemeral in both
space and time. This implies that if a species does not have the ability to disperse it is under
the risk of extinction due to a change in its environment (Roderick & Cadwell 1992). The
social environment can show two types of changes: changes associated with competition
between individuals (between age classes, among and between sexes) or competition between
kin (within brothers and sisters or between parents and children; Sutherland et al. 2002).
Lastly, changes in the genetic environment may have two different sources, with opposed
effects. On the one hand, inbreeding avoidance is promoting dispersal, so as to avoid pairing
between relatives. On the other hand, the existence of co-adapted genes is acting against
dispersal over long distances, which would jeopardize such associations between genes
(Stenseth & Lidicker 1992). Dispersal therefore can be considered as an « ubiquitous »
behaviour, allowing overcoming multiple problems: competition between kin and congeners,
mate choice and habitat selection (Clobert et al. 2005). Dispersal can therefore be considered
as a response to any factor causing special or temporal heterogeneity, be it biotic or abiotic.
Through dispersal an individual can improve its survival rate and its breeding success.
Dispersal is therefore a keystone of population biology, which may allow long term
population sustainability (Cousens et al. 2008).
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II. Contrasting dispersal abilities between organisms
Generally speaking, dispersal can be broadly classified into two modes: active and
passive. Active dispersal entails self-generated movements of individual organisms, while
passive dispersal entails movements achieved by use of an external agent (Bilton et al. 2001).

1.

Active dispersal

Although dispersal is a common life history trait, dispersal ability varies among species.
For example, the caterpillar of the Malacosoma americanum moth can reach a speed of 2.5
cm/min, or 1.5 m per hour (Rieske & Townsend 2005), while migratory birds can fly over
several thousands of kilometres in only a few days (Newton 2008). The most striking
example is that of Arctic Tern (Sterna paradisaea) which migrates twice a year between the
North and South poles (up to 20 000 km for each way) (Gudmundsson et al. 1992).

2.

Passive dispersal

In plants as well as in sessile or hardly moving animals like some invertebrates,
propagules (seeds, long-lasting eggs or larvae) are responsible for dispersal instead of adult
forms. These propagules generally lack the necessary mobility to cover long distances on
their own. Dispersal of such organisms therefore requires an external agent to carry them,
such as wind, water currents or other organisms (Ricklefs & Miller 2001). Passive dispersal
capacity is a key trait explaining patterns of distribution and community composition of nonmobile organisms (Jenkins & Buikema 1998).

Parasites are also able to disperse passively, through their hosts (Clobert et al. 2001;
Thomas et al. 2005). For example, wild bird movements are among the potential mechanisms
to explain the large geographical distribution of some viruses, bacteria or protozoan (Gylfe et
al. 2000; Hubálek 2004). Birds are indeed known as major reservoirs for several of these
organisms (Reed et al. 2003). Because they travel over long distances, birds can therefore
become long-range vectors for all the parasites they harbour, in particular those that do not
significantly affect the birds’ health and therefore do not interfere with the birds’ movements
(Olsen et al. 2006). In Europe, migratory birds are for example the vectors of the Borrelia
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bacteria, which is responsible for Lyme disease (Comstedt et al. 2006) and the flavivirus
responsible for encephalitis (Waldenström et al. 2007), both transmitted by ticks (Ixodes sp.).
This creates the potential for the establishment of new parasites and epizootic centres along
bird migratory routes (Reed et al. 2003).
Some parasites can even manipulate the behaviour of their host in a way that improves
their own dispersal and/or transmission (Boulinier et al. 2001). A recent discovery is the
manipulation of a cricket (Nemobius sylvestris) by a parasitic worm (Paragordius
tricuspidatus), with infected insects more likely to jump into water than uninfected ones
(Thomas et al. 2002). Many such examples of parasites manipulating the behaviour of their
host exist in the literature (see Lefèvre et al. 2009 for a recent review).

Interest in the passive dispersal of organisms has largely been associated with the
problems concerning the colonization of oceanic islands. Because of the great distances
between oceanic islands and sources of terrestrial plants or animals, events of successful
colonisations of such an island by new species are rare. The result is that workers in this field
have been virtually limited to the enumeration of the species found on a given island, and to
speculation as to how each organism may have reached that island. The most probable mode
of transport in each case has been suggested on the basis of what may be known (or
suspected) of the ecology of the species (Maguire 1963). One of the main opportunities to
observe island re-colonisation during the 20th century occurred after the explosion of the
volcano on the small Krakatoa island in Indonesia in 1883. The island was covered with
several centimetres of volcanic ashes, leading to the death of all plants and animals there.
Biologists then recorded the re-colonisation of the island, particularly for birds, invertebrates
and plants (e.g. New & Thorton 1992; Whittaker & Jones 1994; Gathorne-Hardy & Jones
2000). Re-colonisation was astonishingly rapid. Fifty years later, the island was covered with
tropical forest, which supported 271 plant and 31 bird species. The immigrants mainly came
form the neighbouring islands of Java (40 km away) and Sumatra (80 km away). The birds
would have dispersed by active flight, and the plants would mainly have been carried as seeds
(Ridley 1996). Invertebrates re-colonised the island via floating natural rafts (Gathorne-Hardy
& Jones 2000).
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III. Dispersal of aquatic organisms
1.

The major role for passive dispersal

A situation similar to that of oceanic islands exists for the colonisation of isolated
wetlands by aquatic organisms. Those wetlands can be considered for aquatic organisms as
« ecological islands » surrounded by adverse terrestrial habitats (Dodson 1992). Only some
years after their creation all trophic levels, from minute unicellular algae to
macroinvertebrates, are generally well developed. Despite the apparent isolation of such
habitats, plant and aquatic invertebrate communities tend to be similar in such habitats over
wide geographic areas, sometimes over several continents (Good 1953; Raven 1963;
Sculthorpe 1967; Brown & Gibson 1983; Bănărescu 1990; WCMC 1998). Aquatic
environments indeed show a low rate of endemism compared to other ecosystems
(Santamaría 2002). Most aquatic organisms have little or no way to disperse actively, which
suggests they rely on efficient means of passive dispersal. The propagules of quatic
organisms, like plant seeds, resting invertebrate eggs or algae spores are considered as
efficient passive dispersal objects (Barrat-Segretain 1996). In the case of parasites (viruses,
worms, etc.), the propagules are often the individuals themselves.

In the following parts of this study we will mostly consider passive dispersal of aquatic
organisms (plants, invertebrates and parasites), whose dispersal processes are relatively less
well known than those of terrestrial ecosystems (Howe & Smallwood 1982; Willson &
Traveset 2000). Nevertheless, as for terrestrial organisms, three principal agents of dispersal
may play a role for aquatic organisms: wind, water and animals, but their relative importances
are very different (Barrat-Segretain 1996).

2.

Wind dispersal (or anemochory)

Wind may transport the propagules of aquatic organisms either directly through the air,
or indirectly by blowing floating material onto the water surface (Cook 1987). It is generally
considered as a hazardous process, because propagules have a much greater likelihood of
being transported into terrestrial sites than into a waterbody (Barrat-Segretain 1996; Soons
2006; Vanschoenwinkel et al. 2008a).
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Wind is probably the least studied dispersal vector (Vanschoenwinkel et al. 2008b).
However, recent studies in artificial mesocosms have shown that wind was an efficient means
to disperse over short (5-60 m) distances (Cáceres & Soluk 2002; Cohen & Shurin 2003).
Field studies have also studied wind dispersal through direct propagule interception:
Vanschoenwinkel et al. (2008b), for example, have shown using sticky sampling spots around
temporary marshes for one month that a large number of aquatic invertebrates (17 taxa) easily
and frequently dispersed through wind over a few meters, even over short time periods. Such
an ability however seems to be limited over longer distances. Jenkins & Underwood (1998)
studied zooplankton anemochory around two permanent ponds using windsocks at 150 and
400 m from the ponds, respectively, and only found rotifer propagules.

Some aquatic plants and invertebrates have evolved adaptations that enhance their
likelihood to be dispersed by wind: small propagules (Willson & Traveset 2000), hooks and
spines (Fryer 1996; Dole-Oliver et al. 2000), feathers or wings (Sorensen 1986; Jongejans &
Telenius 2001). Anemochory however seems to be rather inefficient for aquatic organisms,
especially over long distances. This mean of dispersal therefore cannot satisfactorily explain
the vast geographic distribution of many aquatic species.

3.

Water dispersal (or hydrochory)

Transport by water may seem to be the most appropriate dispersal mean for aquatic
organisms, since this is where their propagules are produced the most often. Water is indeed
considered as the main dispersal vector with in rivers and wetlands (Sculthorpe 1967;
Dawson 1988; Havel et al. 2000; Michels et al. 2001; Van de Meutter et al. 2006). However,
this requires permanent or temporary physical connections between waterbodies (BarratSegretain 1996; Michels et al. 2001; Hulsmans et al. 2007). Such connections allow dispersal
of many propagules from very many species (Soons 2006). For example, Boedeltje et al.
(2004) trapped an average of 24 - 849 seeds of 148 species (throughout the year) in 36 m3 of
the upper 30 cm of a slow-flowing waterway in The Netherlands. Seed dispersal by water is
also assumed to be effective for wetland plants, because water transports seeds selectively to
other (at least temporally) wet places, thus ensuring ‘directed’ dispersal (sensu Howe &
Smallwood 1982) to a relatively narrow range of sites that are likely to be suitable habitats.
This assumption is supported by the relatively large number of wetland species that have
seeds that float for long periods of time. In a floating experiment with seeds of 53 wetland
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species, seeds of 18 species still floated at the end of the experiment after 112 days (Boedeltje
et al. 2003). The assumed effectiveness of directed dispersal by water is also supported by the
high seed densities deposited by water in seed traps in temporarily flooded sites (Vogt et al.
2004; Neff & Baldwin 2005).

Dispersal by water however has a major drawback: its limited directionality. Water can
only transport propagules towards sites that are physically connected by running water (in the
case of wetlands) or downstream from the production site (in the case of rivers) (BarratSegretain 1996). Dispersal by water is therefore a quantitatively important method over short
distances, but cannot explain the broad geographic distribution of aquatic species, especially
their presence in independent river catchments (Sculthorpe 1967; van der Pijl 1982).

4.

Dispersal by animals (or zoochory)

Propagule dispersal by animals has long been considered as a major dispersal means for
sessile organisms in aquatic ecosystems (Darwin 1859; Ridley 1930). Insects, amphibians,
mammals, fish and birds are possible vectors for aquatic organisms.
Among insects, dragonflies, wasps, bumblebees, butterflies and beetles are able to carry
algae or micro-invertebrate propagules (Maguire 1963; Kristiansen 1996). For example,
Stewart & Schlichting (1966) found 1 to 25 different algae and or protozoan genera per insect
(26 different species) examined (N = 182). Both terrestrial and aquatic insects may thus be
important dispersal vectors for aquatic micro-invertebrates.
Amphibians can also disperse freshwater invertebrates. Moore (1971) was the first to
suggest this, after having found live anostraca (Treptocephalus seali) eggs in frog faeces. Few
studies of this type have been conducted since then, despite the expected high dispersal
potential by these animals. For example, Bohonak & Whiteman (1999) considered that ca.
5,500 anostraca (Branchinecta coloradensis) eggs were annually transported from one pond
to another by salamanders (Ambystoma tigrinum nebulosum) in Colorado. Lopez et al. (2005)
further demonstrated in South America that some ostracods (Elpidium spp.) and annelids
(Dero spp.) could stick to frog and reptile skin, allowing the colonisation of new ponds.
The potential for mammals to disperse aquatic organisms has also been overlooked in
the literature. However, some studies suggest this potential exists. Peck (1975) found two
amphipod species (Gammarus lacustris and Hyalella azteca) in beaver (Castor canadensis)
and muskrat (Ondatra zibethicus) fur. Vanschoenwinkel et al. (2008c) found many freshwater
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invertebrates (10 taxa) in wild boar (Sus scrofa) faeces and in mud samples collected on trees
where boars scratch themselves (17 taxa).
Fish can also be good dispersal vectors for aquatic organisms. Despite the fact this
dispersal mode is considered as being important (Ridley 1930; Barrat-Segretain 1996), it has
hardly been studied to date (Pollux et al. 2006). However, combining seed and invertebrate
propagules prevalence in the stomach of these animals (up to over a thousand, Ridley 1930;
Crivelli 1981; Chick et al. 2003; Nurminen et al. 2003; Bartholmé et al. 2005) and the fact
that lake and river systems can hosts very many fish (van Densen et al. 1990), one can
consider that fish collectively play an important role in aquatic plant and invertebrate
dispersal, affecting vegetation types along lake shores and rivers for example (Pollux et al.
2006). However, like for hydrochory, dispersal by fish can only occur between sites
physically connected by water.
We compared to dispersal by other animals, dispersal of aquatic organisms by
waterbirds has received increasing attention over the recent years (Green et al. 2008; Soons et
al. 2008; Wongsriphuek et al. 2008 for some of the most recent publications). “Waterbirds” is
herein used to distinguish the birds living in aquatic ecosystems throughout their lives, as
opposed to those not completely dependent upon water (terrestrial birds). Waterbirds however
comprise species that are very different in phylogenetic terms, like herons and gulls (Tamisier
& Dehorter 1999). Among these species, Anatidae (ducks, geese and swans) and waders
(charadridae and scolopacidae: lapwings, woodcocks, curlews, etc.) are particularly
interesting for the dispersal of aquatic organisms (Green et al. 2002). They are highly mobile
and regularly move between distinct wetlands. Birds, more than any other animals, move over
very long distances and are therefore likely candidates for the dispersal of aquatic organisms.
Furthermore, their diet often comprises seeds and invertebrates (Cramp & Simmons 1977,
1983). In The origin of species (1859), Darwin was the first to suggest that the wide
distribution of some aquatic plants and invertebrates was mainly due to the transport of their
propagules in the feathers and the mud-covered waterbird feet. Other pioneers in this field of
science came to the same conclusion (De Guerne 1887, 1888; Ridley 1930). These authors
however reported anecdotal observations, without any experimental support. For many years
aquatic organism dispersal by waterbirds was seldom studied, with the notable exception of
Proctor and colleagues in the 1960s (Proctor 1959, 1961, 1962, 1964, 1966; Proctor &
Malone 1965; Malone & Proctor 1965; Proctor et al. 1967). However, in the 2000s, new
studies tried to study and quantify the dispersal mechanisms of both terrestrial and aquatic
species (Clobert et al. 2001; Bullock et al. 2002; Cousens et al. 2008). Recent literature
reviews (Figuerola & Green 2002a; Clausen et al. 2002; Green et al. 2002) highlighted the
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several steps involved in aquatic organism dispersal by waterbirds. However, compared to
terrestrial systems (Majer 1989; Traveset 1998; Jordano 2000), passive dispersal of aquatic
organisms remains relatively unstudied and the frequency at which such events occur in
nature remains to be quantified.

Dispersal by birds lies somewhat in between dispersal by wind and dispersal by water,
in that birds do not have unidirectional movements but their dependence on wetland habitats
makes them disperse propagules to suitable habitats, or at least in or close to water. As
already highlighted, Anatidae are particularly interesting potential vectors among waterbirds,
and from hereon we will below concentrate on this bird family.

IV. Dispersal of aquatic organisms by Anatidae
1.

Anatidae as excellent passive dispersal vectors

Anatidae are of particular importance for dispersal of other aquatic organisms because
of their abundance, widespread distribution across the world’s wetlands, and their tendency to
show long distance movements (Del Hoyo et al. 1992). Furthermore, the importance of plant
seeds and aquatic invertebrates in the diet of most Anatidae species makes them vectors for
dispersal (see Gaevskaya 1966 for a review of the plant seeds consumed by various
Anatidae). Owing largely to their importance as a hunting resource, a great deal of research
has been conducted on Anatidae ecology, though this research has been focused largely on
migratory species in the Northern Hemisphere (Kear 2005; Baldassarre & Bolen 2006).
Various experiments on the survival of invertebrate and plant propagules after digestion
by waterbirds have been carried out by feeding a large number of propagules to captive-reared
ducks or waders (see Figuerola & Green 2002a; Charalambidou & Santamaría 2002 for a
review). These experiments have shown that many seeds, oospores, phytoplankton spores and
crustacean resting eggs can survive digestion. Field studies have also highlighted the role of
Anatidae for the dispersal of aquatic organisms (Figuerola & Green 2002a, b; Figuerola et al.
2002, 2003; Holt Mueller & van der Valk 2002; Charalambidou & Santamaría 2005; Pollux et
al. 2005). The role of Anatidae as vectors has also been indirectly demonstrated through the
analysis of the genetic structure of populations of various aquatic species (Figuerola et al.
2005a). In America, for example, the genetic distribution of cladocerans and bryozoan
populations is largely explained by the migratory movements of Anatidae (Figuerola et al.
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2005a). Similarly, the genetic distribution of the bryozoan Cristatella mucedo in Northern
Europe is consistent with the main waterbird migratory routes (Freeland et al. 2000).

Anatidae therefore have a strong potential as vectors of aquatic propagules, which they
can carry internally or externally over short to long distances. The following paragraphs
analyse the most relevant Anatidae characters in this context, with the type of organisms the
most likely to be dispersed.

2.

Transport of different types of organisms

Anatidae can disperse their prey (seeds and invertebrates) as well as their parasites
(bacteria, viruses, ectoparasites).

a.

Seeds and invertebrates

Anatidae diet studies have shown these birds use large amounts of aquatic organism
propagules from a range of different plant and invertebrate species. This is particularly the
case of ducks (Cramp & Simmons 1977; Thomas 1982; Baldassarre & Bolen 2006). Their
typical filter-foraging technique is relatively poorly selective, so that they ingest many items,
voluntarily or not (Green et al. 2002). Diet studies show that seeds of a given type are often
present in small numbers but in a large proportion of the bird population (e.g., Cyperaceae
seeds in garganey, Anas querquedula, Tréca, 1981a), whereas seeds of other types are found
in large numbers but only in a small number of birds (e.g., Echinochloa seeds in garganey,
Tréca, 1981a). Without affecting the overall proportion of a given seed type in the diet of the
bird population, these two distribution patterns have different implications for dispersal.
When a seed type is carried by more birds, there is more chance that one bird will move the
seed a long distance to a suitable habitat (Green et al. 2002). However, ingestion of the same
seed in large quantities may increase survival of digestion in some situations. For example,
Tamisier (1971) commented that relatively more seeds survived digestion (i.e., remained
intact in the rectum) by Eurasian teal as their overall ingestion rate increased.

b.

Parasites
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Birds are also the hosts of many organisms such as bacteria, viruses and protozoan

(Reed et al. 2003). They can be considered as “biological vectors” when the parasite
multiplies in the avian body. Infection can then be acute, chronic, latent or asymptomatic. In
many cases, infected birds can transmit these parasites to their congeners or individuals from
other species. Birds can also act as “mechanical vectors” when the parasites do not multiply in
or on the bird. This carriage can be either external, when the agent is located on the surface of
the bird’s body, or internal, when the agent passes through the digestive tract and is viable
when excreted. As a last possible mechanism, birds are the hosts of many ectoparasites that
sometimes serve as vectors of diseases (Hulábek 2004).
Anatidae are known to be the natural reservoirs of many parasites, such as spirochete
bacteria (ex.: Borrelia spp. causing Lyme disease) or enteropathogens (ex.: Salmonella spp.)
(Reed et al. 2003). Anatidae are also a major element of avian Influenza Viruses (AIV)
ecology (Alexander 2000; Olsen et al. 2006). These birds are commonly considered as natural
hosts for most low pathogenic viruses (Webster et al. 1992). In Southern Europe, 1 to 5% of
dabbling ducks carry and spread these viruses, especially during winter (De Marco et al.
2003; Lebarbenchon et al. 2007, in press).

3.

Two types of transport

Anatidae can disperse aquatic organism propagules in their guts (endozoochory or
internal dispersal) or attached to their bodies (ectozoochory or external dispersal) (Darwin,
1859; Ridley, 1930).

a.

Ectozoochory

External transport of propagules is the most easily observed process. Propagules may be
attached to the bird’s external surface, either clinging directly to the feathers and bill, or
indirectly when they are contained in the mud carried on the feet of birds. Darwin (1859) was
the first to suggest that the broad distribution of some aquatic plants or invertebrates was the
result of external transport on bird feathers or feet. He performed the first experiment dealing
with external transport by birds by placing the leg of a dead duck in a tank with pond snails.
The molluscs crawled onto the bird foot and many of these stayed there when he removed the
foot from the water and waved it around to simulate flight. Adult amphipods and cladoceran
propagules can also stuck to duck feathers (Segerstråle 1954; Swanson 1984; Makarewicz et

Introduction

23

al. 2001; Figuerola & Green 2002b). Many seed species can also be transported on the
outside of birds (Barrat-Segretain 1996). For example, Nymphaeceae seeds can stick to
feathers directly (Smits et al. 1989), and the seeds of many hydrophytes can be found in the
mud stick onto Anatidae feet (Sculthorpe 1967). Anatidae can also transport ectoparasites that
are themselves the vectors of diseases, such as ticks (Reed et al. 2003). These organisms thus
disperse passively, even if the bird host is not itself the infectious reservoir (Hulábek 2004).
Some specialized structures of the propagules facilitate external transport. For example,
an hydrophobic mucilage around the propagules may allow them to stick to any part of the
birds’ body and fall off when the birds land in water (van der Pijl 1982). Hooks and spines in
many plant and invertebrate families also facilitate ectozoochory (Sorensen 1986; Okamura &
Hatton-Ellis 1995). Propagules of small size can also enhance external transport (Cousens et
al. 2008). Similarly, floating propagules may adhere more easily to birds (Figuerola & Green
2002a).
Ectozoochory by Anatidae has been reported many times via anecdotal observations,
but quantitative studies of the frequency of ectozoochory by Anatidae remained scarce
(Figuerola & Green 2002a). Vivian-Smith & Stiles (1994) found 28 of 36 Anatidae
individuals to carry seeds stuck to their feathers or feet, suggesting this could be an important
dispersal means at least in some areas. Results from Figuerola & Green (2002b) also suggest
this could be a frequent process in nature: over fifty percent of the Anatidae they examined
carried at least one propagule on their plumage or their feet.

Such a transport mode allows propagules to disperse towards adequate habitat, since
Anatidae tend to take off from one waterbody and fly directly to some other aquatic habitat,
though some may fall off during flight and end in unsuitable habitats (De Vlaming & Proctor
1968). Moreover, exposure to desiccation during flight may also limit the potential of many
organisms to disperse by sticking on the outside of birds. Although many seeds and
invertebrates are highly tolerant to desiccation (Bilton et al. 2001), this may nonetheless limit
the distance at which they can get externally dispersed by Anatidae (Figuerola & Green
2002a).

b.

Endozoochory

Anatidae can also disperse propagules internally after ingestion. This requires some
ingested propagules to be expelled from the digestive tract intact or only partly digested, and

24

Introduction

in a viable condition (Clausen et al. 2002). Ingestion can be voluntary when the propagules
are part of the bird’s diet, such as plant seeds or invertebrate carrying eggs, or involuntary
when the propagules are attached to or inside the resources used, like the case of parasites
transmitted by water.
According to Ridley (1930), the first experiment concerning internal seed transport by
Anatidae was carried out by Guppy (1906), who fed fruits of Potamogeton natans to a
domestic duck. He later collected a large number of intact seeds in the droppings (with only
the soft seed coat removed), and allowed them to germinate. 60% germinated the following
spring, compared with 1% for controls (Barrat-Segretain 1996). Many such experiments
feeding captive ducks to measure survival of plant and invertebrate propagules after ingestion
have been carried out since then (see Figuerola & Green 2002a; Charalambidou & Santamaría
2002 for reviews). These experiments also showed that a large variety of seeds, oospores,
phytoplancton spores and crustacean eggs can survive digestion. In order to better understand
the characters allowing easier internal transport, recent studies have analysed differential
propagule survival depending on the vector species (Santamaría et al. 2002; Charalambidou et
al. 2003a), the vector species’ diet (Charalambidou et al. 2005), salinity of the germination
habitat (Espinar et al. 2004), the development stage of the propagules (Charalambidou et al.
2003b) or the morphological attributes of these (Holt Mueller & van der Valk 2002; Pollux et
al. 2005; Soons et al. 2008; Wongsriphuek et al. 2008). In the latter case contradictory results
were obtained. For example, Wongsriphuek et al. (2008) documented a positive correlation
between the proportion of intact seeds after their passage through the digestive tract of
Mallards (Anas platyrhynchos) and the fibre content of these seeds (used as an indirect
measurement of seed hardness), while Holt Mueller and van der Valk (2002) found the
opposite. Wongsriphuek et al. (2008) showed a negative correlation between fibre content and
the proportion of intact seeds which later germinated, while Holt Mueller and van der Valk
(2002) found a positive one. Such discrepancies are probably due to differences in the
methods used or to other sources of variation like the particular seeds and birds used, making
direct comparisons between studies difficult (Figuerola & Green 2002a).
These experimental studies show that Anatidae can potentially transport propagules, but
do not provide any indication of the frequency of such events in nature, hence the need for
field studies (see Figuerola & Green 2002a for a review). For example, Powers et al. (1978)
reported 17 species of undigested angiosperm seeds in the intestines of 51 hunted ducks.
However, most such field studies were anecdotal and only a few of these are both detailed
and providing quantitative results (Figuerola & Green 2002a). More recent studies therefore
quantified the number of propagules in Anatidae droppings and thus confirmed in the field the
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variety of such species that are dispersed by these birds (Figuerola et al. 2002, 2003;
Charalambidou & Santamaría 2005; Frisch et al. 2007; Green et al. 2008). These studies
relied on various methods, which were not all comparable. However, it is striking that 12 to
85% of faecal samples examined contained propagules, depending on sites, seasons and bird
species.

Collectively, experimental and field studies confirm that internal transport of aquatic
organisms by Anatidae is frequent in nature. Even where propagule dispersal rate per
individual bird is low, such rate can potentially get high in areas where hundreds of thousands
of ducks move between waterbodies (Wetlands International 2006). In such areas, Anatidae
therefore probably act as important ecological links between wetlands (Amezaga et al. 2002).

4.

Two dispersal scales

Maximum dispersal distance is determined by both the maximum duration of time a
propagule can stick onto the outside of a bird or the time it taken for transit through its
digestive tract (retention time) and the maximum distance the bird can cover during this time
period.

a.

Propagule retention time

To our knowledge, there is no published information concerning propagule retention
time on the outside of birds’ bodies. Maximum dispersal by external transport is therefore
unknown (Green & Figuerola 2005), though desiccation may limit such transport type for
aquatic organisms (Figuerola & Green 2002a). For example, Malone (1965) studied
gastropod retention time when these were dispersed externally by killdeer (Charadrius
vociferus), and showed these invertebrates generally survive up to 5 hours outside water.
However, he also observed some individuals to survive after 14h outside water, with survival
duration likely varying with air temperature and humidity.
Many studies have measured the retention time of a variety of propagules (seeds and
invertebrates) inside duck digestive tracts (see Charalambidou & Santamaría 2002 for a
review). Most seeds are found rapidly after ingestion, and their frequency of occurrence in the
faeces then decrease, most seeds being found within 12h (Holt Mueller & van der Valk 2002;
Charalambidou et al. 2003a; Pollux et al. 2005; Soons et al. 2008; Wongsriphuek et al. 2008).
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However, a non negligible proportion of seeds is found up to at least 48h after ingestion.
Pollux et al. (2005) showed that Sparganium emersum seeds could transit through duck guts
for 60h, and Proctor (1968) reports that seeds can be inside shorebirds for several days prior
to regurgitation. Invertebrate propagule retention times are similar. For example,
Charalambidou et al. (2003b) showed Bythotrephes logimanus ephippia (resting cladoceran
eggs) could stay 22 h within duck digestive tracts, though most are excreted within 4 hours of
ingestion. Charalambidou et al. (2003c) got similar results with Cristatella mucedo statoblasts
(dormant stage of bryozoans, produced by vegetative reproduction), that were retained for up
to 44h, though most of these were also excreted within 4 hours after ingestion.
Concerning parasites, retention time varies widely according to infectious agent. For
example, AIV excretion duration by waterbird can have large range of values, from 2 to 30
days (Webster et al. 1978; Lu and Castro 2004; Latorre-Margalef et al. 2009).

Because they are able to fly, Anatidae can move quickly over long distances. For
example, 56 ducks ringed in Spain covered 384 km on average (range 59-1801 km) in one
week (Green & Figuerola 2005) and a Teal (Anas crecca) ringed in Denmark covered 1285
km in less than 24h (Clausen et al. 2002). However, birds more generally move over shorter
distances of a few kilometres between their day-roost and foraging habitats (Tamisier 1978;
Green et al. 2002). Anatidae are therefore potentially important dispersal agents at both the
local and broader geographic scales (Figuerola & Green 2002a).

b.

Long-distance movements

Anatidae have two types of long-distance movements. The most common are spring and
autumn migratory movements between breeding and wintering sites (Cramp & Simmons
1977). However, in the Northern Hemisphere, migratory ducks rarely stay in the same
wintering area for several months. Many species are indeed highly mobile in winter, regularly
moving between wetlands (Pradel et al. 1997) partly because of cold spells (Ridgill & Fox
1990). Many Anatidae species that breed at intermediate latitude (Mediterranean and semiarid areas) are not strictly migratory, but instead show long distance nomadic movements.
They move tens to hundreds of kilometres any time in the year, e.g. in response to flooding
and drought cycles of temporary wetlands (Del Hoyo et al. 1992; Kingsford & Porter 1993;
Roshier et al. 2006).
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Anatidae fly at an average of 60-78 km/h (Welham 1994). Considering the abovementioned retention rates, propagules can easily be dispersed over more than 1000 km.
However, Clausen et al. (2002) listed six necessary prerequisites for long-distance internal
transport of aquatic plants by Anatidae: 1) birds must feed on the seeds of these plants; 2)
seed availability must coincide with the period when birds are about to leave a given site for
another; 3) to be able to carry seeds along, birds must fly with their gut at least partly filled; 4)
assuming that digestion of seeds will continue during migratory flight, birds must move
rapidly between sites if seeds are to survive the journey; 5) to achieve long-distance transport
the seeds must be retained long enough in the birds’ guts; 6) birds moving from one site to
another must eject ingested seeds in appropriate habitats upon arrival.

Long-distance dispersal may thus be a relatively rare event, though this has never been
quantified in nature (Cain et al. 2000). However, dispersal rates are likely to be frequent
enough for invertebrate or plant species to maintain large-scale gene flow between distinct
populations. Studies of genetic structure along Anatidae flyways indeed suggest these birds
disperse organisms over long distances (Hebert & Finston 1996; Mader et al. 1998; Freeland
et al. 2000; Figuerola et al. 2005).

c.

Short-distance movements

Anatidae move locally throughout their annual cycle. These birds often fly tens of
kilometres between feeding and roosting sites (see e.g. Tamisier & Dehorter 1999, for
movements of wintering ducks within the Camargue). Wintering ducks in Western France
(Guillemain et al. 2002) and elsewhere disperse locally at night (Green et al. 2002). During
these short journeys they can therefore easily transport propagules between wetlands that lack
physical connection. Since most propagules have short retention times in Anatidae, such local
movements can have an extremely important role for the local dispersal of aquatic organisms,
since such propagules may not have other means of dispersing between waterbodies (Green et
al. 2002). Moreover, such Anatidae movements at a local scale tend to occur without any
particular direction (as opposed to the directionality of migration), and can be very frequent
during the periods of maximum propagule productivity (Wilkinson 1997)

Reviewing aquatic organism dispersal by waterbirds, Figuerola & Green (2002a)
concluded there is much evidences to support the transport of viable propagules at the local
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scale. Such short-distance dispersal may have great ecological importance for population
sustainability (Green et al. 2002).

V. Main objectives of the thesis
As already explained, many aquatic organisms can be dispersed by Anatidae, and such
processes can be frequent enough to have a major impact on metapopulation structure and
gene flow in many species, at least locally (Figuerola & Green 2002a). Although the potential
for such transport has long been demonstrated, such dispersal events have hardly been
quantified in the field. Indeed, few of the studies reviewed above quantified the frequency at
which dispersal occurs. Moreover, there is to our knowledge no study combining a
quantification of the number of propagules transported (internally or externally) on the one
hand and bird movements on the other hand, which would help to establish how far such
propagules can be dispersed.

To clear this gap of knowledge, the aim of this thesis is to study the movements of
Teal and other ducks, and their consequences for dispersal of plants, invertebrates and
parasites within and from a winter quarter. In this context, dispersal was simply defined
here as the movement of a propagule from an area to another.
Understanding the movements of the vector species is of paramount importance to
assess dispersal distances of the transported organisms. We therefore started, in Chapter 1,
with a study of spatial and temporal habitat use of a winter quarter by ducks. We studied
the local movements of these birds when they winter in the Camargue. Situated in Southern
France, this wetland covers 140,000 ha in the Rhône Delta. The Camargue is a site of
international importance for waterbirds in general, and exceeds criteria of international
importance for several duck species (Scott & Rose 1996). Hundreds of thousands of ducks
winter or stopover there during migration (Tamisier & Dehorter 1999).
In a first part, we assessed the distribution of birds during daylight hours (Article 1).
We then studied their movements between day-roosts and nocturnal foraging areas according
to hunting bag data (Article 2) and between day-roosts according to data of resightings of
nasal saddled Teal (Article 3). In a second part, we assessed the types of habitats used by
Teal and Mallard indirectly through the study of their gut contents. Such results were also
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compared to earlier studies (Tamisier 1971; Pirot 1981) so as to determine if foraging habitat
use by ducks has changed in response to habitat change in the Camargue (Article 4).

In Chapter 2, we tried to provide new insights into the dispersal potential of various
aquatic organisms by Teal in the Camargue. This duck species is abundant in the area,
representing 20-30% of the total wintering duck population (Tamisier & Dehorter 1999). Teal
are therefore potentially an important vector for many organisms.
In a first section seed dispersal was studied. An aviary experiment (Article 5) was first
carried out to assess the potential of this duck species as a vector of internal dispersal, and
study the effects of seed features (size, mass and hardness of the seed coat) on such dispersal.
We then quantified seed internal and external transport in the field (Article 6), and compared
the relative efficiency of these two means of dispersal. In a second section, the potential
dispersal of aquatic invertebrates was assessed (Article 7). Lastly, in the third section, we
studied local AIV dispersal through a modelling of wintering Teal movements (Article 8).

In Chapter 3, as ducks are also long-distance migrants, we were interested in longdistance dispersal of aquatic organisms, considered at the scale of Europe.
In a first part, we used a literature review to study the importance of ducks in the
dispersal of native and exotic seeds across Europe (Article 9). In a second part, the same was
done for AIV dispersal, first through the analysis of ring recoveries (Article 10) and secondly
via a modelling exercise of duck movements and virus characteristics (Article 11).

The thesis ends with a discussion where we summarise our results and try to highlight
the new information this study adds to the knowledge about the dispersal of aquatic
organisms by ducks, and more generally by waterbirds. A number of needs for further studies
is proposed, and the whole work is finally placed into the broader scientific context.

CHAPTER 1: HABITAT USE BY CAMARGUE DUCKS
Right after the end of the breeding season and after post-nuptial migration ducks flock
onto vast wetlands termed « winter quarters » that are then used for several months, from
August to March (Tamisier 2001). Within these areas, birds again distribute themselves in a
gregarious manner: they flock during the day by the thousands or the tens of thousands on
particular sites named day-roosts, where they mostly have comfort and social activities
(sleeping, swimming, preening and sexually displaying). Foraging is only a secondary activity
there, though its importance may be higher in some species or some periods of the winter.
Ducks then disperse at night into neighbouring foraging habitats before flying back to their
roost at dawn. The day-roost and associated nocturnal foraging habitats form the “functional
unit” of these birds, where they can meet all their ecology needs each day (Tamisier 1978).
This pattern, that is generally observed in most winter quarters, also has exceptions depending
on wetland characteristics (protection measures, habitat management procedures), and
sometimes depending on individual birds (depending on social dominance status, for
example) (Guillemain et al. 2002). Because these are crucial elements for the dispersal of
seeds, invertebrates and parasites by ducks, we studied the spatial distribution of ducks
and their temporal use of the Camargue in detail.
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Spatial distribution
1.

Local factors affecting the diurnal distribution of ducks

Wetlands characteristics potentially affect duck abundance and distribution since they
may affect local habitat selection processes (Allouche et al. 1989; Sanders 1999). We showed
that three local factors significantly affected the diurnal distribution of ducks in
Camargue (Article 1). First, wetland surface area was a major factor, since ducks
preferentially flock on larger waterbodies. Larger wetlands provide a greater protection, since
buffer zones towards disturbance in the periphery are larger (Fox & Madsen 1997; Evans &
Day 2001). Wetland salinity was also important, as this determines the composition of
aquatic plant communities (Grillas 1990). Plants are the major food source of many
duckspecies, which rely on seeds, stems, leaves or tubers (Dervieux & Tamisier 1987).
Hunting disturbance was the third factor affecting duck distribution. Since hunting is often
practiced within the roosts or foraging habitats, this affects site accessibility and associated
disturbance reduces the number of ducks using the area (Madsen & Fox 1997).

2.

Travel distances between day-roost and nocturnal foraging areas

Ducks are indeed important game species and thus represent a significant economic
resource, so that some wetlands are managed and modified only for hunting purposes
(vegetation removal, water level management, Mathevet & Tamisier 2002; Tamisier 2004).
Such management procedures act to stabilize the habitat through the control of natural
constraints (salinity and drought), which increases plant production and makes the wetland
more attractive to ducks. Ducks are mostly hunted during their daily travel between roosts
and foraging areas at dusk and dawn, allowing us to assess the relationship between hunting
bag (number of ducks bagged) and distance to the nearest day-roost in various Camargue
estates (Article 2). Several studies have shown that the average distance between day-roost
and nocturnal foraging areas varies between species and with fluctuating environmental
conditions, such as adverse weather, ranging from 0.8 to 50 km (Fog 1968; Frazer et al.
1990). Given the energy cost of flight, ducks should theoretically minimise travel distance
between roost and foraging areas. It has indeed been shown that such distance is generally of
the order of a few kilometres (Tamisier & Tamisier 1981; Jorde et al. 1983; Guillemain et al.
2002; Legagneux et al. 2009a). For the six duck species we studied, hunting bag decreased
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very rapidly with increasing distance from the nearest roost, since estates over 5 km from
a roost only bagged a limited number of birds. Ducks, like most animals, therefore seem to
limit their travel distances as much as possible from a protected central place and their
surrounding foraging areas (Central place foraging, see Stephens & Krebs 1986; Cox &
Afton 1996 for reviews).

3.

Travel between day-roosts

In addition to travelling between a day-roost and nocturnal foraging areas, ducks also
move between roosts within their winter quarter (Guillemain et al. 2002; Legagneux et al.
2009b). We quantified such movements for Teal, using resightings of nasal saddles. This
method allows individual recognition of birds from a distance, without the need to recapture
them. It does not have a significant impact on individuals, and is therefore very useful to
assess site residence time or apparent survival rate for example (Guillemain et al. 2007).
Using Capture-Mark-Recapture models, we measured the probability that a bird switched
sites weekly within four neighbouring day-roosts (transition probability), and the
probability that it survived and stayed in the area (apparent survival) (Article 3). Teal are
apparently highly faithful to one single waterbody if they remain in the area, since weekly
transition probability between roosts was only around 2%. This corroborates earlier radiotracking studies suggesting ducks were coming back to the same roost day after day (Tamisier
& Tamisier 1981; Cox & Afton 1996; Guillemain et al. 2002; Legagneux et al. 2009a).
Conversely, local apparent survival rate was only 63% in first-year birds and 72% in adults.
This suggests many birds die or leave the area each week. This is in accordance with the
results from Pradel et al. (1997) showing a high turnover among the Camargue wintering Teal
population.

II. Temporal use
In a second part, we studied the temporal use of the Camargue by ducks. Wetland loss
and modifications due to the expansion of agricultural, industrial and urban areas are
worldwide processes (Barnaud 1998) that cause a lot of problems to waterbirds (Sutherland
1998). Such processes also occur in Camargue. Massive changes have indeed occurred during
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the last century with the building of many dikes to the sea and along the two arms of the
Rhône River (Amoros & Petts 1993). During the last 50 years, the rapid development of
human activities such as the petro-chemical industry, agriculture, hunting and tourism have
profoundly affected the Camargue wetlands. Among other things, average water salinity has
decreased and the length of flooding periods has increased (Tamisier & Grillas 1994). Such
human activities affecting the habitat also impact the ecology of several waterbird species,
sometimes even their diet (Madsen 1991). We determined the habitats used by Teal and
Mallard for foraging according to the analysis of their diet, and compared our results to earlier
ones for the same species in the same area (Tamisier 1971; Pirot 1981). This allowed us to
study changes of diet and foraging habitat use in these two duck species over the last 30-40
years (Article 4). The four most frequently consumed items (in terms of both frequency and
abundance) are the same for Mallard and Teal (though they differ in relative importance
between the two species): seeds of rice (Oryza sativa), barnyard grass (Echinochloa sp.), sea
club-rush (Scirpus maritimus) and small pondweed (Potamogeton pusillus). The two former
are the main items in the diet of Mallard, while the latter two are the most frequent food items
of Teal. These birds are therefore highly dependent upon rice fields, given the abundance of
rice and two common rice weeds (barnyard grass and sea club-rush, Marnotte et al. 2006),
and upon semi-permanent fresh marshes, characterised by the presence of small pondweed.
Compared to earlier studies, these ducks seem to rely less on Charophyte beds and saline
areas. This may reflect the transformation of these temporary or brackish habitats into
permanent freshwater wetlands, practiced to attract more waterbirds especially for hunting
purposes, but also to some extent to achieve conservation and tourism goals (Tamisier &
Grillas 1994).

Spatial distribution and temporal use of the Camargue by ducks has far-reaching
consequences not only for the bird community but also for the communities of aquatic
organisms relying on ducks for their dispersal. Despite the fact that wind and fish may also
contribute to local dispersal (within a given catchment basin), waterbirds are the most
important vectors of (natural) dispersal between isolated wetlands (Figuerola & Green
2002a). The role of this bird in such dispersal processes is analysed more precisely in the
second and third chapters.

ARTICLE 1. Marsh management, reserve creation, hunting periods and
carrying capacity for wintering ducks and coots.
Brochet A.L., Gauthier-Clerc M., Mathevet R., Béchet A., Mondain-Monval J.Y. &
Tamisier A.

Statut : published in Biodiversity & Conservation (2009), 18, 1879-1894.
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ARTICLE 2. Hunting bag and distance from nearest day-roost in Camargue
ducks.
Guillemain M., Mondain-Monval J.Y., Weissenbacher E., Brochet A.L. & Olivier A.
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Nota Bene :
-

The reference Guillemain et al. (2002) of this article corresponds to the reference Guillemain et al. (2002a)
of this manuscript;

-

The reference Green et al. (2002) of this article corresponds to the reference Green et al. (2002a) of this
manuscript;

-

The reference Legagneux et al. (2008) of this article corresponds to the reference Legagneux et al. (2009a)
of this manuscript.

ARTICLE 3. What is the spatial unit for a wintering Teal Anas crecca?
Weekly day-roost fidelity inferred from nasal saddles in the Camargue,
Southern France.
Guillemain M., Devineau O., Brochet A.L., Fuster J., Fritz H., Green A.J. & GauthierClerc M.

Statut : in revision in Wildlife Biology.

Abstract
Dabbling ducks generally use distinct day-roost and nocturnal habitats, the set of which
constitute their “functional unit”. The rate at which these birds may switch between dayroosts has never been quantified. Using resightings of nasal-saddled birds, and capturerecapture modelling in the Camargue, Southern France, we estimated the weekly probability
that a teal switches from one day-roost to another one nearby (transition probabilities). We
also estimated the probability that a teal survives and remains in the study area consisting of
four neighbouring roosts (apparent survival). Birds were highly faithful to one given
waterbody if they remained in the study area (i.e. weekly rate of switch between roosts was
about 2-6% only), but the probability that an individual remained within one of the four roosts
from one week to the next (local weekly apparent survival rate) was only 60-70%. Intensive
search efforts led to a 60% detection probability. Low local apparent survival coupled with
very high site fidelity within the system suggest that two distinct strategies may coexist, i.e.
frequent movement between distant winter quarters versus very high fidelity to the very same
local wetland. Such strategies may be used successively by the same individuals or may
alternatively represent distinct bird categories (i.e. transients versus residents). In any case,
they suggest habitat management procedures need to be considered at both local and flyway
scales simultaneously: the former may ensure that sites repeatedly used by the same
individuals can provide adequate conditions to birds when they remain in a given winter
quarter, while the latter will ensure transient birds find appropriate sites within the network of
distant wetlands they may use as successive wintering quarters during a season.

Keywords
Capture-mark-recapture; nasal saddles; roost fidelity; transience.
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Introduction
Habitat selection by wintering dabbling ducks is typically considered to reflect their use
of Functional Units: birds gather on one roost during the day for social and comfort activities,
and disperse at night into the associated surrounding foraging areas (Hughes & Green 2005).
In its formal definition, the functional unit of a dabbling duck is thus made of one day-roost to
which individuals are faithful, and a limited number of nocturnal foraging areas around this
roost, whose use may depend upon flooding conditions, relative food availability, etc. To our
knowledge, the fact that wintering dabbling ducks distribute themselves and partition their
activities in general accordance with the functional unit principle has always been supported
by studies dealing with wintering duck habitat selection (e.g. Tamisier & Tamisier 1981; Cox
& Afton 1996; Duncan et al. 1999; Guillemain et al. 2002a; Legagneux et al. 2009a).
However, other studies also suggested that, despite following this general pattern, some
individuals may nonetheless move within their winter quarter and therefore switch between
day-roosts separated by distances of several kilometres (Guillemain et al. 2002a; Legagneux
et al. 2009b). The aim of the present study was to quantify the extent to which such switches
between day-roosts occur, by means of resightings of nasal-saddled teal (Anas crecca). Such
definition of the scale at which habitat selection occurs in wintering ducks may obviously be
useful in terms of wetland management policies. The rate at which ducks move locally
between waterbodies may also have a key influence on the rate at which such birds disperse
pathogens (e.g. Highly Pathogenic Influenza A viruses) between marshes over short distances
(Jourdain et al. 2007; Articles 10 & 11).

Methods
A total of 118 teal were captured with baited funnel traps at the Rendez-Vous marsh in
the Tour du Valat, Camargue, Southern France (43°30’N, 04°40’E), from 9th October 2007 to
11th January 2008, and released in the same place (Figure 1). These were made of 66 females
(21 adults, 44 first-year birds and 1 individual of unknown age) and 52 males (23 adults, 26
first-year birds and 3 of unknown age). Individuals of unknown age were discarded from the
analysis. All birds were fitted with individually-coded plastic nasal saddles of the type
described by Rodrigues et al. (2001), whose lack of deleterious effect to dabbling ducks has
been demonstrated by Guillemain et al. (2007a). Marked teal were then searched daily over
the 3 main duck day-roosts of the Tour du Valat estate, namely the Rendez-Vous marsh (11
ha), the Garcines (2.2 ha) and the Saint-Seren marsh (69 ha), as well as on the 5 ha of the
nearby Salin de Badon marsh (Figure 1). These sites are shallow (< 1m depth in most parts)
freshwater wetlands permanently flooded in winter, are protected areas and are either closed
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to the public (the three at Tour du Valat) or only open to a limited number of visitors (Salin de
Badon). The distance between the four study sites ranges from 800m to ca. 5km. Although
these are not the only teal roosts in the area, they were the main ones where teal were both
abundant and could be observed regularly without disturbance (all sites have hides from
which observations were performed, except Garcines). A minimum of one hour was spent
searching for marked teal at each of these roosts, almost each day of the week (MondayFriday) from the first teal catch until March 21st, i.e. over 24 successive weeks. Presenceabsence of each bird in each day-roost was then coded for each week. A bird using several
roosts in the course of one week was considered as having switched when at least one roost
was different between two consecutive weeks. When a bird was observed on one roost a given
week and on several roosts the next week, we considered it had switched to the most distant
roost (observations on nearer roosts were assumed to have been made while the bird was
moving between the most distant roosts). Information about marked birds reported as seen or
shot by hunters elsewhere (there was no hunting on any of the 4 day-roosts) was also
collected, but was too scarce to be used in the analyses. We thus relied on a multistate
capture-recapture modelling procedure including 4 different states, corresponding to the 4
day-roosts where teal could be observed alive: Rendez-Vous (i.e., ringing site), Saint-Seren,
Salin de Badon, and Garcines. Survival, recapture/resighting, and transition probabilities were
estimated separately for each age/sex group, i.e., first year females, adult females, first year
males and adult males. Since data were relatively sparse, we applied constraints for modelling
transition probabilities. We modelled transitions from the ringing site A differently from
transitions from other roost sites B, C, and D, but transitions from B, C, and D were modelled
as being equal.
Because the rate of movements between roost sites may vary across the season, or
according to body condition, we considered the month of ringing and bird body mass at the
time of ringing in addition to the age/sex structure mentioned above. Since marked birds were
searched for by the same observer (JF), following the same protocol on all sites, we modelled
resighting probabilities as constant, and independent of any covariate.
Apart for the age/sex interaction, which was modelled as a group structure, we
considered additive models only. Given our covariates (age, sex, month and mass at ringing),
and data sparseness, interactions made little biological sense and would have led to overparameterization. We therefore used the preceding criteria to build 55 a priori models, and we
carried out our model selection using Akaike’s Information Criteria with small sample size
correction (AICc; Burnham & Anderson 2002), as implemented in program MARK (White &
Burnham 1999).
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Figure. 1. Map of the study area showing the position of the Camargue in France (top right), the
Camargue area as a whole (centre) and a detailed view of the local wetlands (dark grey) and four study
sites (black) (bottom left). Individual maps provided by Tour du Valat.

Results
The results of the model selection process are presented in Table 1. All 6 best ranking
models (AICc weight > 0.01) included the effect of month of ringing on both survival and
transition probabilities (beta = 0.1 ± 0.027 SD). The best-AICc model accounted for ~56% of
AICc weight. According to this model, the weekly probability to move from the ringing site A
to one of the other roost sites was lower (estimate ± SE: 0.019 ± 0.005) than the weekly
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Table 1. Top ranking models obtained from model selection. S: survival probabilities, P:

capture/resighting probabilities, Ψ: transition probabilities. Age: probability varies between first year and
adult individuals. Sex: probability differs between males and females. np: number of parameters in the
model.

probability to leave roosts B, C, or D for site A (0.062 ± 0.018). Both these transition
probabilities were constant across age and sex classes.
Because data for birds seen or shot elsewhere could not be used, permanent emigration
outside the study area was not included in the models. For all individuals, local weekly
survival was 0.705 ± 0.044 on the ringing site and 0.604 ± 0.092 on roosts B, C, and D,
Weekly recapture probabilities on ringing site A were modelled as independent of any
covariate and were estimated as 0.375 ± 0.032. Similarly, weekly resighting probabilities
were modelled as constant over time and independent from any covariate, and were equal to
0.619 ± 0.086.

Discussion
The present study highlights two general patterns: wintering teal show a low apparent
survival at their winter quarter, but a high site fidelity to their day-roost if they survive and
remain within the same winter quarter.
From one week to the next, local apparent survival rate was 70% at the ringing site and
60% at the 3 other study marshes, for all age/sex classes. This suggests that many birds either
die or leave the area each week, in accordance with earlier studies. Pradel et al. (1997) indeed
demonstrated a high turnover within wintering teal populations before the 1970s, which was
confirmed by more recent work in the Camargue and in the Loire Estuary (Western France)
by Caizergues et al. (unpubl. data). A large share of the wintering birds may thus be
considered as transients, spending only short periods of time within each of several wintering
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quarters. Alternatively, these results may indicate a very high mortality rate, even at the
weekly scale. While apparent survival, to our knowledge, had never been quantified with such
a temporal precision (mostly because visual marking has seldom been used in dabbling ducks
so far), such high transience may explain how teal hunting bags can be so high compared to
bird counts: at the scale of France the most recent estimation of the annual teal bag is over
330,000 individuals (Mondain-Monval & Girard 2000), while the total winter count was
under 100,000 (Deceuninck 2004). For the Camargue only, the annual teal hunting bag is
estimated to be around 25,000 individuals (Mondain-Monval pers. comm.), while winter
counts vary between years from ca. 30,000 to 50,000 individuals (Kayser et al. 2008).
Within the local network of day-roosts, teal remaining in the area appeared to be highly
faithful to one single marsh, since the weekly transition probability from the ringing site to
another marsh was only about 2%. This corroborates earlier studies relying on radio-tracking
techniques, suggesting that ducks repeatedly come back to the same roost day after day (e.g.
Tamisier & Tamisier 1981; Cox & Afton 1996; Guillemain et al. 2002a; Legagneux et al.
2009a). Another conclusion from the present study is that teal are unlikely to simply have
moved to surrounding marshes when they are not detected at their traditional day-roost, but
should rather be considered as having left the wintering quarter overall, or being dead. An
alternative explanation to that result would be the effect of trap-dependence (in this case, traphappiness). Indeed, on the ringing site A, teal were captured using a baited trap and transition
rates (i.e., low transition rate from A to B, C and D, higher transition from B, C, D to A)
could indicate a tendency of teal to go back to the ringing site to find an easy food source.
Although we did not test specifically for trap-dependence, we believe its effect to be
relatively weak because the higher transition rate from B, C, D to A is only based on
resightings, not trap recaptures at any of the sites. It is possible that site A was more attractive
than the other ones for some unknown reason (e.g. safety, roost quality), including the
attraction of the trap or trapping bait, but this would need further work to ascertain.
In terms of propagule or disease transport (e.g. Articles 9, 10 & 11), the above results
suggest that teal are relatively unlikely to act as efficient local vectors from one day-roost to
another adjacent one directly. The potential for indirect dispersal via nocturnal areas remains
to be tested, but should be relatively higher, given the fact that individuals in the Camargue
disperse short distances to feed at night around their day-roosts (Article 2), i.e.
interconnectivity via birds from nearby roosts should be relatively frequent at night. In fact,
ring recoveries from one nearby nocturnal foraging area suggest it was used equally by teal
from different day roosts (Brochet et al. unpub. data). It is also possible that the stability of
the study wetlands in terms of regular freshwater availability and low human disturbance may
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have contributed to the high site faithfulness recorded here for teal, while dabbling ducks may
be more likely to move between roosts or use them sequentially over time when these have
more variable environmental conditions (e.g. Kloskowski et al. 2009 for changing diurnal
distribution in variable wetlands in south-west Spain) or are submitted to higher disturbance.
Finally, this study suggests that wintering teal may rely on two distinct strategies, i.e.
frequent movement between distinct wintering quarters versus, on the contrary, very high
fidelity to the same local day-roost day after day. Such strategies may possibly be used
successively by the same individuals or, as suggested elsewhere (i.e. French Atlantic Coast
sites, Caizergues et al. in prep.), represent two distinct categories of individuals: resident and
transient birds. The present results do not allow us to distinguish between these two
possibilities but suggest that birds may benefit from the protection of wetland sites at two
different geographic scales. Because they repeatedly use the same sites when they remain
within a winter quarter, they would directly benefit from the identification and protection of
these waterbodies. However, because they also frequently leave their winter quarters,
presumably for other large wetland complexes within their wintering range, they would also
benefit from adequate protection and management of a network of sites, so as to let transient
birds find adequate conditions while they travel between regions or even countries during the
winter period.

Acknowledgements
We would like to warmly thank Olivier Pineau, Jean-Baptiste Mouronval, Chloé
Masson, Laurent Maréchal, Faustin Rizet and Marine Tachat for their help in catching teal
and during fieldwork. We acknowledge the Réserve National de Camargue for regular access
at Salin de Badon, as well as Eric Coulet for useful discussions. We are grateful to the hunters
who reported the rings and saddles of shot birds around the Tour du Valat. Anne-Laure
Brochet was supported by a doctoral grant from the French Office National de la Chasse et de
la Faune Sauvage. This work also received funding from the French “Agence Nationale de la
Recherche” (ANR) “Santé-Environnement/Santé au travail”, the “New Flubird – European
Union's Framework Program for Research and Technological Development (FP6)” and the
Agence Interorganismes pour la Recherche et le Développement (AIRD).

ARTICLE 4. Diet and feeding habitats of Mallard (Anas platyrhynchos) and
Teal (A. crecca) in the Camargue: what has changed over the last 40 years?
Brochet A.L., Mouronval J.B., Aubry P., Gauthier-Clerc M., Green A.J., Fritz H. &
Guillemain M.

Statut : in preparation.

Abstract
Wetland loss or land use change have important consequences on the ecology of
migratory waterfowl, for example by affecting their food resources and diet. We here
considered change of wintering diet and feeding habitat over the last 40 years for two duck
species, mallard (Anas platyrhynchos) and teal (A. crecca), in the Camargue. In this wetland,
drastic habitat changes have occurred since the 1950’s due to the rapid development of human
activities (agriculture, salt exploitation, industry, hunting and tourism). Current diet and
feeding habitats were determined by analyses of gut (oesophagus, proventriculus and gizzard)
contents and compared to previous studies on same species in the same area. We found that
the four most numerous items (in terms of frequency and abundance) consumed on average
were identical between mallard and teal, though in a different order of importance in the two
species: rice (Oryza sativa), barnyard grass (Echinochloa sp.) sea club-rush (S. maritimus)
and small pondweed (Potamogeton pusillus) seeds. The two former items dominate the diet of
mallard, and the two latter the diet of teal. Both species seemed therefore to be dependent on
ricefield and ricefield-like habitat, even if teal seemed to be less dependent than mallard, by
more exploiting sub-permanent freshwater marshes. Compared to previous studies, mallard
and teal appear to be more dependent on permanent freshwater habitats (cultivated or natural),
and exploit temporary marshes (brackish or freshwater) to a lesser extent. Surface area of
these latter habitats has indeed decreased since the 1960-80’s, having been replaced by
permanent freshwater in order to attract the maximum number of waterbirds, mostly for
hunting purposes. In spite of land use change, duck populations are stable at scale of the
Camargue and in France, suggesting that ducks indeed are highly plastic in their feeding
behaviour and show great flexibility in their prey selection in relation with food abundance.

Key words
Diet; Mallard; Teal; Anas; land use change; wetlands.
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Introduction
Wetlands are among the most affected of all ecosystems, facing major habitat loss or
land use change, both induced by human activities (Amezaga et al. 2002). Both destruction
and degradation are generally driven by the extension of agricultural, industrial and urban
zones. For instance, two thirds of all European wetlands have been lost since the beginning of
the 20th century (CEC 1995) and more than half of the world’s wetlands may have been
destroyed during the same period (Ramsar Convention Bureau 1996). At the same time,
qualitative changes have occurred in wetlands, mostly because of the development of human
activities, such as waste water discharge, nutrient enrichment from extensive use of
agricultural land around wetlands and from fish farming leading to increasing eutrophisation
(Lieutaud et al. 1989). In brackish waters, wetland management for hunting often involves
inputs of freshwater, altering the natural cycle (Tamisier & Grillas 1994), and thus enhancing
eutrophisation processes and introduction of alien invasive species.
Wetland loss or change of their land use have important consequences for migratory
waterfowl (ducks, geese and swans) using these habitats. Both processes indeed modify the
original biological conditions of wetlands and/or control of their suitability for these birds
(Tamisier & Dehorter 1999). For instance, it is has been shown that agricultural practices can
be responsible for duck population decline, at the local scale, in European wintering areas
(e.g. Duncan et al. 1999). Wetlands are attractive to migratory waterfowl not only because of
their habitat diversity, but also because of their abundant nutrient resources (Weller 1988).
Food is indeed an important factor determining habitat selection by waterfowl (e.g. Nummi et
al. 1994; Clausen 2000). Availability of food items is one of the primary factors influencing
food choice by wintering waterfowl in many areas (e.g. Eulis et al. 1991; Thompson et al.
1992). However, wetland loss or land use modifications transform waterfowl habitat and thus
have an impact on the habitat selection of several species, sometimes even affecting their diet
(Madsen 1991).
The Camargue is the Rhône Delta located on the Mediterranean coast of southern
France. Since the 1950’s, drastic changes have occurred in this wetland due to the rapid
development of human activities. The loss of natural wetlands was related to the extension of
agriculture, salt exploitation and industry. On most of the remaining wetlands (mostly private
hunting estates), management involved division of the marshes into smaller units and large
inputs of freshwater, resulting in a decrease in mean water salinity and an increase of flooding
duration (Tamisier & Grillas 1994). These improved availability and predictability of marshes
and the biomass and species composition of aquatic vegetation (Aznar et al. 2003), making
thus the Camargue more attractive to waterfowl (though this may be detrimental to

Article 4

65

biodiversity more generally by eutrophisation, Tamisier and Grillas 1994). This wetland is
indeed a site of international importance for several duck species (Scott & Rose 1996), with
hundreds of thousands of ducks spending the winter or stopping there to feed during
migration (Tamisier & Dehorter 1999).
The aim of this study was to assess if the known changes in habitats in the Camargue
resulted in diet change in these two duck species. We firstly investigated current diet of both
mallard (Anas platyrhynchos) and teal (A. crecca), by analyzing gut contents. These duck
species are abundant in the Camargue, each representing 20 to 30% of the total wintering
duck population (Tamisier & Dehorter 1999). We secondly inferred from their diet the
feeding habitat types they use in the Camargue. Finally, we compared current diet estimations
with previous studies carried out on the same duck species in the same area (Tamisier 1971a;
Pirot 1981) during winters 1979-80 and 1980-81 for mallard and winters 1964-65 and 196566 for teal. We are unaware of any previous studies comparing past and recent diets of these
duck or any other duck species, either in the Camargue or elsewhere in Europe (but see Perry
et al. 2007 for North America), whereas understanding the trophic-habitat relationship of
ducks in wintering areas will provide managers with a better understanding of the ecological
effects of future environmental changes (Perry et al. 2007).

Methods
Study area and species
The Camargue encompasses 145,500 ha of the Rhône Delta, with 60,000 ha of natural
wetlands (freshwater marshes: 9,000 ha, brackish marshes: 18,000 ha, reed beds: 6,000 ha and
lawns: 27,000 ha) and 80,500 ha of artificial habitats (agriculture: 50,000 ha, salt marshes:
25,000 ha, industrial and urban area: 10,000 ha) (Tamisier 1990). Rice is the primary crop of
the Camargue; with alternative crop species being limited by high salt loads (Barbier &
Mouret 1992). The surface area of ricefield evolved from 0 to 20,000 ha between 1942 and
today, with a peak at over 30,000 ha in 1960 (Marnotte et al. 2006). Concerning protected
areas, the Camargue includes a National Reserve (13,000 ha) and several national, regional
and private reserves of smaller extent (total surface area 6,000 ha) (Figure 1). Protected areas
cover approximately 14% of the whole Camargue area and 24% of wetland area (including
salt marshes). Except these, the other areas of the Camargue can be hunted (Tamisier &
Dehorter 1999).
Tens of thousands of mallard and teal winter in this area from August to March. The
annual peak of these species counted averaging 26,000 and 36,000 birds, respectively
(Tamisier & Dehorter 1999). These species represent an important avian biomass in winter
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Figure 1. Map of the Camargue showing the eight collection sites for gut samples (black symbols) and the
five main protected areas.

and are among the principal drivers of wetland management for private hunting and nature
reserve areas. Ducks gather during the day, principally on reserves or marshes where hunting
pressure is low, and mainly have comfort activities (preening, resting and swimming). At
night, they disperse to feeding grounds, principally located on hunted marshes, more
productive in aquatic plants due to an active management (Tamisier & Dehorter 1999; Aznar
et al. 2003; Article 1).

Sample collection and analysis
In total, 176 mallard and 371 teal gut samples (i.e. oesophagus, proventriculus and
gizzard) were collected from hunted birds in eight hunting estates (Figure 1) between
September and January of the wintering seasons 2006-7 and 2007-8 (Table 1). Almost all
birds were shot in early morning, when flying out of feeding sites towards roosting sites, so
that their gut would very likely contain food items consumed during the night. For most birds,
gut was collected from shot birds 1-7 h after death.
Diet of mallard and teal was inferred from the content of oesophagus and proventriculus
(hereafter oesophagus), as recommended by Swanson & Bartonek (1970). However, data

Article 4

67

Table 1. Number of mallard and teal digestive tracts collected each month during the wintering seasons
2006-07 and 2007-08.

from gizzard was also used to investigate all taxa consumed.
Samples were stored in plastic bag, frozen until examination. In the laboratory, samples
were later washed through a 63-µm sieve. The retained material was sampled and sorted. The
content of each gut was separated into animal prey (invertebrates), ‘seeds’ (i.e. achenes,
oogonia and seeds) and vegetative parts of plants. As this latter part represented less than
0.1% of the average relative dry weight of gut content in both duck species (Table 2), it was
not taken into account for this study. Animal prey were determined using Tachet et al. (2000)
or by local specialists. Invertebrates were identified in most cases to the family taxonomic
level. Seeds were mostly identified to the genus or species using Campredon et al. (1982),
Cappers et al. (2006) and a reference collection from the Camargue. Two descriptors were
used to describe the contribution of animal prey and seeds (hereafter “food items”) to the diet
of each duck species: (i) the relative frequency of occurrences of food items in birds (i.e. the
percentage of the total number of birds that contained at least one individual of a particular
food item); (ii) the average relative dry weight (i.e. the total dry weight of each item type in
each gut divided by the total dry weight of all items in the same gut, then taking the average
over all individuals for each duck species separately) (see Appendix). Seed specific dry
weights were taken from Arzel et al. (2007), completed for some species not given by these
authors, following their methods for drying and weighing. We used the same protocol to
measure dry weight of invertebrate.
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Table 2. Mean percentage of relative dry weight of food types present in the oesophagus, proventriculus
and gizzard combined for both mallard (n = 176) and teal (n = 371).

Diet composition analysis
For the purpose of the analyses, we aggregated data of both years. Let P = [pij] the n × p
resource matrix for one duck species with pij the proportion (0 ≤ pij ≤ 1) of jth food item
(columns, 1 ≤ j ≤ p) in the ith bird (rows, 1 ≤ i ≤ n) so that the sum over each row equal 1 (i.e.
100%); such data are known as compositional data (see Aitchison 1986) and the matrix P is
known in statistics as a matrix of row profiles. The matrices P were analysed for both duck
species (n = 119 and 302 for mallard and teal respectively, i.e. empty oesophagus were
removed from dataset) by performing column-centred principal component analysis (%PCA,
sensu de Crespin de Billy et al. 2000). We analysed diet composition by examining the first
two principal components of the column-centred PCA on distance biplots (see Storms et al.
2008 for details). Specific interpretation rules arise from the compositional nature of the
resource matrix (de Crespin de Billy et al. 2000). Each food item is linked to the birds’
centroid, here the origin of the axes since P was column-centred, by an arrow whose length is
proportional to the overall abundance of this food item. Furthermore, the length of an arrow
depends on the variation of the relative abundance of the corresponding food item among
birds. Consequently, dominant food items are dispersed on the first factorial plane of PCA,
whereas rare food items are concentrated around the origin (de Crespin de Billy et al. 2000).
Each bird is at the centroid of the food items, with each food item being given a weight equal
to its proportion in the birds (de Crespin de Billy et al. 2000). The higher the proportion of a
given food item in a bird, the closer the bird is to the food item’s position (i.e. the head of the
arrow). We performed separate %PCAs for mallard and teal. We tested for a seasonal effect
(early winter: September and October and late winter: November to January) on diet
composition using a between-class %PCA and its associated randomisation test (see Storms et
al. 2008 for details) and found some statistical evidence of an effect for both species
(between-class inertia to total inertia ratio = 0.020 and 0.043, p = 0.032 and < 0.001 for
mallard and teal, respectively). Athough the size of the effect is small, we decided to perform
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separate PCAs for early and late winter for both species. Computations and graphical displays
were performed using the ‘ade4’ package for R (Chessel et al. 2004).

Typology of feeding habitats
%PCA is a good method for summarizing the relative importance of food items in the
diet of a species, but we were also interested in finding a typology of the relationships
between birds and food items, whether they are important numerically or not, in order to
determine a broad types of feeding habitats. We thus perform a correspondance analysis (CA)
(see Greenacre 1984, Legendre and Legendre 1998) followed by hierarchical agglomerative
clustering (HAC) in order to group food items together (see Legendre and Legendre 1998).
Finally, characteristic items of each class and knowledge from the literature on Camargue
habitats (Tamisier 1971b; Molinier & Tallon 1974; Tamisier & Dehorter 1999; Marnotte et
al. 2006) allowed determining roughly the broad types of feeding habitats used by both duck
species and the proportion of ducks using each habitat type.
For these analyses, we used data from oesophagus contents. Invertebrate larvae and
adults, rice seeds (Oryza sativa) and “embases” (i.e. insertion point of seed rice on its support,
harder than the rest of the seed, which therefore remain longer in duck gut, Tamisier 1971a)
were considered separately to carry out the most detailed analysis. For mallard (n = 119),
FCA was based on the 21 principal items present in the oesophagus, i.e. items whose relative
frequency of occurrence was greater than 5% (ranging from 5.0 to 58.0%). Rare and
uncommon items were removed from the analyses, as they constituted axes and skewed the
results (see discussion for more details about these food items). HAC was then based on the
first 7 axes of the CA, representing 80% of total inertia. For teal (n = 302), all 103 items were
kept for the analyses (relative frequency of occurrence ranging from 0.3 to 48.7%), except
undetermined ones, as rare and uncommon items did not skew the results. HAC was then
based on the first 13 axes of the CA, representing 57% of total inertia. Analyses were done on
SPAD© (Cisia Ceresta 2004).

Results
Mallard diet and feeding habitats
A total of 76 food items were recorded in mallard diet (see Appendix). This figure was
69 if we considered only oesophagus contents. According to %PCA diet analysis based on the
examination of the first two axes cumulating 51 and 59% of total inertia in early and late
winter respectively and showing simultaneously food items and bird (distance biplot), mallard
diet was mainly composed, in a decreasing order of importance by rice, barnyard grass
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(Echinochloa sp.), small pondweed (Potamogeton pusillus), sea club-rush (Scirpus
maritimus) and longleaf pondweed (Potamogeton nodosus) in early winter (Figure 2a) and by
rice, Echinochloa sp., wheat (Triticum aestivum) and S. maritimus in late winter (Figure 2b).
For clarity, only the most important food items were labelled on the distance biplots. The six
most consumed items represented 80% of the average diet, in terms of relative dry weight,
over the whole wintering period. Sum of relative dry weight of rice and Echinochloa sp.
account for more than 57% of the average diet and were found in 69% of oesophagus. Seeds
of wheat and P. nodosus were consumed in large quantities, but by a relatively small
proportion of birds (8 and 10% respectively). We did not observe mallard individuals
containing in oesophagus mix of rice and wild hydrophyte species, whereas Echinochloa sp.
was associated with either rice or wild hydrophyte species. Mallard may be specialized on
rice and associated plant species. Other cultivated species were also found in mallard gut, but
in fewer numbers and at lower frequency: sunflower (Helianthus annuus), millet (Milium sp.),
sorghum (Sorghum sp.), maize (Zea mays) and grape (Vitis vinifera). Then, plant seed from
brackish habitats, such as opposite leaved saltwort (Salsola soda), glasswort (Salicornia sp.)
and seep weed (Suaeda sp.), were little frequent and never abundant in mallard gut. We
furthermore observed exotic seed species in mallard diet, such as floating primrose-willow
(Ludwigia peploides), Indian goosegrass (Eleusine indica), paspalum (Paspalum distichum)
and kidneyleaf mud plantain (Heteranthera reniformis). Although diet of mallard is overall
dominated by seeds in terms of average dry weight, we can finally notice that gastropods (in
particular Physidae and Planorbidae) were found in 45% of oesophagus.
Results of the typology analysis are based on the examination of the first two axes of the
CA (cumulating 34% of total inertia), showing simultaneously food items and individuals
(Figure 3). HAC analysis resulted in division of food items in four classes. It was possible to
attribute 109 out 119 mallard individuals in these item classes: 101 in one class only and 8 in
two classes, as these individuals consumed characteristics items from two classes. 18
individuals were non-classified. The first axis distinguished one class from the others. This
class was composed of only one characteristic item, wheat, and gathered 7% of classified
individuals. This class did not correspond to a feeding habitat, as the presence of wheat in
mallard diet was likely to be exclusively from bait, as this plant is not cultivated during winter
in the Camargue. Moreover wheat seeds cannot persist during a long time in water, where
they rapidly rot. The second axis distinguished three classes of items. The class in the positive
part of the second axis regrouped seven items, of which four only were characteristic
(distance of items from the centre of the class less than 10), and was constituted of 41% of
classified individuals. This class corresponded to ricefield habitat or bait with presence of
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a.

b.

Figure 2. Column-centred PCA screeplot and distance biplot of oesophagus and proventriculus contents
of mallard duks (points), for (a) early and (b) late winter, according to food items (arrows), on the first
factorial plane (see Appendix for item abbreviation).
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rice, two common rice weeds in the Camargue, bog bulrush (Schoenoplectus mucronatus) and
S. maritimus (Marnotte et al. 2006) and a common freshwater invertebrate taxon
(Coleoptera). Two hydrophyte species also belonged to this item group in a marginally way:
fennel pondweed (Potamogeton pectinatus) and water milfoil (Myriophyllum spicatum)
which are typical of permanent freshwater marshes. The class in the intermediate part of the
second axis regrouped seven representative items, of which four only were characteristic
(distance of items from the centre of the class less than 10), and was constituted of 32% of
classified individuals. This class corresponded to ricefield-like habitat or bait from residuals
of rice production, with presence of rice weeds in the Camargue (Echinochloa sp. and pale
smartweed Polygonum lapathifolium), and freshwater invertebrate taxa (gastropods,
principally Physidae). These two first classes were relatively similar and differed mainly from
each other by inversely proportional quantities of rice and Echinochloa sp. Many ducks
shared out between these two very close classes according to a gradient (shown by the
alignment of points on Figure 3) corresponding to the respective proportions of rice and
Echinochloa sp presents in mallard oesophagus: individuals at the end of this gradient
consumed only rice or Echinochloa, those in the middle consumed both in equal proportions.
The last class in the negative part of the second axe regrouped five items, of which only one
(Polygonum sp.) was characteristic (distance of items from the centre of the class less than
10), and gathered 19% of classified individuals. Two hydrophyte species also belonged to this
item group in a marginally way: P. pusillus and P. nodosus which are typical of subpermanent freshwater marshes. The presence of “embases” of rice in this class indicated that
mallard feeding on Polygonum and Potamogeton sp. also fed earlier in ricefield habitat or had
consumed bait.

Teal diet and feeding habitats
With a total of 113 food items recorded, teal diet was particularly diversified (see
Appendix). This figure was 103 if we considered only oesophagus contents. However 14
items were enough to obtain 80% of the average diet, in terms of relative dry weight.
According to %PCA diet analysis based on the examination of the first two axes (cumulating
47 and 32% of total inertia in early and late winter respectively), teal diet was principally
composed, in a decreasing order, by S. maritimus, stonewort (Chara spp.), P. pusillus and rice
in early winter (Figure 4a) and by Echinochloa sp., S. maritimus, rice, Suaeda sp. and P.
pusillus in late winter (Figure 4b). These six different food items contributed for more than
5% to the average diet, except Suaeda sp. (3.6%), over the whole wintering period. S.
maritimus, Echinochloa sp. and rice seeds only accounted for 40% of average diet. Chara
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Figure 3. Biplot for the first factorial plane of CA. Food items are classified into four classes (labels 1,2, 3
and 4). Mallard ducks are points (see Appendix for item abbreviation).
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spp. were very frequent in teal diet, i.e. present in 36% of oesophagus. However, only 4% of
birds consumed this item in large quantity, i.e. with more than 16,000 Chara oogonia in
oesophagus. In the majority of cases, Chara spp. were associated in oesophagus with a large
number of seeds of Echinochloa sp. Suaeda sp. was among the main food items, although
this species was little frequent (i.e. present in 13% of oesophagus). However, this species was
consumed in large quantity (with more than 2,000 seeds in bird oesophagus) by few
individuals (2%). It was more frequently present in teal diet in smaller numbers and
associated with other seed species, such as Chara spp., glasswort horned pondweed
(Zannichellia sp.) and common reed (Phragmites australis). E. palustris was not a principal
item consumed by teal, but this species was however interesting as it was present in one out
five bird oesophagus, and represented 3% of average diet. Other seed species, such as H.
reniformis, L. peploides, Zannichellia sp., S. mucronatus and naiad (Najas spp.), did not
contribute much to the average diet in terms of dry weight, but were relatively frequent. The
two former are introduced species in the Camargue. H. reniformis was remarkable by its high
abundance of seeds in some individuals, up to 148,000 seeds in one bird. Like mallard, other
cultivated species than rice and wheat were found in teal diet: Milium sp. and Sorghum sp.
Finally, teal appeared less granivorous than mallard. Gastropods (mainly Physidae and
Planorbidae) represented 9% of the average diet. Diptera, although contributing little to the
average diet (i.e. for 4%), were found in 34% of oesophagus.
Results of the typology analysis are based on the examination of the first 2 axes of the
CA (cumulating 10% of total inertia) (Figure 5). HAC analysis divided items present in teal
oesophagus in three classes. 208 oesophagus samples were classified: 198 representative of
one class only, and 10 of two classes (these individuals consumed characteristic items from
two classes). 104 were not classified. The first plan distinguished three classes. The first class,
the closest from the origin, in the negative part of the first axis regrouped 88 different items
and was constituted of 88% of classified individuals. Among this large number of items, only
10 were characteristic of this class (distance of items from the centre of the class less than 1).
They corresponded to two types of freshwater habitats: ricefield (presence of rice and two rice
weeds: S. mucronatus and rice cut-grass Leersia oryzoides) and natural freshwater marshes
(presence of Eleocharis sp., Carex sp. and Najas marina). It is impossible to determine a type
of habitat from invertebrate taxa, because of the taxonomic level of identification (Diptera
larvae, Hydrachnella, Megaloptera larvae and gasteropods). The second class regrouped 10
items and was constituted 8% of classified individuals. Among these items, only two were
characteristic of this class (distance of items from the centre of the class less than 10):
ostracods and Ceratopogonidae larvae. The former are generally associated to brackish
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Figure 4. Column-centred PCA screeplot and distance biplot of oesophagus and proventriculus contents
of teal individuals (points), for (a) early and (b) late winter, according to food items (arrows) on the first
factorial plane (see Appendix for item abbreviation).
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lagoons and it is impossible to determine a type of habitat from the latter, because of the
taxonomic level of identification. However, other marginal items of this class are also typical
of aquatic brackish habitat: plants like beaked tasselweed (Ruppia maritima), dwarf eelgrass
(Zostera noltii) and hairy smotherweed (Kochia hirsuta), and invertebrates such as pill bug
(Sphaeroma hookeri) and sea slaters (Idotea sp.). The third class in the negative part of the
second axis regrouped five items and was constituted of 4% of classified individuals. Among
these items, three only were characteristic of this class (distance of items from the centre of
the class less than 10). Suaeda sp. and S. soda are both typical species of shallow brackish
habitats and P. australis is omnipresent in the Camargue, forming vegetation hedges, which
dominate the landscape.Typology analysis for teal thus separated two broad types of habitats,
excluding each other by the factor “salinity”: brackish marshes on the one hand, and
freshwater habitats (including ricefields and freshwater marshes) on the other hand.
Freshwater habitats were very mixed together, as they had more similarities between them,
compared to salty habitats. We tried to separate this set of freshwater habitats by removing
items corresponding to the brackish habitats, and found that the first axis separated ricefield
from freshwater habitats, and the second axis highlighted Chara sp. (results not shown).

Discussion
Current duck diet and feeding habitats
We found that the four most numerous items (in terms of frequency and abundance)
consumed on average were identical between mallard and teal, though in a different order of
importance in the two species: rice, Echinochloa sp., S. maritimus and P. pusillus seeds. The
two former items dominate the diet of mallard and the two latter the diet of teal. It is
interesting that among these principal items, one was cultivated species (rice) and two were
the most common rice weeds in the Camargue (Echinochloa sp. and S. maritimus) (Marnotte
et al. 2006). Even if the latter species is a typical rice weed, it is also fairly common in many
habitats margins including natural freshwater marshes or formed club-rush bed in temporary
brackish habitat (Molinier & Tallon 1974; Kantrud 1996). The main differences between diets
of the two duck species were a greater diversity of food items in teal, which also used Chara
oogonia massively, and the heavy consumption of P. nodosus seeds by mallard. A greater
contribution of invertebrates, including molluscs and Diptera, was also found in the diet of
teal, in terms of average weight. Finally, teal seemed to be less dependent on ricefield than
mallard, but more dependent on sub-permanent freshwater marshes, represented by P.
pusillus and S. maritimus.
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Figure 5. Spread of the variables (food items) ranked in three classes (number symbols) and teal
individuals (black symbols) according to the first two axes of the factorial correspondence analysis (see
Appendix for item abbreviation). Biplot for the first factorial plane of CA. Food items are classified into
four classes (labels 1,2 and 3). Teal individuals are points (see Appendix for item abbreviation).
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The presence in duck diets of rice and rice weeds in isolation or mixed together, and

sometimes also mixed with hydrophyte seeds, can result from different hunting management
strategies. Hunted marshes are indeed specifically managed in order to attract the maximum
number of waterfowl (Tamisier & Dehorter 1999). On the one hand, bait is a common
strategy used by hunters in the Camargue. Baiting may be at least partly responsible for up to
a 10% increase in average mallard and teal body masses over the last 30 years (Guillemain et
al. in press). Bait can be composed of rice, rice weeds, or both, depending on whether bait
comes from unsorted or sorted harvest, or from harvest residuals. The presence of fennel
pondweed in ricefield habitat category in mallard can likely be explained by rice bait in
pondweed marshes. However, this presence could also be due to marginal presence of fennel
pondweed in ricefields or to the use of two different habitats by bird within a short period of
time. One the other hand, presence of rice in duck diet can also be also explained by the
exploitation by ducks of ricefields by ducks during winter, either when these are naturally
flooded by rain or specifically managed for hunting (i.e. artificial maintenance of water levels
at ± 10 cm). This could explain why we observed a gradient between rice and Echinochloa sp.
in mallard diet. When rice was in majority, this habitat may have corresponded to ricefield
sensu lato. When the proportion of rice decreases, this habitat may have corresponded to
hunted freshwater habitat managed like ricefields in order to attract waterfowl. These two
management strategies (i.e. bait or marsh management) are both practiced in the Camargue,
and could not be differentiated from duck diets. This can explain why identification of
habitats inferred from teal diet was difficult, as food items from all freshwater habitats
(ricefield and natural marshes) were statistically regrouped in the same class.
Characteristic species of temporary brackish habitats (composed by Ruppia sp.), lagoon
habitat (composed by Zostera noltii) and temporary freshwater habitats (composed by Chara
sp. or Zannichellia sp.) may have been underestimated in the current duck diet. For mallard,
these seed items were consciously removed from the analysis, as they constituted axes and
skewed the results, and as their low occurrence frequency. For teal, all items were considered
in the analysis and these seed species from brackish and/or temporay habitat did not appear
much. These habitats in the Camargue correspond mainly to protected areas (Tamisier &
Dehorter 1999). These areas have less intensive management, i.e. marshes are saltier due to
summer droughts and some brackish and/or annual plants are more developed than in
permanent freshwater habitats. Teal individuals feeding on these protected areas were not
represented in this analysis, as they escape hunting pressure.

What has changed in duck diet over the last decades?
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In the 1980’s, Pirot (1981) defined mallard diet based on oesophagus content, which
was globally made up of 46% of Poaceae seeds (rice and Echninochloa sp.), 17% of
Cyperaceae, 17% of Chenopodiaceae, 14% of Characeae and 6% of Potamogetonaceae
(percentage corresponded to the total dry weight of each item type in all gut divided by the
total number of individuals) over the whole wintering period. These proportions varied over
the winter period: Rice, Echinochloa sp., S. maritimus and P. pectinatus made up basic diet of
mallard throughout the period, the latter being less abundant than the two former species.
Characeae were principally consumed at the beginning of winter, and Cyperaceae at the end.
The animal share of the diet was less than 1% of the total food item consumed, whatever the
winter month. Compared to our results, mallard diet did not change much, except the shift
from P. pectinatus to P. nodosus and P. pusillus and a lower consumption of Chara spp.
nowadays. Mallard still appears to be very dependent upon cultivated habitat (ricefield),
maybe even more today, at the expense of natural marshes (brackish or freshwater). This can
be explained by the fact that the ricefield surface area is larger today than in the 1980’s (i.e.
20,000 versus 5,000 ha, Marnotte et al. 2006).
In the 1960’s, Tamisier (1971a) defined teal diet based on gut content (oesophagus,
proventriculus and gizzard combined), which was globally made of 25% of Characeae, 25%
of Cyperaceae seeds and 25% of seeds of rice and Echinochloa sp. The last 25% consisted of
Chenopodiaceae, Potamogetonacae, Ruppiacae and Myriophyllum sp. seeds (percentage
corresponded to the total dry weight of each item type in all gut divided by the total number
of individuals). Comparing this to our results, the proportion of rice and Echinochloa sp., S.
maritimus and P. pusillus increased in teal diet, whereas the proportion of Characeae,
Chenopodiaceae, Ruppiaceae decreased over the same period. Teal seems to exploit brackish
and temporary freshwater habitats to a lesser extent than previously, but conversely rely more
on freshwater habitats (natural or cultivated) today. It is interesting to notice that ricefield
surface area was at its maximum in the 1960’s (30,000 ha, Marnotte et al. 2006), but there
were also presumably more temporary freshwater habitats than today.
We observed the apparition of new species in duck diet compared to the previous
studies. Two exotic species, H. reniformis and L. peploides, appeared and colonized the
Camargue 15 and 30 years ago, respectively (Marnotte et al. 2006). Ducks could play a role
in dispersal and colonization of new habitats by these plant species (see Article 9). P.
nodosus was absent from the previous diet studies, whereas it was abundant and/or frequent
in ours. This species was rare in the 1960’s and known only from canals and ditches
(Molinier & Tallon 1974). It was not found in freshwater marshes in the 1980s (Britton &
Podlejski 1981; Grillas 1990) but frequent it canals. It was already found in 2000 in
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freshwater marshes (Aznar et al. 2003) where it is nowadays frequent. The development of P.
nodosus in the Camargue is explained by the intensification of water management for game
activity. It seems that there was a decline of P. pectinatus, and in parallel an increase of both
P. nodosus and P. pusillus. This may be due to a higher drought frequency (short and regular
or long and irregular) than in the 1960s, which could favour the two latter species at the
expense of the first one. Conversely, we also observed the disappearance of Scirpus litoralis,
which was not recorded in the recent teal diet. This plant species was frequent and in
extension at the beginning of 1960’s (Molinier & Tallon 1974, Britton & Podlejski 1981). It
is today a species in decline with few known stations in the Camargue (P. Grillas pers.com.).
Decline of this species is likely due to intensification of marsh management: by intensive
water management leading to eutrophisation and frequent use of mechanical destruction of
helophytes. These management strategies are indeed unfavourable to emergent species.
Finally the comparison of diet study is difficult, because we did not have access to raw
data of previous studies, and statistical methods of data analyses have changed since then. For
instance, Tamisier (1971a) reported the percentage of the total dry weight of only 25 different
items. According to the more diverse diet of teal that we found, this author may have not
taken into account and recorded marginal items present in duck gut.

Conclusion
Diet of both mallard and teal now essentially rely on cultivated species and on plants
associated to these cultures. The share of wild species from natural habitats in these diets has
decreased compared to the 1960-80’s. Except on the largest part of the National Reserve and
other protected areas, almost all wetlands of the Camargue are managed in order to attract the
maximum number of waterbirds, mostly for hunting, but also partly for conservation and
tourism purposes. Temporary brackish marshes consequently have strongly decreased, mostly
being replaced by artificially flooded areas, or permanent and sub-permanent freshwater
marshes (Tamisier & Grillas 1994), where species composition has experienced profound
changes over the last decades.
Loss of natural wetland habitat over the last decades seems not to affect mallard and
teal, since their population size did not undergo significant reduction since the 1970s in the
Camargue (Kayser et al. 2008). However, a decrease of duck populations could have been
expected on the one hand, due to “quantitative” loss of natural wetlands, i.e. 40,000 ha of
natural areas (33,000 of wetlands) related to the extension of agriculture, salt exploitation and
industry. On the other, an increase of duck populations could have been expected due to
“qualitative” loss of wetlands, permanent freshwater habitats being much more productive
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than temporary brackish ones (Tamisier & Grillas 1994, Aznar et al. 2003). The management
strategy, in the way of a greater intensification to attract more waterbirds, does not seems to
reach fully its goal, at least for granivorous duck species. These duck populations are indeed
stable and they firstly exploit cultivated habitat, and then freshwater marshes to a lesser
extent. This management strategy could favour herbivorous duck, like gadwall (A. strepera).
The current population of this species is indeed is relatively high in the Camargue (Kayser et
al. 2008) and showed a moderate (<5% per year) but significant increase at the scale of
France (Fouque et al. submitted). Furthermore, mallard and teal wintering in the Camargue
showed a consistent significant increase in body mass from the 1960s to the present day,
probably at least partly because of change of local habitat management (Guillemain et al. in
press). Ducks are indeed highly plastic in their feeding behaviour and show great flexibility in
their prey selection in relation with food abundance (Guillemain et al. 2002).
The changes in wetland management practices that are apparently beneficial to ducks
may also be associated with a loss of local biodiversity in other taxa (Tamisier & Grillas
1994). The original unpredictable variations in drought frequency, flood duration and water
salinity, a characteristic of Mediterranean seasonal marshes, have been replaced by a trend
towards more predictable permanent freshwater marshes. This results in specificity and
biodiversity losses in the Camargue wetlands: for example, typical flora of temporary
brackish marshes (e.g. Chara sp. and Zannichellia sp.) has been replaced firstly by
cosmopolitan hydrophytes of permanent or sub-permanent freshwaters (e.g. Potamogeton sp.
and M. spicatum) (Tamisier & Grillas 1994) and then by P. nodosus, Ceratophyllum
demersum and alien invasive species (Ludwigia peploides).
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Appendix. Percentages of occurrence and relative dry weight of food item taxa present in
oesophagus, proventriculus and gizzard combined for both mallard (n = 176) and teal (n = 371).
Relative
Food item taxon

Abbreviation

frequency of
occurrence (%)
Mallard

Teal

Relative dry
weight (%)
Mallard

Teal

Invertebrate
Arachnida

Hydrachnellae

HYDRA

Arthropoda

Cyathura carinata

CYACAR

3.41

Bryozoa

Bryozoa (statoblast)

BRY(S)

0.57

2.96

0.00

0.00

Crustacea

Cladocera (ephippia)

CLA(E)

0.57

11.59

0.00

0.00

Corophiidae

CORO

1.14

1.08

0.00

0.00

Gammaridae

GAMM

1.08

0.02

Idotea sp.

IDESP

0.27

0.00

Ostracoda

OSTR

0.57

23.45

0.00

0.62

Sphaeroma hockerii

SPHHOO

1.14

0.54

0.94

0.19

Anisoptera (larvae)

ANI(L)

5.66

0.06

Ceratopogonidae (larvae)

CER(L)

10.51

0.49

Chironomidae (larvae)

CHI(L)

15.09

0.47

Coleoptera (adult and larvae)

COL(A, L)

5.68

9.70

0.04

0.05

Corixidae (adult)

COR(A)

1.70

3.77

0.00

0.01

Diptera (adult, nymph and larvae)

DIP(A, N, L)

1.14

11.32

0.00

0.02

Dytiscidae (adult)

DYS(A)

0.57

Ephydridae (larvae)

EPH(L)

0.57

Haliplidae (larvae)

HAL(L)

1.62

0.00

Heteroptera (adult)

HETE(A)

0.27

0.00

Hydrophilidae (larvae)

HYD(L)

6.20

0.02

Megaloptera (larvae)

MEG(L)

Microvelia sp. (adult)

MIC(A)

Naucoridae (adult)

NAUC(A)

Noteridae (larvae)

NOT(L)

Odonata (larvae)

ODO(L)

Pleidae (adult)

PLE(A)

0.27

0.00

Psychodidae (larvae)

PSY(L)

4.58

0.00

Rhagionidae (larvae)

RHA(L)

0.54

0.02

Stratiomyidae (larvae)

STR(L)

1.89

0.00

Syrphidae (larvae)

SYR(L)

1.89

0.08

Tabanidae (larvae)

TAB(L)

1.08

0.00

Tipulidae (larvae)

TIP(L)

Zygoptera (larvae)

ZYG(L)

Cerastoderma edule

CEREDU

Insecta

Mollusca

6.47

0.57

0.00
0.27

0.00
2.43

0.27

0.00

0.00

0.54
0.57

0.57

0.00

5.93

0.27

0.00
0.02

0.00

0.54
0.57

0.00
0.00

0.54
5.11

0.14

0.10

0.00
0.01

0.05
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Gasteropoda

GAST

6.25

8.63

0.02

0.06

Physidae

PHYS

18.75

29.38

0.24

2.50

Planorbidae

PLAN

21.59

30.46

0.68

2.14

Platyhelminthes

Turbelaria

TURBE

3.77

0.01

Protozoa

Foraminifera

FORA

0.54

0.00

Undetermined

Undetermined invertebrate

INDI

Alisma plantago-aquatica

ALIPLA

0.54

0.00

AMADEF

0.54

0.01

1.14

2.96

0.01

0.00

Seed
Alismataceae

a

Amaranthaceae

Amaranthus deflexus

Asteraceae

Asteraceae sp.

ASTESP

Callitrichaceae

Callitriche sp.

CALSP

0.27

0.00

Caryophyllaceae

Spergularia marina

SPEMAR

0.27

0.00

Characeae

Chara sp.

CHASP

Chenopodiaceae

Arthrocnemum glaucum

ARTGLA

Atriplex prostrata

ATRPRO

Chenopodium sp.

CHESP

0.54

0.00

Kochia hirsuta

KOCHIR

0.54

0.00

Salsola soda

SALSOD

0.57

0.81

0.00

0.01

Salicornia sp.

SALSP

0.57

6.47

0.52

1.16

SUASP

3.41

12.67

0.10

2.19

HELANU

0.57

Suaeda sp.
Compositae

Helianthus annuus

b

0.57

3.98

0.00

32.35

0.00

2.16
0.57

2.16
0.02

0.00

0.01

Inula sp.

INUSP

10.51

0.09

Cruciferae

Brassica sp.

BRASP

0.27

0.00

Cyperaceae

Carex sp.

CARSP

2.43

0.01

Cyperus difformis

CYPDIF

5.66

0.14

Cyperaceae

CYPESP

Cyperus serotinus

CYPSER

Eleocharis palustris

ELEPAL

Eleocharis sp.

ELESP

Schoenoplectus mucronatus

SCHMUC

15.91

28.03

0.71

1.75

Scirpus maritimus

SCIMAR

67.05

92.72

12.05

31.90

Scirpus sp.

SCISP

0.27

0.00

Scirpus tabernaemontani

SCITAB

0.27

0.00

Fabaceae

Fabaceae

FABSP

1.14

1.35

0.12

0.09

Haloragaceae

Myriophyllum spicatum

MYRSPI

18.75

55.53

1.82

2.76

Juncaceae

Juncus sp.

JUNSP

0.57

10.51

0.00

0.02

Labiatae

Lycopus europaeus

LYCEUR

1.70

1.35

0.01

0.01

Leguminosae

Astragalus sp.

ASTSP

0.57

0.27

0.02

0.01

Trifolium sp.

TRISP

1.14

6.47

0.17

0.13

Vicia sp.

VICSP

0.54

0.00

Lemnaceae

Lemna sp.

LEMSP

0.27

0.02

Malvaceae

Althaea officinalis

ALTOFF

0.57

0.27

0.00

1.08
10.80

63.61

0.02
0.36

4.85

1.70

0.01

5.05
0.23

0.00
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Najadaceae

Najas indica

NAJIND

5.68

14.02

0.01

0.19

Najas marina

NAJMAR

1.70

1.08

0.33

0.10

Najas minor

NAJMIN

3.41

16.44

0.01

0.24

Najas sp.

NAJSP
a

Ludwigia peploides

Papaveraceae

Papaver sp.

PAPSP

0.27

0.00

Poaceae

Digitaria sanguinalis

DIGSAN

0.54

0.00

Echinochloa sp.

ECHSP

48.86

ELUIND

0.57

a

Eragrostis sp.

ERASP

Festuca arundinacea

FESARU

Leersia oryzoides

LEEORY

Milium sp. b
Oryza sativa and embases
Panicum sp.
a

32.88

0.85

17.76

0.57

1.69

11.00

0.01

0.81

0.00
0.00

3.50

0.00
0.05

MILSP

1.70

3.77

0.24

1.49

ORYSAT(E)

53.98

52.29

24.67

7.52

PASDIS

0.27
1.70

12.13

0.00
0.01

PHRAUS

Poaceae

POASP

Polypogon sp.

POLYSP

1.35

0.15

Setaria pumila

SETPUM

0.54

0.00

Setaria verticillata

SETVER

3.41

2.16

0.01

0.05

Setaria viridis

SETVIR

1.14

1.35

0.03

0.00

SORSP

1.70

2.16

0.45

0.90

TRIAES

6.25

4.04

3.74

2.04

ZEAMAY

1.14

Fallopia convolvulus

FALCON

1.14

Polygonum amphibium

POLAMP

Polygonum aviculare

POLAVI

1.14

3.77

0.00

0.07

Polygonum lapathifolium

POLLAP

13.64

25.07

2.89

1.95

Polygonum persicaria

POLPER

4.55

8.63

0.22

0.16

Polygonum sp.

POLSP

5.11

RUMSP

6.25

Triticum aestivum
Zea mays

b

a, b

Rumex sp.
Heteranthera limosa

a

Heteranthera reniformis

18.87

0.96

Phragmites australis

Sorghum sp. a, b

Pontederiaceae

20.22

0.27

PANSP

Paspalum distichum

Polygonaceae

a, b

5.11

0.00

Onagraceae

Eleusine indica

LUDPEP

1.62

1.70

0.02

0.00

0.59
0.54

0.00

0.27

HETLIM
a

0.81

0.05

0.00
0.00

1.11
0.54

0.03

1.62

0.00
0.05

HETREN

2.27

10.78

0.19

0.29

Potamogeton nodosus

POTNOD

34.66

18.87

9.53

0.97

Potamogeton pectinatus

POTPEC

22.73

13.75

4.15

0.77

Potamogeton pusillus

POTPUS

66.48

93.80

12.89

12.79

Potamogeton sp.

POTSP

0.57

Ranunculaceae

Ranunculus sp.

RANSP

0.57

Rosaceae

Rosaceae sp.

ROSASP

1.14

Rubus sp.

RUBSP

8.52

Galium sp.

GALISP

0.57

Potamogetonaceae

Rubiaceae

0.16
11.05

0.00

0.04

0.40
11.59

0.53
0.00

0.55
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Ruppiaceae

Ruppia cirrhosa

RUPCIR

0.54

Ruppia maritima

RUPMAR

1.14

13.75

0.09

0.54

Solanaceae

Solanum sp.

SOLSP

1.14

1.62

0.02

0.01

Sparganiaceae

Sparganium emersum

SPAEME

Undetermined

Unidentified seed

INDS

3.41

2.16

0.47

0.02

Vitaceae

Vitis vinifera

VITVIN

1.14

0.27

0.03

0.01

Zannichelliaceae

Zannichellia sp.

ZANSP

1.70

13.21

0.24

0.28

Zosteraceae

Zostera noltii

ZOONOL

1.70

0.54

0.08

0.00

Potamogetonaceae

Potamogeton pectinatus

POTPEC(V)

Undetermined

Undetermined vegetal

INDV
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0.00

1.35

0.11

Vegetative part

a

2.84

0.27

0.03
0.08

0.07

introduced plant species in France, according to Marnotte et al. (2006) and Flora Europaea (Royal Botanic Garden

Edinburgh 2009)
b

0.54

cultivated plant species

CHAPTER 2: DISPERSAL OF AQUATIC ORGANISMS BY DUCKS WITHIN
A WINTER QUARTER

Ducks have long been considered as a major dispersal vector for aquatic organisms,
either internally or externally (Darwin 1859; Ridley 1930). However, the demonstration of
such transport is generally anecdotal, and detailed quantitative studies in this field remain
scarce (Figuerola & Green 2002a). In order to measure the importance of ducks for propagule
dispersal within a winter quarter, it is necessary to both identify and quantify the various
processes involved in such dispersal (Soons et al. 2008). In order to better understand these
processes, we studied the dispersal of aquatic organisms by Teal within the Camargue.
This duck species was selected because of the extreme abundance of Teal in this winter
quarter: they indeed represent 20 to 30% of the total wintering duck population in the area,
with average annual peak number around 36,000 individuals (Tamisier & Dehorter 1999). In
addition, Teal are likely vectors for many aquatic organisms in the Camargue: they ingest
large amounts of seeds and invertebrates (Tamisier 1971; Article 4). They also get infected
by many parasites such as worms (cestodes, Haukos & Neaville 2003; Green et al. in
revision, see Appendix) or viruses (AIV, Lebarbenchon et al. 2007, 2009).
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Seed dispersal
1.

Influence of retention rate on seed germinability and viability

We conducted an experimental study in the aviary to validate the potential role of Teal
as internal dispersers (endozoochory) and measure the effect of retention time on
germinability and viability of eight different seed species commonly consumed by Teal in
the Camargue (Article 5). To do so, we fed 12 individual Teal with known amounts of seeds
from each plant species, collected the birds’ droppings at regular interval during 48h, put the
intact seeds to germinate and eventually tested the viability of non-germinating seeds. Seeds
of all tested plant species germinated during the experiment; hence all these species are
dispersed by Teal to a greater or lesser extent. On average 41% of ingested seeds were later
found intact and 67% of these were still viable. Average retention time was 5h, with 94%
of seeds excreted during the first 12 hours. Internal transport of seeds by Teal therefore
seems to be a widespread and efficient dispersal mean for many aquatic plant species.

2.

Relative importance of internal and external seed transport

In parallel to the above experiment, we also studied seed dispersal by Teal in the field.
We quantified and compared internal and external transport rates (Article 6). We first
analysed the content of the last part of the digestive tract in hunter-killed birds. This part
contains the future faeces, so that all intact seeds were likely to have survived digestion and to
be dispersed. We also brushed the plumage and washed the feet of Teal captured for ringing
purposes, so as to collect all intact seeds stuck onto the outside of the birds. We then tested
germinability and viability of these seeds in the laboratory. Nine and six percent of Teal
carried at least one viable seed internally or externally, respectively. We found more seeds
and a higher diversity of species in internal than external samples. Considering ducks,
endozoochory therefore seems to be a more important dispersal mean for aquatic plants
than ectozoochory.

II. Invertebrate dispersal
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We were also interested in the ability of Teal to disperse aquatic invertebrate

propagules (Article 7). We quantified and compared internal and external transport
rates, using the same samples collected when studying seed dispersal (Article 6). We also
tested the viability of these propagules with hatching trials in the laboratory. Three and ten
percent of Teal carried at least one viable invertebrate propagule internally or externally,
respectively. At the end of these tests, live anostracan, ostracod, cladoceran and bryozoan
individuals were found, showing that both internal and external transport of viable propagules
were possible. Even if only a few Teal carry invertebrate propagules, the daily presence of
thousands of birds within our study area suggest Teal play an important role in the passive
transport of invertebrates.

III. Avian influenza dispersal
We studied dispersal of AIV in Camargue (Article 8), where the large densities of birds
are likely to promote virus dispersal. Using ring recovery and nasal saddle resighting data,
we built a spatially explicit individual-based model to simulate Teal movements in
Camargue, hence AIV dispersal, depending on virus characteristics such as duration of
excretion and virus inactivation rate in water. We have shown that local AIV dispersal mostly
depended upon bird movements rather than virus characteristics, because the constant
turnover of potentially infected birds can always bring new viruses to sites used by Teal.
However, virus dispersal remains a rare event within a winter quarter. Infected sites are
few and correspond to the sites birds use the most, like day-roosts and nocturnal foraging
areas. Wintering Teal indeed hardly wander within the Camargue and only use a limited
number of sites (mostly a day-roost and a few nocturnal foraging areas) (Tamisier & Tamisier
1981; Article 3).

All these results suggest Teal play an important role in the local dispersal of many
aquatic organisms, such passive transport potentially allowing invertebrate, plant and parasite
populations to be sustainable within a winter quarter.

ARTICLE 5. Endozoochory of aquatic plant seeds by Teal Anas crecca:
determinants of seed survival and influence of retention time on
germinability and viability.
Brochet A.L.1, Guillemain M., Gauthier-Clerc M., Fritz H. & Green A.J. 1

Statut : in revision in Aquatic Botany.
Abstract
Waterfowl-mediated dispersal is important for persistence of aquatic plant populations. In this
study, we quantified experimentally the capacity of wetland plants to be internally dispersed
by Common teal (Anas crecca). We selected eight plant taxa varying in seed length, mass and
hardness, that are ingested frequently and in abundance by teal in the field (Chara spp.,
Echinochloa crus-galli, Eleocharis palustris, Polygonum lapathifolium, Potamogeton
nodosus, Potamogeton pusillus, Schoenoplectus mucronatus, Scirpus maritimus). Captive teal
were fed with known quantities of seeds and faecal samples were collected at intervals of 1-2
h for 48 h. We quantified retention time, seed survival, germinability and viability of ingested
and control seeds. All tested plant taxa can be dispersed by teal, and up to 83% of the seeds
retrieved after gut passage germinated. On average, 41% of the seeds ingested were recovered
intact, and 67% of these were still viable. Therefore, an overall 32% of the seeds ingested
were evacuated in a viable condition, ranging from 0.2% for Chara spp. to 54% for S.
mucronatus. The mean retention time of seeds was 5h. Overall, 94% of seeds were evacuated
within 12 h, but 2% were recovered after more than 24h. Seed viability was consistently
reduced at longer retention times, although viable seeds of all taxa, except Chara spp., were
recovered after 44-48 h. Across taxa, mean retention time was positively correlated with seed
survival, contrary to previous studies. Germinability was consistently increased by gut
passage, although for some plant species this effect was only significant after stratification.
Gut passage significantly accelerated germination for two species, and germination rate
increased significantly with retention time for three taxa. Gut passage increased the
proportion of viable seeds, suggesting selective digestion of non-viable ones. Endozoochorous
transport by teal appears to be a widespread dispersal mechanism among wetland plants. Our
results emphasize the importance of ducks to maintain connectivity between isolated
wetlands, and as mitigators of perturbations such as habitat transformation and climate
change.
1

These authors contributed equally to this work.
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Keywords
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size; Teal; Waterfowl; Wetlands.

Introduction
Aquatic plants inhabit naturally fragmented habitats, yet they often occupy wide
geographic ranges (WCMC 1998; Fenchel & Finlay 2004). As aquatic plants lack capacity to
move by themselves between basins or upstream, stable and persistent populations can be
expected to have efficient vectors of passive seed dispersal (Pollux et al. 2005). It has long
been suggested that waterfowl (ducks, geese, swans) play a role in the dispersal of aquatic
seeds (Darwin 1859; Ridley 1930). These birds are abundant and widely distributed in the
world’s wetlands, depend on this habitat throughout their annual cycle, ingest aquatic seeds
and regularly undertake movements between river catchments and isolated waterbodies
(Green et al. 2002a).
The potential importance of seed dispersal via passage through waterfowl guts
(endozoochory) was recognized a long time ago (e.g. Ridley 1930). Since then, field studies
have shown that droppings of ducks can contain a variety of seed species, which survive
passage through the digestive tract (Holt Mueller and van der Valk 2002; Figuerola et al.
2003; Charalambidou & Santamaría 2005; Green et al. 2008). Moreover, a growing number
of experimental studies have investigated the potential for endozoochory by waterfowl
(reviewed in Charalambidou & Santamaria 2002; Figuerola & Green 2002a). The response of
plant seeds to gut passage has important effects on dispersal at the landscape scale (Soons et
al. 2008). However, only recent studies have conducted controlled experiments to provide a
quantitative comparison of waterfowl-mediated dispersal potential among wetland plants, and
compared how seed properties (e.g. size and fibre content) influence seed retrieval, retention
and germination (Holt Mueller and van der Valk 2002; Soons et al. 2008; Wongsriphuek et
al. 2008). As each study measured response variables differently, e.g. assessing seed survival
after gut passage either via germination tests or via viability tests (using tetrazolium),
generalization of results is currently difficult. Furthermore, these studies have relied heavily
on a single, relatively sedentary duck species (the mallard Anas platyrhynchos) as well as on
plant species occurring in temperate regions. Consequently, more comparative studies on a
wide range of plant species and on long-distance migrating duck species are needed to
identify seed characteristics determining the potential for dispersal by waterfowl. There is a
particular need for more understanding of the potential for long distance dispersal by these
birds, to assess their role in maintaining viable metapopulations and metacommunities among
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increasingly fragmented wetlands and in the face of climate change, which affects both bird
migration routes and the distribution of habitat suitable to aquatic organisms (Green &
Figuerola, 2005).
To study the potential contribution of waterfowl to wetland plant dispersal in the
Mediterranean region, we fed Common teal (A. crecca), a granivorous long-distance migrant,
with seeds of eight common plant taxa simultaneously. In the field, these taxa are ingested
frequently and abundantly by teal as they winter in the Camargue (southern France) (Article
4). The Camargue covers 145,000 ha in the Rhone Delta, and hundreds of thousands of ducks
spend the winter there or stop to feed during migration. Teal represent 20 to 30% of wintering
ducks and their annual peak counts average 36,000 birds (Tamisier & Dehorter 1999). Field
data confirm that teal are vectors of seed dispersal (Articles 6 & 9). For eight wetland seed
species representing a wide range of seed traits (size, mass and hardness), we determined their
survival of gut passage, retention time and subsequent germination and viability, processes
that need to be quantified in order to estimate dispersal probabilities (Charalambidou &
Santamaria 2002). Specifically, we tested the following interrelated predictions:
i) Seed survival through the digestive tract is dependent on seed traits: species with smaller
seeds and/or harder seeds are expected to resist digestion more effectively and thus have
higher retrieval, germinability and viability. Small size is expected to achieve this by reducing
retention time in the digestive system of the duck.
ii) Seed taxa with a shorter retention time are expected to have higher retrieval, germinability
and viability, since harmful effects of gut passage would be reduced.
iii) For a given seed species, seeds with a longer retention time should have reduced
germinability and viability. However, for seeds that germinate, germination time should
decrease with longer retention times, as dormancy is more likely to have been broken.
iv) Seeds passing through the gut are expected to germinate more often and faster than control
seeds, because gut passage breaks seed dormancy. However, this effect should disappear
following winter stratification, which also acts to break dormancy.

Materials and Methods
Seed collection
The term ‘seed’ is used hereafter to refer to seeds plus oospores produced by Chara
algae. We selected eight plant taxa (Table 1) and collected seeds in the field during the seedsetting season in summer 2007. Seeds were cleaned to remove chaff and other debris, dried
and stored in glass vials at room temperature and natural light schedule in the lab until the
start of the feeding experiment in the following spring.
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Table 1. Mean seed traits of eight seed taxa ingested by teal. All three traits were normally distributed
according to Shapiro tests. Measurements were made on dried seeds.

§ Likely to include C. vulgaris, C. globularis and C. aspera, the dominant Chara species in the study area (J.B.
Mouronval pers. comm.).

Dried seed hardness was measured using a small manual device, designed to measure
hardness of soil (Lepont équipement, Chasse sur Rhône, France), which applied increasing
pressure from 0.75 to 10.00 kg/cm², at intervals of 0.25 kg/cm², until a seed cracked. Dried
seed maximum length (hereafter ‘length’) was measured on graph paper under a binocular
microscope, to the nearest 0.02 mm. For both parameters, ten seeds per species (from the
same batches of dried seeds used in the feeding trials) were measured. Mean values per
species were used in further analyses. Average seed mass was calculated by weighing 30
seeds per species, oven-dried beforehand at 60°C during 24 h (Thomas 1982). Measurements
of seed traits are presented in Table 1. Seed hardness, mass and length were highly correlated
(Pearson correlations: all r-values > 0.748, all p-values < 0.033). Substitution with hardness or
mass was tested (results not shown) and made no difference. Consequently, only seed length
was used in further analyses presented herein.

Feeding experiment
Feeding trials were conducted from 25 March through 9 May 2008 at the Tour du Valat,
France, using twelve captive teals, seven males and five females (live body weight: 267.42 ±
9.40 g [ x ± s.e.]), born in captivity (seven in July 2005 and five in July 2007). Prior to the
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trials, teal were housed in outdoor facilities and fed since hatching on a stable diet of
commercial pellets (Stargib-Entretien, Longue Jumelles, France). Feeding trials were
approved by Departmental Direction of Veterinary Services (institution depending on French
Agriculture Ministry) and all individuals handling birds completed training in the ethical use
of animals for research.
Most earlier studies of seed digestion by captive ducks generally tested one seed species
at a time (e.g. Holt Muller and van der Valk 2002; Soons et al. 2008; Wongsriphuek et al.
2008). However, teal and other ducks have a mixed diet in nature (Cramp and Simmons
1977), with the harder seed species potentially helping to crush the softer ones in the gizzard
(de Vlaming & Proctor 1968). In order to get results that would be relevant for teal in the
wild, we therefore chose to feed different seed taxa at the same time to a given duck
individual, instead of running separate trials for each seed species. At the beginning of each
replicate (six in total per individual duck), each teal was fed 800 seeds (100 seeds per taxa)
and 160 seeds were kept as controls for germination tests (20 seeds per taxa). To control the
number of seeds ingested by teal, we precision-fed each bird by inserting a tube (0.9 x 8 cm)
into the oesophagus and carefully put the seeds into the tube using a funnel. We then gently
pushed the seeds down through the tube with a plastic swab (Dugger et al. 2007). We
subtracted any regurgitated seeds (eight seeds on average per bird, ranging from an average of
one for Chara sp. to 14 for S. maritimus) and seeds that stuck inside of the tube during
feeding (three seeds on average, ranging from an average of one for P. nodosus to eight for
Chara sp.) from the total number of seeds, so that we knew the exact number of seeds
ingested by each experimental bird. After being fed the seeds, each teal was kept for 48 h in
an individual cage (60 x 50 x 50 cm) with a mesh floor (9 mm) and removable plastic trays
under each cage. Food pellets, water and grit were available ad libitum throughout the
experiment. After 48 h the birds were released into the outdoor pen again, until the next
replicate five days later.
Teal faeces were collected in the removable trays every hour for the first 4 h and then
every two hours up to 48 h after seed ingestion. The bowls containing food, grit and water
were also checked to recover any faeces dropped there. Faeces were immediately sieved (63
µm mesh) in the lab. Intact seeds were then retrieved and counted.

Germination and viability tests
Retrieved and control seeds were firstly set to germinate in microtitre trays filled with
bottled mineral water (Volvic water, Volvic, France; conductivity: 170 - 200 µS/cm) with up
to 30 seeds per cell for the smallest and 15 for the largest species. The Chara oospore controls
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and retrieved oospores from a given individual duck at each collection time were germinated
in a small Pétri dish, because Chara oospores tended to develop fungi when placed in
microtitre trays. Trays were positioned in the lab at room temperature (mean temperature:
22.3°C, ranging from 16° to 32°C over the germination test period) and light conditions. Seed
germination was checked every 2-3 days during 56 days. At each germination check, water
was replenished and germinated seeds were counted and removed from the trays. The few
seeds that became infected by bacteria and/or fungi were removed to avoid contamination of
remaining seeds (and were excluded from all analyses). After 56 days, non-germinated seeds
were removed from the lab and stored in mineral water at 4°C in the dark in the fridge
(simulating winter stratification typical of the locality of origin). This cold period was applied
in order to break the dormancy of non-germinated seeds (Baskin & Baskin 1998). After 12
weeks of stratification, seeds were set for a second germination trial (same conditions) that
terminated 56 days later.
Finally, ungerminated seeds were tested for viability using a standard tetrazolium
method (de Vlaming & Proctor 1968). By cutting seeds, embryos were exposed, and seeds
were then placed on a filter paper saturated with 1% tetrazolium solution in a Pétri dish, for
24h in the dark at room temperature. Seeds that showed a positive tetrazolium response (i.e.
embryos were respiring and turning red) were assumed to be viable (Nachlas et al. 1960).

Statistical analysis
Comparative analyses of interspecific patterns
From the resulting seed retrieval, germinability and viability data, we calculated three
seed dispersal characteristics: percentage of ingested seeds that were retrieved, percentage of
retrieved seeds that germinated and percentage of retrieved seeds that were viable. From
hereon, ‘viable seeds’ are all those that germinated or later passed the tetrazolium test. We
first tested relationships between the mean seed dispersal characteristics and a) mean seed
length, and b) mean retention time for intact seeds. We then tested relationships between the
mean percentages of retrieved seeds that were excreted within the first two hours and a) the
mean seed length, b) the mean total percentage of ingested seeds that were retrieved, and c)
the difference between ingested and control seeds in germinability or viability. The
differences between ingested and control seeds in germinability (or viability) were calculated
as % ingested seeds germinating (or viable) - % control seeds germinating (or viable). For all
these tests, we used Pearson correlations with arcsin transformation of proportional data.
None of these variables deviated significantly from normal distribution according to Shapiro
tests.
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Table 2. Percentages of retrieved, germinated and viable seeds for teal-ingested (I) and control (C) seeds.

We tested interspecific differences in seed retrieval using generalized linear mixed
models (GLMMs) with a binomial error distribution and a log link function (e.g.
Wongsriphuek et al. 2008). The dependent variable was the total proportion of fed seeds
retrieved. Independent variables included plant taxa as fixed factors and teal individuals and
replicates as random factors (replicates were nested within individuals). The total number of
ingested seeds was also included in the model as a binomial denominator.
After summarising data for each taxon (Table 2), we tested the overall effects of gut
passage on germinability and viability for the set of eight taxa by comparing means for
ingested and control seeds with paired t-tests (n = 8 taxa).

Intraspecific analyses of the effects of gut passage and retention time on seed
germinability, viability and germination time
Germinability and viability of seeds were also analysed using GLMMs with a binomial
error distribution and a log link function, but with separate analyses for each plant species.
The number of germinated or viable seeds was used as the numerator in the dependent
variable, and the total number of seeds entering the germination trials was used as the
denominator. Teal individuals and replicates were included as random factors. First we tested
the effect of gut passage, by considering a factor of two levels (ingested versus control). Then,
we tested the effect of retention time (RT) in a similar manner, but excluding the control
seeds from the dataset. Since the effect of retention time is not necessarily linear, the
quadratic factor of retention time (i.e. RT²) was also tested in the initial models. For each
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GLMM analysis, a backward stepwise model selection procedure was used, gradually
removing non-significant terms (at p = 0.05) from the full model. Over-dispersion was later
controlled for, but significant effects were unchanged (results not shown).
We then tested the effects of gut passage on mean proportion of germinated seed after
the first and the second germination trial for control and ingested seed, for each taxon, with
paired t-tests.
The effects of teal gut passage (i.e. comparing ingested versus control seeds) and seed
retention time (only for ingested seeds) on the seed germination time (i.e. the inverse of
germination rate) were analysed by fitting separate Cox proportional hazards regression
models (e.g. Charalambidou et al. 2005) to data consisting of the number of days between
setting for germination and the germination event for each individual seed (defined as the
moment when a visible root tip was first observed to protrude from the seed coat). Only data
from seeds that germinated by the end of both germination trials were included, to separate
the effects of gut passage on germination time from the effects on germinability. Seeds that
germinated in the second round of germination were coded as 'right censored' (see Therneau
& Grambsch 2000) since they were exposed to germination after the 56 day duration of the
first germination trial. Replicate and teal individual effects were added to both models as
'frailty' effects (equivalent to the random factors included in previous analyses using
GLMMs). Gut passage (ingested versus control seeds) and retention time were entered in
separate analyses as fixed effects. We could not test the effect of gut passage for Chara spp.
(as no control seeds germinated) or for S. maritimus (as only two control seeds germinated).
In addition, we removed the first germination trial from the analysis of the effect of gut
passage for E. palustris as no control seeds germinated during the first trial. Retention time as
a second order polynomial was also included in the models. Separate models were constructed
for each seed taxon. Ties were dealt with using the Efron method (Therneau & Grambsch
2000). Significant models were selected according to Wald tests, and a backwards removal
model was then applied.
R software (version 2.8.1) was used for all statistical analyses (R Development Core
Team 2008) and means are presented ± s.e.

Results
Viable seeds of all plant taxa were retrieved from teal faeces. In total we collected
20,550 intact seeds of which 16,182 were viable (and of which 11,339 germinated) (Figure 1).
Percentage seed retrieval differed between taxa, ranging from 2% for Chara spp. to 63% for
E. palustris (Table 2). For all seed taxa, median and mode retention time were 2 or 3 hours.
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Figure 1. Mean numbers of retrieved (dashed line) and viable (solid line) seeds recovered intact in teal
faeces according to retention time (numbers in brackets: number of seeds retrieved / total number of seeds
ingested). Viability refers to seeds that germinated or passed a tetrazolium test. Line smoothing was
carried out in Excel 2003.

Overall, 94% of retrieved and viable seeds were evacuated within 12 h, but a total of 340
retrieved seeds (2%) and 255 viable seeds (1.6%) were recovered after more than 24h. Indeed,
for 6 of 8 taxa, at least 1% of retrieved and viable seeds were passed after 28 h or longer, and
at least 5% of retrieved and viable seeds were passed after 8 h or longer (Table 3).

Comparative analyses of interspecific patterns
Contrary to our prediction, the percentage of retrieved seeds was positively correlated
with mean retention time (Pearson correlation: r = 0.777, p = 0.023). The only other
significant correlation was a negative one between the mean percentage of retrieved seeds that
were recovered in the first two hours after ingestion and the total percentage of seeds
retrieved (Pearson correlation: r = -0.885, p = 0.003). The other Pearson correlations
performed (see methods) were not significant (all p-values > 0.05). When excluding Chara
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Table 3. Mean, mode, median, maximum, 95% and 99% percentile retention time (in h) for retrieved (R)
and viable (V) seeds. Viability refers to seeds that germinated or passed a tetrazolium test. Mode and
median were equal for retrieved and viable seeds. The experiment was ended after 48h.

spp. from the analyses (n = 7 taxa), only the former correlation remained significant (results
not shown). Percentages of retrieved, germinated and viable seeds were highest for seeds of
intermediate length and hardness (Tables 1 and 2).
The proportion of retrieved seeds was significantly different between plant taxa
(GLMM: z = 4.77, estimate ± s.e. = 0.19 ± 0.04, p < 0.001). At the interspecific level, we
observed significantly higher mean percentage germinability and viability in ingested than in
control seeds (paired t-test: n = 8, t = 5.03 and 2.81, p = 0.002 and 0.026 respectively, Table
2).

Intraspecific analyses of the effects of gut passage and retention time on seed germinability,
viability and germination time
At the level of an individual plant taxon, the effect of gut passage on seed germinability
and viability was significant and positive for 6 and 3 species respectively (Table 4a). In
general, the retention time of viable and non-viable seeds was similar (Figure 1), although
seeds evacuated after the longest retention times were more likely to be non-viable. Hence,
95% and 99% percentiles of retention time for viable seeds tended to be shorter than those for
all seeds (Table 3). Except for Chara spp., there was a significant negative effect of retention
time on the germinability and the viability of ingested seeds, although S. maritimus only
showed a significant effect for viability (Table 4b). Thus, seeds retained for longer periods
had a lower germinability and viability. We found no effects for the quadratic term of
retention time.
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Table 4. Results of generalized linear mixed models (independent analyses per seed taxon) testing seed
germinability and viability according to (a) treatment (control versus teal-ingested seeds) and (b)
retention time (RT), presenting the final estimate (β), the standard-error (s.e.) and the p-value of
variables. RT2 did not enter in any models, and no significant effects of RT were observed for Chara spp.
Viability refers to seeds that germinated or passed a tetrazolium test.
a.

b.

For each plant species, a greater proportion of germinated seeds was found for ingested than
for control seeds after the first germination trial, but significant differences were found with
paired t-tests only for three species: E. palustris, P. nodosus and S. maritimus (Figure 2a).
After the second germination trials, we also observed significant positive effects of gut
passage on germination for three species: E. crus-galli, E. palustris and P. lapathifolium
(Figure 2b).
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Figure 2. Mean proportion of germinated seeds after (a) the first and (b) the second germination trial for
control (white) and teal-ingested (black) seeds, for each seed taxa (paired t tests,* p < 0.05, ** p < 0.01, ***
p < 0.001). The proportion of germinated seeds was calculated in relation to the number of seeds tested in
each germination trial. Error bars indicate ± standard-error.

Gut passage only had a significant effect on the germination time of two species: E.
palustris and P. nodosus (Table 5a). In both cases, ingested seeds germinated faster than
control seeds (Figure 3). Retention time had a significant and negative effect on the
germination time of three taxa: Chara spp., P. nodosus and S. mucronatus (Table 5b). Seeds
retained for a longer time period germinated faster (Figures 4 and 5).

Discussion
At least some seeds of each of the taxa we studied survived gut passage, suggesting that
the great majority of wetland plants in the teal diet can be dispersed endozoochorously by teal
(see also Articles 6 & 9). Small size was predicted to confer an advantage (more seeds
excreted), since large seeds may become lodged within the gizzard until eventually crushed,
while the smaller ones may pass through the gizzard more quickly (de Vlaming & Proctor
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Table 5. Results of Cox proportional hazard regression (separate analyses per seed taxon) testing seed
germination time (number of days until germination) according to (a) treatment (control versus tealingested seeds) and (b) retention time (RT) (only for ingested seeds), presenting Wald test and the final
estimate ± s.e. and the p-value of significant independent variables. There was insufficient data on
germination of control seeds for Chara spp. and Scirpus maritimus to enable analysis of treatment effects.
RT2 did not enter in any models.
a.

§ Only results of the second germination trial were used, as no control seeds germinated during the first trial
# Negative value indicates that ingested seeds had a lower germination time
b.
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Figure 3. Mean day of germination of control (white) and teal-ingested (black) seeds for Potamogeton
nodosus and Eleocharis palustris after both germination trials (*** p < 0.001). Only results of the second
germination trial were used for E. palustris, as no control seeds germinated during the first trial. Error
bars indicate ± standard-error.

Figure 4. Day of germination during the first germination trial of Chara oogonia retained for different
times (in h) in teal guts (n = 9 germinated seeds). Error bars indicate ± standard-error. The line was fitted
in Excel 2003
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Figure 5. Day of germination during (a) the first and (b) the second germination trial of seeds of
Potamogeton nodosus (black symbols) and Schoenoplectus mucronatus (white symbols) retained for
different times (in h) in teal guts (n= 2465 and 2368 germinated seeds respectively. Error bars indicate ±
standard-error. The lines were fitted in Excel 2003.

1968; Figuerola et al. 2002). Soons et al. (2008) found in mallards that smaller seeds were
retrieved in greater number, passed faster through the digestive tract and germinated better.
However, we found no evidence of such a size effect in our study, and species with
intermediate length (1.4 – 2.3 mm) exhibited enhanced retrieval and germinability after gut
passage. We also found no evidence that seed size influences the survival of gut passage in
teal collected in the field (Article 9).
Such discrepancies among studies may reflect differences in methodologies (e.g. if
seeds were mixed together or fed separately) or other sources of variation in seeds or birds
that can make direct comparisons among studies difficult (Figuerola & Green 2002a).
Wongsriphuek et al. (2008) also found no relationship between survival and seed size in
mallards, although survival increased with higher fibre content. One potential explanation is
the smaller range of seed size in our study (0.6 to 3.5 mm) and in Wongsriphuek et al. (2008)
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(1.4 to 4.1 mm) than in Soons et al. (2008) (volume from 0.01 to 140 mm3). Furthermore,
although we found that bigger seeds are also harder; this may not apply generally to all seed
species. Soons et al. (2008) also used a larger sample size of 23 plant taxa, increasing the
power of interspecific analyses.
The soft oospores of Chara were easily destroyed in the gizzard, even though they were
the smallest seeds used and the fastest to pass through the gut. In the field, Chara spp.
produce particularly large quantities of propagules (Jakobsson & Eriksson 2000). In this
experiment, we tested the same number of seeds per taxon, but we may have obtained
different results if we had tested the same volume or biomass of seeds for each taxon. As the
proportion of seeds of a given species recovered from ducks increases with the number of
seeds ingested (Figuerola et al. 2002), we probably underestimated the proportion of Chara
oospores surviving gut passage compared to field conditions. Wild teal often have their
oesophagus full of thousands of Chara oospores (Tamisier 1971a) and Chara was the most
abundant taxon amongst viable diaspores in the lower gut of teal shot in the Camargue
(Article 6). In contrast to previous studies of Chara spp. (Proctor 1962) and S. maritimus
(Espinar et al. 2004), we found low germinability and viability for both taxa, even for control
seeds. We may have collected seeds before they were fully mature, and a lot of seeds of S.
maritimus were clearly empty. Alternatively, our drying of seeds for storage prior to the
experiment may have enhanced dormancy for these and other taxa. Moreover, such drying is
likely to have changed the hardness of seeds when compared to floating seeds or those from
wet sediments. Many of our results may have been different if we carried out the experiment
immediately after seed collection (which was not logistically possible), or if we had stored the
seeds wet (which however may have lead to some of these to decay). Although seeds are
usually ingested in wet conditions in the field, Mediterranean wetlands and their seed banks
such as those in the Camargue are often subjected to drying in summer or in years of low
rainfall. Hence our experimental conditions may best reflect those in the field when
reflooding occurs after a dry period. Some of our results, anyway, match closely findings
under field conditions. For example, we found that 78% of P. pusillus and 85% of E. palustris
were viable after teal gut passage in this study. These figures are comparable with the
viability of intact seeds of P. pusillus and of E. palustris (73 and 94% respectively) found in
the terminal part of wild teal guts (Article 6).
The percentage of seed retrieval found in this study covered a slightly wider range (263%) than found in 8 species (2-48%) by Holt Mueller & van der Valk (2002), in 23 species
(0-54%) by Soons et al. (2008) and in 10 species (2-51%) by Wongsriphuek et al. (2008).
Captive teal individuals tested in this study were usually fed on soft pellets rather than on
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seeds, and this may have increased the proportion of retrieved seeds (Charalambidou et al.
2005). Birds in captivity have shorter intestines (Clench and Mathias 1995), a change likely to
accelerate the passage rate of seeds (Karasov 1990; Traveset 1998; Jordano 2000). This
reduction in gut size and consequent acceleration of passage time may act to reduce the
number of seeds retained for longer periods inside guts of the captive teals. However, this
change of diet from soft to hard food during our experiment occurs in nature when teal switch
in autumn from a diet dominated by invertebrates to one dominated by seeds (Baldassarre &
Bolen 2006). Charalambidou et al. (2005) recorded retrieval, retention time and germination
of fennel pondweed (Potamogeton pectinatus) seeds ingested by mallard, following exposure
to two diets of contrasting digestibility (trout chow versus seeds). Seed survival after gut
passage was roughly twice as high in ducks on the animal-based diet, but germinability was
not affected by diet. Thus, we may have found unnaturally high values for the number of
retrieved seeds, but the germinability and viability of evacuated seeds is not likely to have
been influenced by our captive diet.
Across species, germinability was consistently increased after gut passage when
compared to control seeds. At the level of individual taxa, 6 species showed significant
effects, two of them only before stratification and two of them only afterwards. The
acceleration of seed germination following passage through the avian gut has frequently been
recorded in both terrestrial birds (Traveset 1998) and waterfowl (de Vlaming & Proctor 1968;
Figuerola et al. 2005b). This is believed to be due to the scarification of seeds in gut passage
(Holt Mueller & van der Valk 2002), which makes the seed coat permeable to water (Baskin
& Baskin 1998). However, this effect is not consistent between studies. For instance, Soons et
al. (2008) and Wongsriphuek et al. (2008) found germinability of some species to be reduced
by gut passage. Unlike us, Soons et al. (2008) and Wongsriphuek et al. (2008) stratified seeds
at cold temperatures to break dormancy prior to germination runs. We chose to do this only
after the first germination run was completed, so as to study the effect of gut passage both
before and after winter stratification. Such stratification removed the effect of gut passage on
germination in Potamogeton pectinatus (Figuerola et al. 2005b). Interactions between gut
passage and other dormancy-breaking processes (Murdoch & Ellis 2000; Probert 2000;
Figuerola et al. 2005b) may explain the great diversity of results obtained when analysing the
effects of gut passage (see Traveset 1998; Traveset & Verdú 2002). Our results suggest that
the interaction between scarification by gut passage and winter stratification is highly
complex and species specific, with some species only showing effects of gut passage on
germinability before stratification, and other species only showing such effects after
stratification. Under field conditions, such differences are likely to be of considerable
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importance, leading seeds of some species to germinate immediately following dispersal by
birds, and other species to germinate soon after the next cold period. Such differences in
germination phenology can have major consequences for fitness (see Figuerola & Green
2004; Figuerola et al. 2005b). As a final complication, the influence of gut passage on
germination can vary greatly according to the salinity to which seeds are subjected, the
salinity gradient being very important in Mediterranean wetlands (Espinar et al. 2004).
Across species, we consistently found that viability was higher after gut passage than in
control seeds. This suggests that non-viable seeds may be preferentially digested, being more
easily destroyed by physical and chemical action. This result also indicates that the observed
increase in germinability after gut passage is not due exclusively to breakage of dormancy,
but also to an increase in viability. This effect makes it harder to interpret the results of
previous studies in which germinability was tested but not viability (with tetrazolium). To our
knowledge, ours is the first experimental waterbird study to compare the effects of gut
passage and retention time on both seed germinability and viability as indicated by the
tetrazolium test.
Our study provides particularly clear data on the retention time of seeds, as we collected
seeds at shorter intervals than many previous studies (e.g. Soons et al. 2008). Germinability
consistently decreased with retention time, as expected and as found in previous studies
(Charalambidou et al. 2003a, 2005; Pollux et al. 2005). Across taxa, we found that the
proportion of retrieved seed increased with increasing retention time, contrary to our
prediction and to Soons et al. (2008). Such disparities are consistent with the diversity of
effects reported for ingestion by birds on germination patterns of seeds (see Traveset & Verdú
2002).
Similar to previous studies, most seeds were recovered fairly quickly following feeding
and most seeds were recovered within 12 hours (Holt Mueller & van der Valk 2002; Soons et
al. 2008; Wongsriphuek et al. 2008). This suggests that short distance dispersal is more
frequent than long distance. Within their wintering quarter, teal usually fly a few kilometres
twice per day, between day-roosts and nocturnal feeding grounds (Tamisier & Dehorter
1999). Thus, the tens of thousands of teal moving among waterbodies collectively are
effective dispersal agents for many wetland plant species at the local scale. Teal also show
high regional mobility during winter, regularly moving into and out of the Camargue (Pradel
et al. 1997; Article 11), and often switch wintering quarters in response to weather conditions
(Ridgill & Fox 1990). Furthermore, as some seeds were recovered even after 48 h, long
distance dispersal can occur during teal migrations when teal fly at c.58 km/h (Clausen et al.
2002; see also Article 9). Our results indicate that some seeds would have been excreted after
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the experiment finished at 48h. The maximum retention time in teal is known to be at least 60
h (Pollux et al. 2005).

Conclusion
Overall, endozoochorous transport by teal appears to be a widespread, successful
dispersal mechanism among wetland plants over a wide range of distances. Such transport is
likely to be particularly important for population persistence where wetland abundance and
distribution vary among years, as in the Mediterranean region (e.g. Kloskowski et al. 2009).
Even if dispersal over several hundred kilometres is rare, it may be sufficient to maintain
genetic connectivity and to colonize new habitats, e.g. in response to climate change or
creation of new reservoirs or other artificial wetlands.
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Abstract
Ducks are considered as natural hosts of avian influenza viruses (AIV). These birds aggregate
at wintering sites, resulting in high local densities. Virus-infected birds can thus transmit
pathogens to other individuals, directly or by water, that subsequently may bring the viruses
to new areas themselves. Studying duck movements therefore provides potential distance and
direction of virus dispersal. Though this has already been done at the flyway scale, the present
study aims at determining potential risk areas of AIV dispersal by Common Teal (Anas
crecca) within the Camargue (southern France), a key wintering area for ducks in Europe. We
modelled Common Teal movements and thus also local AIV spread according to changing
sets of duration of virus excretion and virus persistence in water. This resulted in short
distance movements for simulated individuals. If an outbreak occurs in the Camargue during
the wintering period, only an area of 5 km around the infected marsh is therefore under risk of
contamination. Such data may be useful for health authorities to take appropriate measures in
case of an outbreak.

Keywords
Influenza A; local dispersal; risk areas; wetlands; ducks; wild birds; H5N1; disease ecology.
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Introduction
Wild aquatic birds in the orders Anseriformes (ducks, geese and swans) and
Charadriiformes (gulls, terns and waders) are natural hosts for a large diversity of low
pathogenic (LP) avian influenza viruses (AIV; Webster et al. 1992; Olsen et al. 2006). These
species thus represent a key element in the ecology of AIV and, in particular, in their natural
dispersal abilities (e.g. van Gils et al. 2007; Latorre-Margalef et al. 2009; Articles 10 & 11).
Spatio-temporal spread of AIV is dependent upon a large variety of parameters including
those related to the host (e.g. population density, migration, immunity), as well as viral
characteristics (e.g. excretion duration, physio-pathological consequences of infection) and
local ecosystem features (e.g. water temperature, host diversity) (Roche et al. 2009). Despite
several recent studies investigated the large scale spread of AIV dispersal by Anseriformes,
mainly through their migratory movements (van Gils et al. 2007; Munster et al. 2007; Gaidet
et al. 2008a,b; Latorre-Margalef et al. 2009; Articles 10 & 11), our understanding of AIV
dispersal by wild birds at the local scale is still very limited.
A wintering area is defined as a wetland in which waterbirds spend the winter. Within
these areas, wild ducks gather during the day into large groups on day-roost. These sites are
principally of large surface area and are not or few disturbed by hunting, thus providing both
protection and food resources (Article 1). During the day, ducks mainly perform comfort
activities (preening, resting and swimming) and at night, all ducks from a given day-roost
disperse to reach feeding grounds nearby. The decision made whether to use or not a feeding
ground depends on a large variety of factors such as flooding conditions or relative food
availability (Tamisier & Dehorter 1999). Ducks therefore commute twice a day between
habitats, at dawn and dusk. A day-roost and the limited number of associated surrounding
nocturnal feeding areas are geographically linked in a “functional unit” system (Tamisier
1978). This principle has been supported by studies dealing with movements of wintering
ducks (e.g. Tamisier & Tamisier 1981; Cox & Afton 1996; Guillemain et al. 2002a,
Legagneux et al. 2009a). However, other studies also suggested that some individuals do not
follow this general pattern and change functional units, sometimes using several day-roosts
separated by distances of some kilometres throughout the same winter (Guillemain et al.
2002a; Legagneux et al. 2009b; Article 3). Studies of duck movements may thus provide
interesting information regarding the potential distance and direction of AIV dispersal at the
local scale. Such information may be of primary importance for health authorities, especially
in case of highly pathogenic (HP) AIV outbreak reported in wild birds.
Mediterranean wetlands represent key wintering grounds for ducks in the Western
Palaearctic, and stop-over sites for birds migrating from Western Europe to North Africa
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(Cramp & Simmons 1977). These wetlands are identified as potential hotspots for the risk of
introduction and transmission of bird-borne pathogens (Jourdain et al. 2007). In this study, we
focused on the Camargue area, an alluvial lowland covering some 140000 ha in the Rhone
Delta (south of France) where hundreds of thousands wild ducks spend the winter or stop to
forage during migrations (Tamisier & Dehorter 1999). Among wild ducks present in the
Camargue, Common Teal (Anas crecca) is identified as a key species for AIV dispersal. Teal
represents indeed 20 to 30 % of the total duck population (Tamisier & Dehorter 1999) and its
prevalence of infection with AIV has been shown to be particularly high (Lebarbenchon et al.
2007a, in press).
We focused on local AIV dispersal by Common Teal within wintering area of the
Camargue. Using the same approach than Lebarbenchon et al. (Article 11), the aims of this
work was (i) to built an individual-based spatially explicit model, based on capture-markrecapture data, reproducing Common Teal movements in the Camargue; and (ii) to investigate
the effects of viral excretion duration and persistence in water on local AIV dispersal.

Methods
Population and ringing data
Within the Camargue, Common Teal principally gather during the day on nature
reserves (14% of the total surface area of the Camargue) or on marshes with low hunting
pressure. They disperse at night to reach feeding grounds, principally located on hunted
marshes more productive in aquatic plants due to an active management (85% of the total
surface area of the Camargue) (Tamisier & Dehorter 1999).
To study Common Teal movements between day-roost and nocturnal feeding grounds,
we used a long-term ringing dataset. Ducks were caught within a day-roost at the nature
reserve of the ‘Tour du Valat’ (43°30’N, 4°40’E; Figure 1), between January 1952 and
February 1978 using standard dabbling duck funnel traps hidden in the vegetation (Bub
1991). In total, 59,087 Common Teal were ringed (each bird was fitted with a numbered
metal ring upon capture), allowing individual recognition later upon ring recovery. Among
the 59,087 birds ringed, 1,386 were recovered in the Camargue between February 1953 and
February 1978, mostly through hunting within nocturnal feeding grounds (83%).
To study Common Teal movement between day-roosts, we used another ringing dataset
included 903 birds marked, between October 2002 to February 2008, with a metal ringed and
with individually-coded plastic nasal saddles of the type described by Rodrigues et al. (2001),
whose lack of deleterious effect to dabbling ducks has been demonstrated by Guillemain et al.
(2007a). This method of external marking allows bird resighting without recapture. Ducks
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Figure 1. Map of the Camargue, locating the both ringing sites, ‘Tour du Valat’ and ‘Vigueirat Marshes’,
and other nature reserves.

were caught with the technique previously described in one of the marshes in the ‘Vigueirat
marshes’ (43°32’N, 4°45’E; Figure 1) used as feeding ground by Common Teal, but
adjoining to an important day-roost. Bird resightings in the Camargue (n = 979, several
resightings for some birds) were achieved on the most important Common Teal day-roosts.
Between the first ringing session (in the 1950-70’s) and the second (in the 2000’s), important
Common Teal day-roosts are globally the same and the Teal numbers are also in the same
order (Tamisier & Dehorter 1999; Kayser et al. 2008).
We considered only intra-annual recoveries and resightings (i.e. performed the same
season as the ringing event occurred) to avoid potential biases linked with dispersal from
other wintering areas. Indeed, a Common Teal marked in the Camargue during a given winter
may not necessarily return to the Camargue the following winter (Guillemain et al. 2005a; see
however Guillemain et al. 2009 for the high inter-winter fidelity rate to winter quarters).
Recoveries and resightings data from successive years (i.e. during and after the second
winter) may thus not reflect bird movements from our study area, and were not taken into
account.
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Mean abundance of Common Teal was based on aerial monthly bird census conducted
by a same observer, between 1964 and 1995 (see Tamisier & Dehorter 1999 for aerial bird
census method). As this number is extremely variable according to years, the proportion of
Common Teal moving each month from ringing sites within the Camargue was implemented
by conserving general patterns of Common Teal number over the wintering period, i.e.
increasing number from September to December, then decreasing until March, but using
arbitrary figures (from 2,000 Teal in September to 10,000 in December and then 1,000 in
March).

Movement model
An individual-based spatially explicit model was developed to describe local Teal
movements, similarly to the method previously described by Lebarbenchon et al. (Article
11). Space was discretized in squared meshes of 1 x 1 kilometers (km) (projection system of
geographical coordinates, i.e. longitude/latitude WGS 84). Although with this projection
system surface area was not the same for all meshes, differences were negligible given the
surface area of the Camargue (145,500 ha). We considered two types of Common Teal
movements: (1) movements between a day-roost and nocturnal feeding grounds and (2)
movements between day-roosts. We thus considered two movement rules, both being based
on an equation describing the use (U) of a mesh (x) (Matthiopoulos 2003): Usage (x) = f
(Accessibility (x), Preference (x)). Accessibility (A) was defined by an area corresponding to
a flight distance and direction. Since bird can potentially fly between any parts of the
Camargue in less than one hour, all meshes were accessible to a simulated bird. Each day, a
simulated bird thus selected a mesh (hereafter ‘halts’) as a function of its preference (P).
Preference was calculated as the probability to use a mesh as indicated by the number of
recoveries or resightings contained in a given mesh in relation with the total number of
recoveries or resightings of the accessible area recorded all year long. Meshes containing the
higher number of recoveries or resightings in Common Teal ringing datasets were thus
considered to be the most attractive ones. We then carried out interpolation inversely
proportional to distance, to correct the small sample size our datasets. Finally, only for
movement between day-roost and nocturnal feeding grounds (movement 1), we added to the
model a difference of probability which was computed as a function of distance from the
ringing site, according to the equation DailyBag= EXP (0.8062-0.0003 * Distance) from
Guillemain et al. (Article 2).
For both movements (1 and 2), we considered as a movement rule (based on
interpolated data) that a simulated individual present during one given month randomly select
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a mesh according to its attractiveness, and then always reached the same mesh during this
month.

Simulation of local AIV dispersal
When a simulated bird moved within the Camargue from a day-roost, its probability of
being infected was assigned as the prevalence of AIV infection recorded during the month of
its movement, during the 2007-2008 winter in the Camargue (Figure S1 in Article 11). The
pattern of prevalence of infection recorded during this season was consistent with previous
studies (Lebarbenchon et al. 2007a, in press.).
When a simulated individual was infected, it thus excreted one virus unit in each mesh
visited during the time period corresponding to the viral excretion duration. Viruses persisted
in the environment according to the virus inactivation rate in water. We investigated a large
range of hypothetical values for these two parameters, corresponding to possible biologically
extreme cases. The following values were tested: viral excretion duration: 2, 7, 10, 15, 20, 25
and 30 days (Webster et al. 1978; Lu & Castro 2004; Latorre-Margalef et al. 2009); and virus
inactivation rate in water: 7, 14, 28, 56, 112, 154 and 207 days (Stallknecht et al. 1990a;
Latorre-Margalef et al. 2009). In natural conditions, AIV inactivation (or loss of infectivity)
in water over time decreases at a log-linear rate, and a high variety of responses have been
described according to subtypes and environmental conditions (Stallknecht et al. 1990a, b;
Brown et al. 2009). For simplification, we defined virus inactivation rate as the period during
which a virus remains infectious in the environment, considering that infectivity is constant
through time.

Results
Common Teal movements
During winter, Common Teal movements within the Camargue were limited to only a
few sites for each individual bird. From the ‘Tour du Valat’ day-roost, Common Teal mostly
dispersed to feeding grounds less than 5 km away (the Camargue was divided in meshes of 1
x 1 km; Figure 2). The number of halts per mesh then decreased rapidly with increasing
distance from the ringing site. More remote nocturnal grounds (at a maximum distance of 25
km) were however exploited by Common Teal, but to a far lesser extent.
Movements of Common Teal were also limited between day-roosts (Figure 3). The
majority of resightings were observed within the ‘Vigueirat marshes’ (6 km around the
ringing site), composed of several marshes used either as day-roosts by Common Teal.
Switches between day-roosts were therefore frequent within this set of marshes. The number
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Figure 2. Simulations of Common Teal movements within the Camargue, between a day-roost and
neighbouring feeding grounds (ringing site indicated by a white star). Grey scale represents the number of
simulated bird halts in each mesh: white: no halt; intermediate greys: 1-75, 76-420, 421-1665; black: more
than 1665.

Figure 3. Simulations of Common Teal movements within the Camargue, between day-roosts (ringing site
indicated by a white star). Grey scale represents the number of simulated bird halts in each mesh: white:
no halt; intermediate greys: 1-7, 8-35, 36-315; black: more than 315.
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of halts per mesh also occurred, to a lesser extent, in two other areas located at 10-15 km from
ringing site. More remote day-roosts (located at 50 km for the further one) were exploited by
Common Teal occasionally.

Local dispersal of AIV within the Camargue
Different viral excretion durations were tested, but as these did not influence distance of
dispersal, excretion duration was subsequently fixed at 7 days for simulations. Locally,
duration of excretion has indeed no effect because birds move fast and close. There was
therefore an effect of amount of local circulating virus but not of dispersal distance, for either
2 or 30 days (range tested).
AIV dispersal by Common Teal was thus very limited within the Camargue. According
to simulations, AIV could disperse to the feeding grounds used predominantly by Common
Teal that were very close to the day-roost (Figure 4). AIV could also disperse on other more
distant meshes, but it a lesser extent, as the number of virus units excreted by bird in these
meshes was lower. AIV dispersal by Common Teal according to movements between dayroosts was also limited, principally within the ‘Vigueirat marshes’ (Figure 5).
Viral particle inactivation rate in water did not play an important role on AIV dispersal
(Figure 6). Whatever the persistence time of AIV in water (ranging from 28 to 207 days), it
was always the same areas that got infected. Persistence time however influenced the period
during which a mesh remained infected. With longer persistence time, an accumulation of
viruses was observed in the infected meshes. Indeed, the most infected meshes remain highrisk areas until the end of March if persistence time of AIV in water was set to less than 56
days. If time of persistence in water was set to values greater than 56 days, the most infected
meshes could remain “infective” for several month, potentially through the following August
(Figure 6).

Discussion
Results provided by simulations of Common Teal movement through our individualbased spatially explicit model were in accordance with previous study on the ecology of this
species in the Camargue (Tamisier & Tamisier 1981) and other wintering grounds (Cox &
Afton 1996; Guillemain et al. 2002a; Legagneux et al. 2009a). However our study relies for
one part, on intense data collection more than 30 years ago, and so we cannot rule out the
possibility that movement behaviour of ducks wintering in the Camargue has changed to
some extent since then, in response to the change in wetland management for example (e.g.
Duncan et al. 1999). Common Teal population size at our study site did not undergo
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Figure 4. Simulations of avian Influenza virus dispersal by Common Teal within the Camargue, between a
day-roost and neighbouring feeding grounds (ringing site indicated by a white star). Grey scale represents
the number of virus units excreted in each mesh: white: no virus unit; intermediate greys: 1-30, 31-160,
161-320; black: more than 320 virus units excreted.

Figure 5. Simulations of virus dispersal by Common Teal from between day-roosts (ringing site indicated
by a white star), within the Camargue. Grey scale represents the number of virus units excreted in each
mesh: white: 0-7; intermediate greys: 8-14, 15-42; black: more than 42 virus units excreted.
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Figure 6. Persistence of avian influenza virus in water from September to August, according to
simulations of Common Teal movements from September to March. Grey scale represents different
hypothetical values of virus inactivation rate: white: 0 days; intermediate greys: 28, 56, 112 and 207 days.
In these simulations, viral excretion duration was fixed at 7 days
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significant reduction since the 1970s (Kayser et al. 2008), suggesting that it still represents a
high-risk area for AIV circulation and dispersal during the winter period. Moreover, recent
monitoring of Teal ringed in the Camargue and fitted with nasal saddle (data used to study
Teal movements between day-roosts), shows that movements of this species are similar to
those observed in the past (Guillemain et al. unpublished data). Consequently, we do not
expect that such potential changes have occurred and could then have had a major effect on
our conclusions.
The important aspect highlighted in this study was that AIV dispersal within the
Camargue was very limited throughout winter. Common Teal movements within the
Camargue corresponded essentially to movements between diurnal and nocturnal grounds.
Indeed, only 2% of individuals switch between day-roosts weekly if they remained within this
wintering area (Article 3). Hence, as exchanges between day-roosts are rare events, AIV
remained mainly located in the original infected day-roost infected and only dispersed to the
few feeding grounds exploited by Teal nearby. Consequently if an outbreak occurs in one
marsh in the Camargue, only an area of ca. 5 km around the infected marsh is under high-risk
(i.e. 54% of simulated meshes with virus units excreted by Common Teal greater than 0, and
100% of simulated meshes with virus units greater than 160 were within this radius). There
was therefore no virus dispersal at the scale of the whole wintering area. This is consistent
with what has been observed during H5N1 HP AIV outbreaks in wild birds, these being
generally limited to small geographic areas (e.g. Globig et al. 2009; Doctrinal et al. in press).
Water-borne transmission represents an important component of AIV ecology and
epidemiology in wild birds (Breban et al. 2009; Roche et al. 2009; Rohani et al. 2009;
Article 11). Persistence of AIV in water varies according to salinity and temperature, but also
to virus subtype (Stallknecht et al. 1990a, b; Brown et al. 2007a, 2009). We observed in our
model that regular movements of Common Teal were more important than time persistence of
viruses in water for their dispersal, over a short scale of time. Indeed, even if viruses did not
persist many days in water, the important flow of infected birds may have always brought
new viruses in the marshes. However, at a longer time scale, this characteristic takes more
importance. If time of persistence is longer, viruses could maintain abundantly in meshes.
Healthy Common Teal passing through these squares may thus have a greater probability to
get infected. Indeed, especially from March onwards, this characteristic was really important
in terms of infection duration of a mesh. If time of persistence in water was greater than 56
days, the most infected meshes can remain high-risk areas until August when the first
Common Teal come back from breeding sites located in Northern Europe and Siberia (Scott
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& Rose 1996). AIV with an extreme level of persistence in water are therefore likely to infect
ducks when they undertake or arrive from fall migration, in August.
We here focused on local movements of Common Teal, whereas there also is a high
turnover rate within this wintering population, with some birds moving between winter
quarters (Pradel et al. 1997; Article 11). Thus, the risk of AIV introduction and transmission
by Common Teal inside and outside the Camargue may occur during the whole winter period,
including during the midwinter months and not only during the two annual migration
episodes (Articles 10 & 11).
To conclude, the kind of simulations presented here could therefore be very useful for
health authorities, for the poultry industry and also for wildlife managers to take appropriate
measures in case of an HP AIV outbreak, in particular to define a risk area around infected
sites. To improve modelling, data from complementary investigations coupling information
from empirical (host dispersal of AIV) and theoretical studies (laboratory and field
experiments on viral characteristic) should be included to simulations.
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CHAPTER 3: DISPERSAL OF AQUATIC ORGANISMS BY DUCKS AT THE
CONTINENTAL SCALE

Ducks undertake several long-distance movements throughout their life-cycle (Owen
& Black 1990). For example, European ducks migrate in autumn from their main
Scandinavian and Siberian breeding grounds to winter quarters in the West and the South of
the continent. From February onwards they then start their spring migration back to these
breeding grounds (Cramp & Simmons 1977; Scott & Rose 1996). However, many duck
species move long distances also outside these migration periods. For example, male ducks
move to moult sites before proper autumn migration (Hohman et al. 1992). Similarly, ducks
do not necessary spend all the winter within one single winter quarter: there are frequent
movements between winter quarters in Europe (Western France, Camargue, Spain, Italy,
etc.) (Ogilvie 1983; Pradel et al. 1997), birds probably moving in search of more optimal
foraging and mating conditions. These two distinct movement types, migratory and withinwinter, have been studied in detail (Wolff 1966; Olgivie 1983; Pradel et al. 1997; Guillemain
et al. 2005, 2006, in press). Ducks fly at an average 60-78 km/h (Welham 1994), with
differences between species. A Teal can cover over 1,200 km in less than 24h, for example
(Clausen et al. 2002). Given the retention times we determined experimentally (Article 5),
aquatic organism propagules can likely be dispersed over long distances by ducks.

I.

Seed dispersal
We analysed the role of migratory ducks for long distance seed dispersal (Article 9)

by studying the repartition of intact seeds from 42 Teal digestive tracts. Sixteen seed species
were frequently found. The number of seeds in the foregut and the gizzard (used as a
measure of seed ingestion rate) was the only factor significantly predicting the presence of
intact seeds in the final part of the intestine, those seeds potentially being viable and thus
dispersed. Duck diet studies can therefore be used as surrogates of seed dispersal
potential. We therefore carried out a literature review for plant species in the diet of four
European migratory ducks species: Teal, Mallard, Pintail (Anas acuta) and Wigeon (A.
penelope). We then determined if the geographic distribution of plants could limit their
likelihood to be dispersed over long distances to adequate habitats. Overall 72% of the plant
species used by ducks in Southern Europe are also used in Northern Europe, and 97% in the
opposite case. Moreover, among the 223 different seed species recorded in all duck diet
studies, 14 were alien to Europe and 44 were native to Europe but have been introduced
into at least one European country. Of these 44 species, five were recorded in duck diet in
non-native countries. This study suggests therefore there is a high potential for long
distance dispersal of native and exotic plants, since most species potentially dispersed are
present throughout duck flyways.

II. Avian influenza virus dispersal
In a second part we considered AIV dispersal by ducks at the European scale. Ducks
are important reservoirs for low pathogenic AIV (Webster et al. 1992). These viruses can be
transmitted between individuals at wintering, breeding and migration stopover sites (Olsen et
al. 2006). However, potential virus dispersal distance remained unclear in the literature.

1.

AIV dispersal distances by three duck species

We studied the movements of three duck species: Teal, Mallard and Common Pochard
(Aythya ferina), in the Western Mediterranean area in winter (September to March), so as
to assess potential virus dispersal distances and directions (Article 10). These species were
selected because they are considered as « risk species » due to their abundance and migratory
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habits in Europe (Tamisier & Dehorter, 1999), their AIV prevalence (Olsen et al. 2006) and
the fact that these species can be healthy carriers of highly pathogenic AIV (Keawcharoen et
al. 2008). Virus dispersal risk outside the Camargue (within 50 to 250 km depending on
species) exists throughout the winter. Indeed, whatever distance they cover, all three duck
species move in any direction in midwinter (November to January), and especially so along a
North-East / South-West axis during migrations.

2.

Modelling AIV dispersal by Teal

We then used the same historical ringing database from Tour du Valat to develop a
spatially-explicit individual-based model to simulate Teal movements in Europe, hence
AIV dispersal, depending on virus characteristics such as duration of excretion and virus
inactivation rate in water (Article 11). This modelling exercise shows that virus dispersal
modes are tightly linked to duck movements, and completely different if one considers the
wintering or the spring migration period. We also observed that virus persistence in water
may be a key element in virus propagation, while virus excretion duration played a minor
role.

Such studies of long-distance dispersal of aquatic organisms are crucial for land
managers in the case of exotic plants, or for stakeholders and policy makers in the case of
AIV infection detection and the determination of high-risk areas.

ARTICLE 9. The role of migratory ducks in the long-distance dispersal of
native plants and the spread of exotic plants in Europe.
Brochet A.L. 1, Guillemain M., Fritz H., Gauthier-Clerc M. & Green A.J. 1

Statut : published in Ecography (2009), 32, 919-928.
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Nota Bene :
-

the reference Charalambidou et al. (2003) in this article corresponds to the reference Charalambidou et al.
(2003a) in this manuscript;

-

the reference Green et al. (2002) in this article corresponds to the reference Green et al. (2002a) in this
manuscript;

-

the reference Tamisier (1971) in this article corresponds to the reference Tamisier (1971a) in this
manuscript;

-

the reference Wetlands International (2006) in this article corresponds to the reference Delany & Scott
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Abstract
Waterbirds represent the major natural reservoir for low pathogenic (LP) avian influenza
viruses (AIV). Among the wide diversity of subtypes that have been described, two of them
(H5 and H7) may become highly pathogenic (HP) after their introduction into domestic bird
populations and cause severe outbreaks, as is the case for HP H5N1 in South-Eastern Asia.
Recent experimental studies demonstrated that HP H5N1 AIV infection in ducks does not
necessarily have significant pathological effects. These results suggest that wild migratory
ducks may asymptomatically carry HP AIV and potentially spread viruses over large
geographical distances. In this study, we investigated the potential spreading distance of HP
AIV by common teal (Anas crecca), mallard (A. platyrhynchos) and Eurasian pochard
(Aythya ferina). Based on capture-mark-recapture method, we characterized their wintering
movements from a western Mediterranean wetland (Camargue, South of France) and
identified the potential distance and direction of virus dispersal. Such data may be crucial in
determining higher-risk areas in the case of HP AIV infection detection in this major
wintering quarter, and may serve as a valuable reference for virus outbreaks elsewhere.
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Introduction
Wild ducks are traditionally considered as natural reservoirs of low pathogenic (LP)
avian influenza viruses (AIV) (Webster et al. 1992). These birds play an important role in the
ecology and propagation of these viruses (Olsen et al. 2006). For instance, in Southern
Europe, approximately 1-5% of migratory mallard (Anas platyrhynchos) and other dabbling
ducks are infected with LP AIV, particularly during winter (De Marco et al. 2003;
Lebarbenchon et al. 2007a, in press). Although their precise role in the dispersal of highly
pathogenic (HP) AIV is still under debate (Gauthier-Clerc et al. 2007; Kilpatrick et al. 2006;
Gilbert et al. 2006), observations such as the one that occurred in March 2006 in Western
Europe suggest that wild ducks as been implicated in recent HP H5N1 outbreaks (Feare et al.
2007; Globig et al. 2009; Nagy et al. 2009). Governments and the poultry industry therefore
need information on migratory duck species that can carry HP AIV to help them take
appropriate measures in case of an outbreak, in particular to define a risk area around an
outbreak for a period of several weeks. These risk areas are dependent upon the duration of
viral excretion and persistence in the environment, as well as upon the movement of wild
ducks in terms of direction (azimuth from the outbreak) and distance.
Studies performed on wild ducks experimentally infected with HP H5N1 AIV have
recently demonstrated that birds generally excreted viruses for up to 6 days post-infection,
without strong clinical or pathological effects (Brown et al. 2006; Keawcharoen et al.
2008).Other studies, performed specifically on mallards (Hulse-Post et al. 2005; SturmRamirez et al. 2005) have also shown that some individual birds excreted the virus during a
prolonged period for up to 21 days. Even though these studies have been performed under
laboratory conditions, long-term shedding, combined with the fact that the experimental
infection do not always induce strong physiological and behavioural effects, suggest that
migratory ducks may act as efficient vector of HP AIV in the wild (but see Weber and
Stilianakis 2007; Article 11 for discussion).
Most ducks are migratory species that make long displacements during fall and spring
migration, between their breeding and wintering areas (Alerstam 1990; Green 1996). During
winter, ducks can also move over shorter distances, (i.e. hundreds of kilometres) to switch
wintering quarters according to weather conditions (Ridgill and Fox 1990). Here, we focused
on mallard, common teal (Anas crecca) and Eurasian pochard (Aythya ferina) because of their
potential roles in HP AIV dispersal (Keawcharoen et al. 2008), their abundance in Europe and
their migratory behaviour (Cramp & Simmons 1977; Delany & Scott 2006). In this study, we
made the assumption that these three duck species can be “healthy carriers” of HP AIV during
their displacements between wetlands, during winter.
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Mediterranean wetlands represent key wintering grounds for ducks in the Western
Palearctic region, and are important stop-over sites for birds migrating from Western Europe
to North Africa (Jourdain et al. 2007). We focused on the Camargue area, an alluvial lowland
covering some 140,000 ha in the Rhone Delta (south of France), where hundreds of thousands
wild ducks spend the winter or stop to forage during migrations (Tamisier & Dehorter 1999).
The aim of the present study was to determine the potential and maximal risk-area of
HP AIV dispersal from the Camargue, during winter, by three species of wild ducks (mallard,
common teal and Eurasian pochard). We assessed the distance and direction of movements of
these species from the Camargue area according to winter month and time elapsed after a
potential outbreak, using capture-mark-recapture data, based on ringing data. Ringingrecovery data currently provide the best method to study bird movements, in terms of
cost/efficiency ratio, but they require long-term studies to ensure the accumulation of
sufficient recovery data (Jourdain et al. 2007).

Methods
We used a long-term population study of ducks, carried out in the Camargue (southern
France) between January 1952 and February 1978. In total, 59 087 ducks were ringed at “la
Tour du Valat” (43°30'N, 4°40'E). The duck ringing season generally began in September and
ended in March. Ducks were caught using standard dabbling duck funnel traps hidden in the
vegetation (Bub 1991). All birds were fitted with a numbered metal ring upon capture,
allowing individual recognition later upon ring recovery. Ring recovery data were obtained
when ringed birds were recaptured alive (5.2%), hunted (85.3%), or found dead (9.2%). Only
0.3% of recoveries had an unknown origin. The three duck species are widely hunted in
Europe, and 75.7%, 73.9% and 87.3% of recoveries were by hunting for mallard, Eurasian
pochard and common teal, respectively. Only birds recovered within one month after ringing
and before March 31st of the ringing season were considered (i.e. spring and summer
recoveries + inter-annual recoveries were discarded) to limit the study to winter movements
from a known area.
For each recovery, the distance and azimuth from the ringing site were calculated
(mallard: n = 202; Eurasian pochard: n = 46; common teal: n = 1244). Average distance and
azimuth were then computed per 10-day period until one month after ringing. We calculated
the “average” azimuth by using Cartesian coordinates. Thus this average was not affected by
rotation direction of angular measurements.
The distribution of distance values was non-normal (Shapiro tests: all W-values >0.347,
all p-values<0.001), even after usual transformations (e.g. logarithm or square-root). We first
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carried out correlation analyses between distance travelled and time elapsed since ringing for
each duck species by using Spearman’s tests. Secondly, we tested the effect of duck species,
month and year of ringing on the distance between recovery and ringing places, by using a
Generalized Linear Model (GLM) with quasi-Poisson distribution. A backwards stepwise
model selection procedure was used, gradually removing non-significant terms (at P = 0.05)
from the most complete model. The extent to which our final model fitted the data was
assessed by the ratio of the residual deviance to the number of degrees of freedom (the ideal
ratio being 1; Crawley 1993). Thirdly, we compared proportions of recoveries found outside
the Camargue (i.e. at a distance greater than 20 km from the ringing location) between three
periods of the winter (September to October: fall migration, November to January: midwinter,
February to March: spring migration) by using Fisher exact tests. R software (version 2.8.1)
was used for all statistical analyses (R Development Core Team 2008) and results are
presented in the form of mean ± standard-error.

Results
The average distances and azimuths of recovery during the first 30 days after ringing are
summarized in Figure 1, for each duck species and each month of ringing (see appendix for
results computed per 10-day period until one month after ringing). In February, for mallard,
the median distance of ring recovery was 3 km westwards after 10 days and 200 km eastwards
after 30 days. For Eurasian pochard shorter distances of 2 km eastwards after 10 days and 20
km north-eastwards after 30 days were observed. Finally, for common teal longer distances of
20 km after 10 days and 280 km after 30 days, both in an eastwards direction, were recorded.
Overall, the distance travelled by birds increased with time elapsed since ringing for mallard
and common teal (Spearman tests: rs = 0.20, p = 0.005 and rs = 0.28, p < 0.001). This
correlation was not significant for Eurasian pochard (rs = 0.07, p = 0.667).
The final model of the stepwise backwards selection procedure retained duck species
and month of ringing, which both had significant effects (Table 1). This model provided a
reasonably good fit to the data, since deviance was equal to 3566.75 while the number of
degrees of freedom was 1489 (a ratio of 2.4). Common teal covered significantly more
distance than mallard and Eurasian pochard (Mann-Whitney U tests: mallard-teal, W = 68222,
p < 0.001; pochard-teal, W = 16443, p < 0.001; mallard-pochard, W = 4334, p = 0.473; Figure
2). Common teal covered significantly more distance in 30 days towards the end of the winter
season than they did at the beginning (Spearman test: rs = 0.14, p < 0.001). The opposite was
observed for Eurasian pochard which covered significantly shorter distances in 30 days as
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winter progressed (rs = -0.49, p < 0.001), whereas the correlation was not significant for
mallard (rs = 0.05, p = 0.470) (Figure 3).
a.
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Figure 1. Median distance (in km, indicated on the North axis) and number of recoveries (n), according to
8 principal directions, during the 30 days after ringing and for each winter month for a) mallard, b)
Eurasian pochard and c) common teal. The black area indicates how far away and in which directions
birds were recovered in each case.
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Table 1. Results of the stepwise backwards procedure for the GLM. The complete model included
duck species, month and year of ringing. Only the variables included in the final model are presented. The
final model provided a good fit to the data (see text)

Variables

Estimate

SE

t-values

p-values

Duck species

0.871

0.117

7.429

< 0.001

Month of ringing

0.216

0.036

6.048

< 0.001

Table 2. Percentage of recoveries outside the Camargue (i.e. at a distance > 20 km from the ringing site),
for each month and duck species. The month given refers to the month of ringing. Recoveries were made
within 30 days, and no later than 31 March.

Month

mallard

pochard

teal

September

9.09

No data

50.00

October

21.43

0.00

14.29

November

13.89

25.00

46.77

December

17.74

33.33

48.40

January

29.82

16.67

61.15

February

6.67

11.11

50.19

March

14.29

0.00

63.86

Total

19.31

17.39

54.18

Over the whole winter period, 19% and 17% of mallards and Eurasian pochards were
respectively recovered outside the Camargue, i.e. at a distance greater than 20 km from the
ringing place. In contrast, this proportion was 54% in common teal (Table 2). For the latter
species, this proportion differed significantly between three periods of the winter (September
to October: fall migration, November to January: midwinter, February to March: beginning of
the spring migration) (Fisher test: p = 0.026). The proportion of individuals recovered
outside the Camargue was greatest during midwinter (25, 55 and 53% for the three winter
periods respectively). For both mallard and Eurasian pochard, this proportion was not
significantly different between the three winter periods (all p-values > 0.41). The same results
were obtained for all species when only the hunting recoveries were used in the analyses
(results not shown).
In spite of these differences (between species and in time), it is possible to draw highrisk directions from the ringing site according to the month of ringing, through the analysis of
the recoveries occurring during the 30 days after ringing (Figure 1). For mallard and Eurasian
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Figure 2. Median distance covered by mallard, Eurasian pochard and common teal in winter, between
ringing at the Tour du Valat in Camargue and the recovery date.

Figure 3. Mean distance in km covered in 30 days after ringing according to wintering month for mallard
(black triangles), common teal (black squares) and Eurasian pochard (white squares). Regression lines are
shown where significant (common teal: plain line; Eurasian pochard: dotted line). Error bars indicate ±
standard-error.

pochard, if ringed in September and October, individuals principally remained in the
Camargue, at a mean distance of 11 ± 2 km and 5 km respectively from the ringing site (note
only one Eurasian pochard recovery in October). In contrast, for common teal ringed in the
same period, some individuals moved over long distances, for instance at a mean distance of
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197 ± 144 km. When ringed from November to January, individuals of the three species could
later be recovered in any direction, but at different distances (mean distance in km: mallard,
28 ± 6; Eurasian pochard, 35 ± 15; common teal, 151 ± 7). These movements suggest a high
turnover between winter quarters, especially for common teal. Finally, after having been
ringed in February or March, all three species tended to move towards a single direction, the
North-East, but still at different average distances (mean distances in km: mallard, 51 ± 33;
Eurasian pochard, 5 ± 2; common teal, 193 ± 14). This direction corresponds to their most
likely spring migration route.

Discussion
Among the three species studied, common teal travel over the longest distances (160 km
on average within 30 days after ringing). This species therefore has potentially increased
dispersal abilities for HP AIV than mallard and Eurasian pochard. Common teal may cover
long distances within a few days, potentially acting as efficient virus carriers. For instance,
one bird in our ringing dataset covered 640 km in two days, from Camargue to Austria.
However, ducks will not be such efficient vectors if the virus inhibits their capacities to move
(c.f. Rodrigues et al. 2006; van Gils et al. 2007; Weber & Stilianakis 2007; Article 11 for
discussion). In contrast, mallard and Eurasian pochard were observed to cover shorter
distances in this study. Respectively, 94% and 96% of recoveries were within 100 km of the
ringing site throughout the winter. Mallard is a more sedentary species than the two other
(Cramp & Simmons 1977). The Eurasian pochard sample size was considerably smaller than
the other two species and this species is known to often travel longer distances than observed
in our study (e.g. more than 200 km in one month; Keller et al. 2009). Whatever the distance
they cover, the three duck species apparently move in any direction during the core of the
winter (from November to January), which is consistent with the known high turnover rate
within the wintering population of common teal (Pradel et al. 1997). Although it has not yet
been demonstrated, such a turnover is also likely to exist for mallard and Eurasian pochard.
Thus, the risk area for HP AIV dispersal extends on average 25, 30 and 160 km beyond the
Camargue throughout the wintering season and until 30 days after ringing, for Eurasian
pochard, mallard and common teal, respectively. In February and March, all three species
tended to move towards the North-East. This is consistent with the beginning of the spring
migration in February in common teal (Guillemain et al. 2006). Most individuals were
migrating back to their breeding areas in Northern and North-Eastern Europe during this
period (Scott & Rose 1996).
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To determine the potential risk of HP AIV dispersal by ducks more precisely, bird
movements will have to be linked with data on virus excretion and persistence in the water
(Article 11). Recent studies experimentally infected wild ducks with HP H5N1 AIV and,
based on viral excretion duration, concluded that migratory ducks have an important role for
AIV spread (Keawcharoen et al. 2008). There is however evidence that even LP AIV can
impair foraging and dispersal efficiency of infected birds, in the wild (van Gils et al. 2007;
Latorre-Margalef et al. 2009). While infected birds might be able to transmit HP AIV over
short distances, more realistic experiments, using birds subjected to physiological stresses
associated with migration, are needed to determine their capacity to spread viruses over long
distances during their winter movements (Weber & Stilianakis 2007). On the other hand, a
better scenario would be to have satellite tracking data on both known infected and uninfected
individuals (controls), so that differences in flight distances and stopover durations could be
measured and statistically evaluated in the wild. Combination of data on virus excretion,
persistence in the environment and wild duck dispersal also remain critical to determine
potential AIV dispersal accurately (Breban et al. 2009; Roche et al. 2009; Article 11)
Ringing-recovery data can only provide limited information. The exact route of
migration is not known from the recovery location of ringed birds, but has to be estimated
(Gauthier-Clerc & Le Maho 2001). Migrating birds rarely fly the full distance between
breeding and wintering areas, or between two distant wetlands, without stopping over and
“refuelling” or resting along the way (Guillemain et al. 2004 for Garganey Anas
querquedula). Instead, birds make frequent stopovers and spend more time eating and
preparing for movements than actively performing flights (Alerstam 1990). Many species
therefore aggregate at favourable stopover or wintering sites, resulting in high local densities.
When all of these sites are taken into account, the number of wetlands that could potentially
become infected with HP AIV increases dramatically.
Our study relies on intense data collection in the past, and we cannot rule out the
possibility that migratory behaviour of ducks wintering in the Camargue has changed to some
extent since then in response to temperature increases or other aspects of global change
(Svazas et al. 2001). In our study site, however, common teal population size and wintering
phenology did not undergo significant changes since the 1970s (Kayser et al. 2008). Recent
monitoring of common teal ringed in the Camargue and fitted with nasal saddles also shows
that common teal movements remain similar to those observed in the past (Guillemain et al.
unpublished data).
Our analysis of duck movements (distance and direction) allows identification of the
surrounding high-risk areas if an HP AIV outbreak occurs in the Camargue. A large part of
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southern France is potentially a high-risk zone of infection from September to October. In
addition to France, Northern Italy and Northern Spain also become at risk from November to
January. Then, in February and March, birds start to migrate to northern Europe and Siberia
and the higher-risk areas are the South-East of France, Northern Italy and Switzerland. Thus,
ducks from the Camargue can potentially infect major wetlands they use either as wintering
areas or as migratory stop-overs, such as the Dombes (France), the Ebro delta (Spain), the Pô
delta (Italy), and the alpine lakes (Switzerland). A similar pattern is expected if an outbreak
occurs in another western Mediterranean wetland, because these lie within the same flyway as
the Camargue (Guillemain et al. 2005a). Consequently all wetlands around any site in the
western Mediterranean area in which an outbreak occurs are potential high-risk areas at least
during some parts of the wintering period. Moreover, distances travelled by duck were
probably underestimated in our study, since most recoveries were provided by hunters and
shot birds may have travelled farther if they had not been stopped.
To conclude, the maximal potential distance of HP AIV dispersal varied according to
duck species and month. If an outbreak occurs in the Camargue in winter, over the next
month, HP AIV can be transported at a maximal distance less than 100 km by mallard and
Eurasian pochard and at a distance greater than 100 km by common teal. In terms of the high
risk azimuths, in September and October, southern France is the principal risk area. From
November to January, all azimuths are under risk. Finally, in February or March, the NorthEast is the direction under greatest risk.
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Appendix. Median distance (D in km) and azimuth (A in decimal degrees) of recoveries for
mallard (a), Eurasian pochard (b) and common teal (c), ringed during each month of the
winter. Numbers in brackets give minimum and maximum values. Note that sample size (n)
may be lower for azimuth than for distance travelled because, when birds were recovered at
the ringing site itself, distance = 0 but azimuth could not be computed.
a.
Month
September

D
A

October

D
A

November

D
A

December

D
A

January

D
A

February

D
A

March

D
A

Number of days since ringing
0-10 days
11-20 days
21-30 days
11.0 (0.0/19.6),
14.6 (0.0/,20.7)
no data
n=7
n=4
-90.0 (-106.4/144.3),
-51.1 (-51.1/144.0 ),
no data
n=5
n=3
7.8 (0.0/24.0),
10.1 (5.5/45.1),
7.7 (5.5/7.7),
n=8
n=3
n=3
111.5 (-89.9/111.5),
47.4 (23.5/47.4),
44.1 (44.0/47.4),
n=5
n=3
n=3
0.0 (0.0/20.6),
8.6 (0.0/30.3),
0.0 (0.0/18.3),
n = 19
n = 14
n=3
154.2 (-90.0/154.2),
-90.0 (-90.0/154.2),
144.0,
n=9
n = 11
n=1
3.3 (0.0/225.5),
2.7 (0.0/134.9),
3.9 (0.0/153.1),
n = 35
n = 13
n = 14
-90.0 (-137.8/180.0),
-90.0 (-114.7/-23.5), 115.0 (-115.3/144),
n = 23
n = 10
n = 10
7.9 (0.0/369.5),
11.0 (0.0/450.7),
11.1 (0.0/488.4),
n = 24
n = 18
n = 15
-175.9 (-160.0/168.3), 149.8 (-90.0/149.8),
149.8 (-106.4/154.2),
n = 18
n = 15
n = 12
2.7 (0.0/19.1),
1.3 (0.0/5.5),
201.2 (10.7/391.8),
n=7
n=6
n=2
-90.0 (-144.0/39.1),
-90.0 (-90.0/47.4),
98.7 (47.6/149.8),
n=6
n=4
n=2
2.3 (0.0/644.9),
no data
no data
n=7
141.9 (-144.0/67.9),
no data
no data
n=4
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b.
Number of days since ringing

Month
September

October

D

0-10 days
no data

11-20 days
no data

21-30 days
no data

A

no data

no data

no data

D

4.6,
n=1
-35.9,
n=1
16.3 (6.2/20.9),
n=5
-55.3 (-105.3/154.2),
n=5
9.2 (3.3/74.2),
n=5
154.2 (-105.3/154.2),
n=4
11.3 (0.0/19.7),
n=6
-54.3 (-160.1/-48.6),
n=4
1.9 (0.0/14.8),
n=5
89.9 (-55.4/89.9),
n=3
0.7 (0.0/2.7),
n=4
-90.0,
n=1

no data

no data

no data

no data

16.3 (16.3/16.3),
n=2
-55.3 (-55.3/ -55.3),
n=2
2.7 (1.9/252.4),
n=3
2.9 (-90.0/ 2.9),
n=3
12.7 (4.6/20.9),
n=4
-70.971.1 (-105.3/-35.9),
n=4
0.0
n=1
no data

382.5,
n=1
-78.9,
n=1
4.6,
n=1
-35.9,
n=1
19.8 (0.0/39.7),
n=2
-79.1,
n=1
17.6 (3.3/20.7),
n=3
55.4 (-51.1/55.4),
n=3
6.2,
n=1
-25.8,
n=1

A
November

D
A

December

D
A

January

D
A

February

D
A

March

D
A

0.9 (0.0/1.9),
n=2
no data
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Number of days since ringing

Month
September

D
A

October

D
A

November

D
A

December

D
A

January

D
A

February

D
A

March

D
A

0-10 days
11.4 (4.4/18.3),
n=2
-165.3 (-114.7/144.0),
n=2
8.3 (0.0/99.1),
n=8
-95.7 (-101.5/168.3),
n=6
2.5 (0.0/26.4),
n = 18
-144.0 (-144.0/154.2),
n = 11
6.7 (0.0/911.0),
n = 169
-103.3 (-144/180.0),
n = 107
24.2 (0.0/807.9),
n = 200
-117.7 (-160.0/173.1),
n = 192
18.6 (0.0/843.1),
n = 155
95.5 (-160.0/168.3),
n = 139
22.8 (2.1/711.4),
n = 43
75.7 (-144.7/171.7),
n = 43

11-20 days
32.6 (13.2/51.9),
n=2
-135.6 (-79.5/168.3),
n=2
10.9 (2.7/18.6),
n=5
-90.0 (-90.0/168.3),
n=5
165.8 (0.0/1149.1),
n = 18
-92.7 (-104.1/88.1),
n = 17
146.3 (0.0/578.5),
n = 103
-99.4 (-151.0/171.7),
n = 94
171.9 (0.0/940.7),
n = 128
-125.3(-162.1/173.1),
n = 118
170.7 (0.0/726.6),
n = 57
90.7 (-144.0/168.3),
n = 54
416.2 (0.0/1107.1),
n = 29
66.4 (-144.0/154.2),
n = 28

21-30 days
268.8 (54.6/483.6),
n=2
-80.3 (-84.6/-75.9),
n=2
2.7,
n=1
-90.0,
n=1
169.3 (2.7/482.9),
n = 26
-115.3 (-138.1/173.1),
n = 26
216.1 (0.0/1004.0),
n = 71
-93.7 (-139.2/171.1),
n = 68
252.1 (0.0/894.4),
n = 143
161.2 (-141.8/168.3),
n = 136
282.1 (0.0/738.7),
n = 53
73.4 (-160.0/180),
n = 51
424.9 (2.3/930.7),
n = 11
64.9 (-144.0/173.1),
n = 11
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ARTICLE 11. Spread of avian influenza viruses by Common Teal (Anas
crecca) in western Europe.
Lebarbenchon C., Albespy F., Brochet A.L., Grandhomme V., Aubry P., Renaud F.,
Thomas F., van der Werf S., Guillemain M. & Gauthier-Clerc M.

Statut : published in PLoS One (2009), 4, e7289.
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Figure S1. Avian influenza virus prevalence in Common Teal in the Camargue, during winter 2007–2008
(triangles represent 95%confidence interval).

Figure S2. Effect of local prevalence of infection on AIV dispersal during the wintering period (A, B) and
spring migration (C, D). Maps represent AIV circulation with prevalence measured during the 2007–2008
season (A, C) and with a hypothetical constant monthly prevalence of 15% (B, D). Colours represent the
maximum number of infectious virus units per mesh: intermediate blue: 1, 2 to 10, 11 to 49, 50 to 99, 100
to 200; black: more than 200 infectious virus units.
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Figure S3. Common Teal ring recoveries (September to May) recorded in Europe between January 1952
and February 1978. Green scale color represents the number of ring recoveries recorded on each mesh:
light green: 1 to 4; intermediate green: 5 to 29; dark green: more than 30 ring recoveries. The white star
represents the geographic location of the Camargue.

Figure S4. Mean abundance (and standard deviation) of Common Teal in the Camargue, computed
between 1964 and 1995.
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GENERAL DISCUSSION AND PERSPECTIVES
Studying aquatic propagule dispersal by ducks involved the consideration of a variety of
elements: wild ducks, plants, invertebrates, parasites and wetlands. The general dispersal of
aquatic organisms towards any direction indeed depends upon the interaction between the
individual features of the propagules, the abundance and behaviour of the vector species, as
well as the survival and establishment probabilities of the transported propagules into their
environment (De Meester et al. 2002; Green et al. 2002). This thesis allowed quantification of
aquatic organism dispersal by ducks at the scale of a winter quarter, and highlights the
importance of these birds for the transport of other organisms over both short and long
distances. The results of this thesis also raise new questions, and call for the development of
new research lines.
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Aquatic organism dispersal by wildfowl

1.

The role of bird movements

In the context of « passive » dispersal, the transport of aquatic organisms is completely
dependent upon the movement of the vector species. The study of duck movements therefore
has been of paramount importance to this thesis. We studied the movements of these birds at
the local, regional and continental scales during their wintering season and their spring
migration with ringing data (ring recoveries and nasal saddle recaptures) (Articles 3 and 10)
and hunting bag data (Article 2). Although these provide valuable data, all of this work is
based on indirect data. However, we obtained similar results, i.e. comparable distance
between day-roost and nocturnal foraging areas (2-3 km, Article 2) and similar duck fidelity
rate to their roost (transition probability from one roost to another of 2%, Article 3) than
earlier radio-tracking studies (Tamisier & Tamisier 1981; Cox & Afton 1996; Guillemain et
al. 2002; Legagneux et al. 2009a). During winter 2007-2008, we fitted ca. 50 radio
transmitters (TW-4 transmitters, Biotrack) to Teal. Because of the low number of nocturnal
fixes (probably because these transmitters had a range that was too low), these data could not
be used for this thesis, hence the use of indirect information to study duck movements here.
New technologies such as satellite telemetry and GPS recorders, which are more precise than
radio-telemetry and indirect data, open new fields to the study of wild bird movements
(Gauthier-Clerc & Le Maho 2001). However, the weight of such loggers limits their use to
large species and/or small sample sizes given the financial costs incurred. Such techniques
can therefore not at present be used for ducks on a large scale. Ring recovery data (capturemark-recapture methods) do not suffer such limitations, and therefore are still the reference
method to study bird movements today (Jourdain et al. 2007).

The spatial and temporal dynamics of the wildfowl and the organisms that they
transport make fieldwork approaches difficult. Quantifying wildfowl movement in time and
space and investigating this in combination with establishing what is picked up, transported
and deposited and the subsequent fate of the dispersed propagules is a considerable challenge
(Lurz et al. 2002). Mathematical modelling allows such information synthesis, and can
therefore help to predict specific interactions between birds and propagules and to identify
key parameters that need to be better estimated through additional research (Jourdain et al.
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2007). We relied on such a modelling exercise to study Avian Influenza Virus (AIV) dispersal
(Articles 8 and 11). This indeed allows simultaneously consideration of different processes
such as duck movements and the quantities of viruses they transport, at different spatial and
temporal scales. However, other processes that are specific to either the birds or the
propagules also have to be considered: for example, the amount of fat accumulated by
individual birds (e.g. Gauthier et al. 1992) or differences between sexes due to moult
migration (Green et al. 2002) can actually affect the distances travelled by individual birds.
Similarly, the amount of propagules being transported, their gut retention time and transport
survival (Charalambidou & Santamaría 2002) have to be considered in such models. To
improve our current models, it would be beneficial to model bird movements and the spatial
distribution of wetlands along the migratory flyways in a more detailed and connected
manner. This may allow the determination of dispersal sites and a better quantification of
dispersal rates (Lurz et al. 2002).

2.

A variety of potential vector species

We focused in this study on the dispersal of aquatic organisms by ducks, especially
Teal. We experimentally demonstrated (Article 5) that an average of 27% of ingested seeds
are later collected while still being viable in the faeces. In the field, we observed 9% and 6%
of Teal to carry at least one viable propagule internally or externally, respectively (Article 6).
For invertebrate propagules, the equivalent values were 3% and 10%, respectively (Article 7).
Although these results suggest that the likelihood for one bird to disperse one propagule at a
given point in time is low, such probabilities potentially get important at the scale of a winter
quarter, where hundreds of thousands of ducks move daily between wetlands. Moreover, this
quantification massively underestimated both internal and external transports. This therefore
suggests Teal do play an important role in the dispersal of many aquatic organisms, with such
a passive transport mode potentially allowing plants, invertebrates and parasites to have
sustainable populations, at least at the local scale.

The Camargue is a hotspot for birds, especially waterbirds (Tamisier & Dehorter 1999).
Many wildfowl species, other than those we studied, are likely to transport aquatic organisms
in a manner that varies somewhat between species. The relative importance of plant material
and invertebrates in the diet of wildfowl varies greatly according to species (Cramp &
Simmons 1977; Kear 2005), leading to a changing role for propagule dispersal. Diet may also
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differ between sexes for a given species (Krapu & Reinecke 1992). The role of physiological
requirements associated with breeding on diet selection (e.g. increasing protein demand) has
been demonstrated (Krapu 1974; Serie & Swanson 1976; Drobney & Fredrickson 1979;
Swanson et al. 1985). For instance, females increasingly rely on invertebrates to satisfy their
protein demand before breeding, causing the diet of females to differ from that of males
during spring. The two sexes may therefore play a different role for the dispersal of aquatic
organisms, especially during spring migration. However, dietary differences between species
are generally much larger than intraspecific sexual differences.
Such diet differences between species are partly considered to be the consequence of
differences in average body mass between duck species. Overall, there is a weak trend for
larger species to feed on larger prey items (Green et al. 2002). Furthermore, the relationship
between prey size and bill lamellar density has received considerable attention in dabbling
ducks. These birds use these lamellae to filter water and mud so as to retain food items. It is
generally considered in dabbling ducks that prey size varies with distance between lamellae
(Thomas 1982; Nudds & Bowlby 1994; Nummi 1993): small duck species with dense
lamellae, like Teal (15 lamellae per cm), tend to rely on smaller prey than larger duck species
with coarser lamellae, such as Mallard (8 lamellae per cm) (Nudds et al. 1994, but see Gurd
2008). Lamellar density is particularly high in Shoveler (Anas clypeata) (24 lamellae per cm)
(Nudds et al. 1994), so that its bill is particularly well adapted to feeding on zooplankton (del
Hoyo et al. 1992). Shoveler is thus likely to be particularly important as vectors of
invertebrate propagules (Green & Figuerola 2005). In addition, different wildfowl species
may use different habitats: dabbling duck species with fine lamellae spend more time in
offshore, open habitats, whereas those with coarse lamellae spend more time in shoreline
habitats (Nudds et al. 1994), a pattern likely to influence the propagules that may adhere to
each species externally, as well as those that are ingested. Propagule dispersal likelihood
indeed depends upon the types of habitats used by ducks. Rogers and Korschgen (1966)
comment on how Gammarus were frequently seen clinging to the belly feathers of preening
lesser scaup (Aythya affınis) in lakes where these amphipods were abundant.
In addition to wildfowl, other waterbirds (sensu Rose & Scott 1997), including gulls,
waders and flamingos are likely to be important for dispersal of propagules (e.g. MacDonald
1980; Nogales et al. 2001; Sánchez et al. 2006). These birds are abundant in the Camargue
(Kayser et al. 2003) and actively forage on seeds and/or invertebrates (Cramp & Simmons
1977, 1980, 1983). Even the various groups of fish-eating birds are likely to be secondary
dispersers of seeds, ephippia and other propagules found within their fish prey (Mellors,
1975).

190 Discussion

Waterbirds are also known to be the reservoirs of many parasites such as protozoa,
viruses or bacteria (Reed et al. 2003). We were particularly interested in AIV during this
thesis, because ducks are considered to be the major natural reservoir for low pathogenic AIV
(Webster et al. 1992). However, other bird families like gulls, terns and waders, in particular,
also play an important role in the ecology of these viruses, with virus transmission and
geographic range being highly dependent upon the ecology of the host species (Olsen et al.
2006). For instance, long-term AIV monitoring data in waders suggest a distinct role of these
birds, compared to ducks, in the perpetuation of some virus subtypes, even though waders and
ducks often live in the same habitats. Waders may allow a broader range of virus types to be
maintained. Indeed, a larger variety of HA/NA combinations in H1 to H12 subtypes were
isolated from migratory waders than from ducks (Olsen et al. 2006).

Aquatic organisms have evolved a variety of adaptations to promote propagule dispersal
by “standard agents”, with associated specific dispersal distances. For example, plants have
evolved hooks or sticky substances that facilitate external adhesion to animals (van der Pijl
1982). Seeds may also be dispersed by “non-standard agents” for which they do not show any
apparent adaptation and may reach long distances (Higgins et al. 2006). For example,
Calviño-Cancela et al. (2006) studied the role of Emus (Dromaius novaehollandiae) as nonstandard agents for the dispersal of seeds showing adaptations to long-distance dispersal
modes other than endozoochory. Among the 112 species found in this bird’s faeces, 77 had
adaptations for other transport modes. This suggests that the role of non-standard agents for
long-distance dispersal should be taken into account for understanding current geographic
ranges, gene flow and metapopulation dynamics of many plant species, as well as for
predicting their future responses to climate change and fragmentation.

Sympatric waterbird species may therefore differ profoundly in their specific role in
aquatic organism dispersal, suggesting a wide range of temporal and spatial dispersal modes
according to bird populations (Green et al. 2002; Olsen et al. 2006). Propagule type and
abundance differ between bird vector species, due to differences in physiology and foraging
strategies, as well as seasonal changes in propagule availability and distribution (Figuerola et
al. 2003). It is necessary to study dispersal by the various bird families, so as to fully
phenomenon of dispersal.
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Individual dispersal and establishment into their new environment

The first step in the colonisation of a new environment by organisms is dispersal,
followed by reproduction and competition between individuals to establish themselves
(Barrat-Segretain 1996). Successful colonisation indeed depends on at least three
characteristics of the species concerned: (i) ability to disperse (those species which can
disperse successfully most frequently have an advantage); (ii) ability to multiply and spread in
the new habitat (the larger and more widespread the colonising population, the smaller the
likelihood of extinction); (iii) ability to compete with already established species (Keddy
1976). Viable propagule transport in a suitable habitat indeed does not guarantee species
establishment, although many species are adaptable enough to survive in a broad range of
latitudes for example (Santamaría et al. 2003). When propagules are dispersed into a habitat
devoid of any population, competition does not limit colonisation and the few dispersal events
can therefore be of great important for the propagation of the species (Clausen et al. 2002).
Conversely, if propagules are transported into already occupied sites, migrants may be unable
to outcompete locally-adapted populations (De Meester et al. 2002). When gene flow between
populations is low, such populations will gradually differ genetically (Ouborg et al. 1999),
and if this differentiation significantly improves fitness then local adaptation can indeed
increase.
In this thesis, we were particularly interested in dispersal, the first step of such
colonisation processes, from both a theoretical (dispersal potential) and a practical
(quantification of dispersal rates) point of view, depending on available data. For example,
when studying AIV dispersal (Articles 8, 10 and 11), we could only estimate potential virus
introduction areas by ducks from the Camargue, assuming these birds carry viruses, but could
not quantify such transport. To date, no field data or literature information allows accurate
quantification of such dispersal rates. In addition, several parameters such as excretion
duration and the influence of infection on the behaviour of the birds should be further studied
to improve our understanding of AIV dispersal by birds. However, dispersal processes and
establishment of the individuals are closely linked, so that organism dispersal only makes
sense if these are transported to a suitable habitat. We therefore studied the geographic
distribution of seed species used by ducks at the European scale to assess if these
corresponded to known duck movements (Article 9). Many plant species are indeed present
all along bird migratory corridors, so that a seed ingested somewhere in Europe can
potentially be transported into another area where it will find suitable establishment
conditions. However, local adaptation of individuals may limit the establishment of
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individuals at such a geographic scale (but see Santamaría et al. 2003), while this may not be
the case for local dispersal. This is why we studied plant and invertebrate dispersal at the
locally, within a winter quarter (Articles 6 and 7). Furthermore, earlier work on seed and
aquatic invertebrate dispersal by waterbirds suggested this mostly occurred locally (Figuerola
et al. 2002, 2003). Local adaptation being limited and propagule dispersal to hostile habitats
being less likely at this scale, we studied the extent to which being transported by a duck may
confer a competitive advantage in terms of germinability for eight seed species compared to
non-transported ones (Article 5). We observed a higher proportion of germinating seeds in all
species ingested by birds compared to controls. Such an increased germination after passage
through duck guts seems to be due to seed scarification (Holt Mueller & van der Valk 2002)
which makes these more permeable to water, a prerequisite for germination (Baskin &
Baskin, 1998).

General dispersal processes now being fairly well established, it is necessary to study
individual establishment more in detail to better assess the extent to which colonisation
processes are important. Is the propagule adapted to its new environment? Can it successfully
compete with already established congeners? Will the arrival of this new genotype be
detectable given the size of the propagule bank in the wetlands considered? Such questions
should be considered by future research, since establishment processes – especially those after
a dispersal episode – have been relatively little studied so far. However, these two processes
cannot be considered in complete isolation from each other since dispersal mode, and in
particular propagule retention time, strongly influences establishment probability.

II. Dispersal at the centre of various systems
The ambiguous and interdisciplinary nature of the dispersal system formed by
waterbirds and aquatic organisms, halfway between the terrestrial and the aquatic
environment, has probably contributed to this disinterest until now (Santamaria & Klaassen
2002). Twenty-six years have passed since Hurlbert & Chang (1983) coined the term
“ornitholimnology” and provided striking examples of how waterbirds may act as “main
players” in wetland ecosystems (Elmberg in press). However, duck ecology research hardly
considers the dispersal of aquatic organisms, and limnology generally considers aquatic
ecosystems as being “closed”, with waterbirds being “external” to such systems, therefore
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ignoring their role as foragers, predators and dispersers (Green & Figuerola 2005). However,
dispersal of aquatic organisms can strongly affect the dynamics of propagule banks. As soon
of such a seed or invertebrate egg bank becomes accessible to birds then transport can
happen, even if propagule production periods and bird movements do not match each other in
time (Figuerola et al. 2003). Indeed our results show that Teal use and transport a large
number seeds in Camargue more than 6 months after these propagules are produced (Article
6, see also Green et al. 2002).

Until recently, few detailed quantitative studies of propagule dispersal (either internally
or externally) by waterbirds had been carried out (Figuerola & Green 2002a). Such an
interdisciplinary approach indeed received little attention for a long time, though this became
more popular in the last few years, with people trying to better understand spatial interactions
between communities and the impact of dispersal on ecological and evolutionary processes.
Such studies now required coordinated efforts from researchers in the fields of ecology of
aquatic systems, as well as behavioural, molecular and evolutionary ecology. Understanding
the dispersal of aquatic organisms by waterbirds indeed requires knowledge about: (i) the
interactions between specific pairs of disperser and dispersed species ; (ii) the significance of
various morphological, physiological and behavioural traits as predictors of the quality of
dispersal provided by specific disperser species for specific dispersed species; (iii) the relative
importance of local (e.g. feeding trips) vs. regional (e.g. moulting concentrations) vs. long
distance (e.g. continental migration) bird movements for propagule dispersal; (iv) the
constraints that habitat variability, intra- and interspecific competition and predation regimes
pose to propagule establishment following dispersal (Santamaria & Klaassen 2002).

III. The role of dispersal for wetland functioning

1.

Wetland connectedness

Wetlands are not isolated spaces but, on the contrary, dynamic and complex habitats
with biotic and abiotic connections all around (Amezaga et al. 2002). Among the latter, those
related to the flow and quality of water are, perhaps, the most important ones. For example,
water depth, flow and intensity define the characteristics of plants and animals that can live
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there (Jordan et al. 1998; Snodgrass et al. 2000; Baldwin et al. 2001; Frederick & Ogden
2001; Timms & Boulton 2001). Biotic connections, on the other hand, are related with bird
movements between these habitats. Dispersal mechanisms are therefore of primary
importance for wetland functioning and the maintenance of their connectivity (Hails 1997).
Waterbirds play a major role in this connectivity, through aquatic organism propagule
dispersal between wetlands, as explained in this thesis.

Given that the diversity of aquatic communities depends on the equilibrium between
immigration of species and their local extinction rate (Dodson 1992; Cox & Moore 1993),
changes in wetland abundance and hence in waterbird abundance, mobility and migration
have a major impact on local aquatic organism diversity (Amezaga et al. 2002).

2.

Dispersal and global change

Global biodiversity is threatened by several worldwide human-induced processes. Land
use change, invasive species and climate change are among the most important threats at
present (Sala et al. 2000). Dispersal plays a central role in all such threats. Land use changes
lead to a reduction in habitat area and to fragmentation, which as a rule reduces connectivity
between patches by other means than birds. Climate change alters the geographical location
of suitable climatic niches, resulting in shifts in species distributions. For invasive species the
threat, conversely, results from excessive movement of elements not native to the ecosystem
(Trakhtenbrot et al. 2005).

a.

Wetland loss and degradation

Wetlands are among the ecosystems most affected by habitat loss (Amezaga et al.
2002). Wetlands have been under human pressure for thousands of years for agriculture,
hunting and fishing. Wetland degradation has occurred at an even higher rate in more recent
years because of habitat change for agriculture, industry or urbanisation, and associated
pollution (Amezaga et al. 2002). Approximately two thirds of all European wetlands have
been lost since the beginning of the 20th century (CEC 1995) and more than half of the
world’s wetlands may have been destroyed during the same period (Ramsar Convention
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Bureau 1996). Despite recent conservation efforts, the total number of wetlands is still
decreasing in most countries (Finlayson et al. 1992; WCMC 1998).
Wetland loss is a major threat for waterbirds. Their numbers and distribution depend
upon the quality, distribution and availability of such habitats (Van Vessem et al. 1992).
Wintering and breeding zones as well as migration stopovers are equally concerned.
Sutherland (1998a) showed that the gradual loss of wintering and breeding areas resulted in
increasing negative trends in some migratory waterbird populations. Habitat loss on migration
stopovers leads to increased density of birds on the few remaining sites with favourable
conservation status, and hence to increased mortality when the carrying capacity of these
areas is reached. Some studies tried to assess how habitat loss and change may impact bird
abundance (Percival et al. 1998; Duncan et al. 1999; Kingsford & Thomas 2004). For
example, 61% of Greek wetlands were lost to drainage for agriculture between 1920 and
1990, leading to the decline of several goose species (Handrinos 1991).
The decrease in waterbird populations and the changes of their diet and migration
flyways not only affect bird diversity, but may also impact the diversity of aquatic organisms
which depend on these birds for their dispersal. Wetland degradation and loss probably
caused an important reduction of dispersal processes already, given the increased distances
and isolation of wetlands due to habitat loss (Amezaga et al. 2002). Changes in habitat use
and the decrease of some bird populations therefore inevitably had consequences for the
dispersal of aquatic organisms. Any reduction in the potential geographic range of a species
may lead to an increased local extinction risk (Thomas et al. 2004). The importance of
dispersal for survival of these species is readily evident in the context of wetland loss, since a
successful dispersal leads to the colonisation of new sites or the recolonisation of sites where
the species previously disappeared (Hanski 1998; Nathan & Muller-Landau 2000), or the
maintenance of gene flow between populations, which reduces inbreeding likelihood and loss
genetic diversity in local populations (Young et al. 1996; Keller & Waller 2002). However,
given that the presence of seed and resting-egg banks may represent a safety net that
moderates some of these changes (De Meester et al., 2002), it is expected that the changes
outlined above may only become apparent with some delay (Amezaga et al. 2002).

Wetland loss and/or degradation leads to increased waterbird density on the remaining
suitable wetlands, which are generally protected. Such high individual densities favour
parasite transmission (Lebarbenchon et al. 2006). Bird densities in protected areas can be
extreme, sometimes up to several tens of thousands of birds in only a few hectares (Tamisier
& Dehorter 1999; Béchet et al. 2004). This local increase in the number of hosts can have
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dramatic consequences on parasite propagation within the whole population (Ezenwa 2004).
Waterbirds are definitive hosts of a broad spectrum of parasites including flukes (Digenea),
tapeworms (Cestoda), roundworms (Nematoda), and thorny-headed worms (Acanthocephala)
(Lebarbenchon et al. 2006). For instance, Haukos & Neaville (2003) showed one cestode
species (Cloacotaenia megalops) to gradually increase in wintering dabbling ducks in Texas
from 1986 and 2000, and suggested this may be due to the high concentration of waterbirds
on a few sites due to wetland loss and increased populations, leading to increased cestode
transmission. We observed a similar long-term pattern (regular increase in the prevalence of
this cestode) in Camargue-wintering Teal (Green et al. in revision, in Appendix).
Not only do protected areas favour high population densities, they also usually have a
positive effect on species richness, for both hosts and parasites (Bolden & Robinson 2003).
Because of this, they are also likely to trigger disease outbreaks by pushing parasites and
hosts closer together. In extreme cases, this type of phenomenon favours the emergence of
new diseases since increased interspecific contacts, and/or the elimination of the preferred
host species, may result in parasites ‘‘jumping’’ to new host species (Lebarbenchon et al.
2006).

Although a large proportion of original wetlands have been lost, new wetlands were also
created by man such dams, small ornamental lakes and gravel pits (Bilton et al. 2001). The
distribution of aquatic organisms at the world scale now often results from the contraction of
natural habitats and the development of human-created ones. The increased fragmentation of
natural habitats stimulates research on dispersal as a means of site (re)colonisation and
genetic exchange between isolated populations (Clobert et al. 2001; Bullock et al. 2002).
However, the influence of such habitat changes on aquatic organism dispersal modes is still
poorly understood (Bilton et al. 2001).

b.

Invasive species

Biological invasions by non-indigenous species are widely considered as one of the
main global environmental changes caused by humans. They often lead to important loss of
the economic value, biological diversity and function of invaded ecosystems (Mack et al.
2000). These are large-scale phenomena of vast importance, which currently are among the
major threats to biodiversity (Lambdon et al. 2008).
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Invasion by introduced species is a common problem to almost all ecosystems in all
continents (Brundu et al. 2001). This problem however seems to be particularly important in
aquatic systems, given the high dispersal ability of most aquatic organisms and the ease with
which they establish over wide geographic areas (De Meester et al. 2002; Santamaría 2002).
For example, the North American Great Lakes are invaded and dramatically affected by over
145 non-indigenous species (plants, algae, molluscs, etc.). Many invasions occurred over the
last decades from the ballast water of transoceanic Eurasian ships (Mills et al. 1993; Ricciardi
& MacIsaac 2000). Once established, it is considered that such species can then generally
disperse by their own passive or active means (Wasson et al. 2001). Invasion by nonindigenous species are a major perturbation at the world scale, affecting ecosystem
composition and functioning. The current trend may make the situation worse given the
various perturbations in the relationships between the species and their environment
following climate change and eutrophication for example.
The role of birds in the propagation of invasive species received little attention so far
(but see Green et al. 2005). However, Reid & Reed (1994) suggested two neotropical
copepod species (Mesocyclops longisetus curvatus and M. venezolanus) were transported to
North America by waterbirds. Other anecdotal evidence suggests the larvae and adults of
amphipods, molluscs and other invasive invertebrates may have been transported between
wetlands by sticking to waterbirds (Wesselingh et al. 1999; Figuerola & Green 2002a).
Darwin (1859) was the first to suggest waterbirds were responsible for the propagation of
some non-indigenous freshwater gastropods. Similarly, introduced plants can also be
dispersed by waterbirds (Powers et al. 1978; Green et al. 2008). For example, Sánchez et al.
(2006) showed that several wader species in Spain (Redshank Tringa totanus, spotted
redshank T. erythropus and black-tailed Godwit Limosa limosa) excreted viable seeds of
slenderleaved iceplant (Mesembryanthemum nodiflorum) and of common sowthistle (Sonchus
oleraceus) in their faeces and rejection pellets. These two species are invasive and widespread
in America and Australia (McGrath & Bass 1999; Villaseñor & Espinosa-García 2004).
Dispersal by birds may thus have contributed to their rapid spread. We precisely recorded
such little-studied phenomena during the present work each time it was observed: presence of
non-indigenous seeds in duck diet in Camargue (Article 4) and in Europe (Article 9), and
dispersal of invasive species by Teal in Camargue (Article 6).

Among introduced organisms, parasites were largely ignored until recently (Altizer et
al. 2001), most probably because of their cryptic nature and the frequently transitory nature of
parasitic infections and/or the difficulty to collect such data in the field (Wikelski et al. 2004).
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Infectious diseases are still the most common mortality source worldwide (Wilson 1995).
Most new diseases may actually not result from new micro-organisms, but rather to known
agents infecting new or previously unknown hosts (Harvell et al. 1999).
Coastal ecosystems are frequently invaded by micro-organisms from ship ballast water.
For example, Ruiz et al. (2000) found ships arriving in Chesapeake Bay (USA) from foreign
harbours to transport 8.3 x 108 bacteria and 1.2 x 109 virus particles per litre of ballast water
on average. Invasion by many micro-organisms gets facilitated by their life-history traits,
combining high multiplication rates and the ability to enter dormancy. Furthermore, these
organisms may cope with a wide range of salinity rates and temperatures, so that many sites
can get colonised. This invasion strategy has potential impacts on the worldwide distribution
of parasites, as well as on the epidemiology of diseases of aquatic origin affecting plants and
animals (Ruiz et al. 2000).
Introduced organisms may also facilitate parasite propagation, either through the
introduction of a new host species, or the introduction of a new parasite in an area where it
will find a suitable host (Levy 2004). For example, the accidental introduction of avian
malaria (Plasmodium relictum) and its vector mosquito (Culex quinquefasciatus) to the
Hawaiian islands (USA) probably played a major role on the decline and extinction of native
bird species (van Riper et al. 1986; Atkinson et al. 2000). This introduced disease is
considered to be among the main factors limiting the distribution of several bird species to
over 1,200m of altitude, i.e. above the range accessible to the vector mosquito.

The importance of waterbirds for the dispersal of invasive aquatic organisms has been
largely overlooked so far. Future, more detailed studies will probably establish that dispersal
by these birds is an important process for the propagation of non-indigenous species, and that
the ability of these organisms to exploit dispersal by birds may explain why they these species
become invasive. The role of birds in the dispersal of invasive species therefore deserves
further attention in the future.

c.

Climate change

Climate change already has detectible impacts on biodiversity worldwide (Parmesan &
Yohe 2003) and is a long-term threat to both species survival and habitat use (Thomas et al.
2004). Such impacts concern changes in phenology, population density and community
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structure (Walther et al. 2002; Parmesan & Yohe 2003; Edwards & Richardson 2004).
Changes in species distributions have also been recorded (Beaugrand et al. 2002; Thomas &
Lennon 1999; Walther et al. 2005) or are expected given that species have temperature
optima and dispersal processes allow these to follow changes of their habitat through space
(Brooker et al. 2007). Because of climate change, rapid habitat changes have been observed
(Stenseth et al. 2002). For example, a 3°C change in average monthly temperature
corresponds to a 300 to 400 km latitudinal or 500 m altitudinal change in isotherms. With
increased temperature some habitats are modified, leading to associated changes in species
distribution (Hughes 2000).
For aquatic organisms, climate change not only affects the distribution of their habitats,
but also their movements, through changes in the timing of bird migration (Rubolini et al.
2007) and bird distribution along flyways (Svazas et al. 2001). Furthermore, sea level rise
threatens on the one hand important waterbird habitats along coastal areas such as the Norfolk
coast (UK), the Wadden Sea (Netherlands, Germany and Denmark) and the Danube delta
(Rumania) on the one hand. On the other hand, the gradual change towards a drier climate in
the Mediterranean basin may lead, under the worst scenario, to the loss of 85% of the
wetlands of this area, including those of international importance like Doñana (Spain) and the
Camargue (France) (WWF 1997). Changes in invertebrate and plant seasonal dynamics will
also affect migratory waterbirds through food resource availability. Climate change may thus
translate into major changes in the current migration corridors, changes in migratory periods
and/or changes in waterbird foraging ecology, and even into a major decrease in the number
of migrants (Sutherland 1998b). Similarly, several goose species have shortened their
migration flyways during the last decades, with their main winter quarters moving from
Southern to Central Europe (Madsen 1991). Krivenko (1990) also highlighted major changes
in the wintering habits of several waterbird species in Russia, which he linked to climate
change over the last centuries.
Many plant and invertebrate species may be threatened by future climate change.
Without dispersal, Thuiller et al. (2005) showed that more than half of European plant species
(1 350 species considered in their study) would become vulnerable or would become extinct
by year 2080. In this context, colonisation of new areas by plants may be a slow process by
which a species moves short distances, therefore changing its geographic distribution, or a
quick process in the case of long-distance dispersal events followed by local diffusion of
populations. According to climate change forecasts by Thuiller et al. (2005), long-distance
dispersal to the North is particularly important, as it will allow plants to move their
geographic range in response to increased temperatures. Indeed, northwards changes in
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distribution range is already apparent in many plant and animal species (Hughes 2000;
Walther et al. 2005), ad the ability of some organisms to disperse over long distances via
birds may allow reducing extinction risk to some extent in case of rapid climate change
(Brooker et al. 2007).

Changes in parasite geographic distribution are also expected (Wilson 2009). The
geographic distribution of both parasites and hosts is indeed limited, like for many other
species, by their tolerance to climate, especially temperature. Climate change may also affect
the movements of animal populations, thus increasing their exposure to parasites. Under some
scenarios, climate change may even lead to a gradual abandon of migration itself, if
environmental changes make life at the breeding sites possible throughout the year. Migratory
populations would thus be replaced by sedentary ones (Lusseau et al. 2004; Bradshaw &
Holzapfel 2007). However, migration provides many advantages, such as the prevention of
continuous parasite loading by hosts (Loehle 1995). Changes in migratory flyways may also
expose migratory animals to new parasites or to the transfer of parasites from this migratory
population to previously non-infected ones (Harvell et al. 2009). The extent to which such
changes in habitat use may cause new species groups to come into contact, thus promoting
interspecific parasite transmission, is a widely ignored phenomenon (see however Morgan et
al. 2004; Brooker et al. 2007).

The ability of aquatic organisms to disperse via birds is of major importance, since this
may allow them to respond to climate change and thus enable their persistence (Bilton et al.
2001; Brooker et al. 2007). This ability will get increasingly crucial, since species will have
to disperse over ever increasingly fragmented landscapes (Thomas et al. 2004; Neilson et al.
2005).

3.

Dispersal and wetland management/conservation

Several studies consider the importance of dispersal in biodiversity conservation (e.g.
Sweanor et al. 2000; Cooper & Walters 2002; Honnay et al. 2002; Haddad et al. 2003;
Trakhtenbrot et al. 2005). In the case of wetlands, their sustainable use requires management
approaches that incorporate spatial and temporal connections between aquatic ecosystems
(Amezaga & Santamaria 2000). Present conservation measures for these areas generally
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protect specific sites that are mostly managed as isolated units. Wetland biodiversity is often
assessed in terms of species diversity in protected areas, especially in terms of seasonal
numbers of birds (Hails 1997). As explained above, birds are not only important in
themselves, but also play a primary functional role as the main vector for some aquatic
organisms, therefore allowing biotic links between waterbodies (Amezaga et al. 2002).
Dispersal of aquatic organisms is a process of high value, and considering this phenomenon
makes wetland management and conservation even more complex.
In the context of the threats identified above, pertinent questions in terms of wetland
management and conservation include the spreading of invasive species, changes in the
geographic range of species because of climate change, and reintroduction schemes. Dispersal
also allows natural recolonisation of fragmented or temporary wetlands where the
metapopulations are established. Lastly, dispersal is important for genetic fluxes and the
maintenance of genetic connectivity between fragmented habitats, promoting long-term
species survival (Trakhtenbrot et al. 2005). Biotic connection between aquatic systems by
waterbirds therefore contributes to wetland protection (Amezaga et al. 2002).

In summary, the main conservation themes where dispersal is important can be divided
into two groups: (1) those where indigenous species do not disperse enough so that their own
survival is threatened (this is the case in fragmented and temporary habitats, and where
geographic ranges may get affected by climate change); (2) those where dispersal of foreign
elements to the ecosystem is excessive and threatens the survival of native species (this is the
case with invasive species). Management and conservation procedures thus have to promote
dispersal in the first case, and stop it in the latter (Trakhtenbrot et al. 2005). Wetland
protection policies thus now have to consider such dispersal processes at the scale of
continents, for example through the creation of regional habitat management frameworks
considering both protected and non-protected sites and taking into account waterbird
movements (Amezaga et al. 2002).

IV.

Conclusion

Many aquatic organisms (plants, invertebrates and parasites) get dispersed by
waterbirds, and such processes are potentially frequent enough to have a major impact on
metapopulation dynamics and gene flow in many species, at least at the local scale (Figuerola
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& Green 2002a). As already explained, studies on dispersal are fundamental for several
applied ecology problems: the spread of exotic species, the response of organisms to habitat
loss and/or fragmentation, the propagation of pathogens and the ability of species to respond
to climate change (Bullock et al. 2002).
Further research, in a wide range of disciplines, is necessary to better understand how
dispersal by birds may affect the structure of aquatic communities. There is a variety of
questions to answer, dealing with the features of both dispersed propagules and vector birds,
and their consequences for dispersal potential (Figuerola & Green 2002a). On the one hand, a
range of focussed experiments are needed to establish how the various characteristics of
different propagules influence their potential to be transported internally (e.g. quantifying
digestibility, retention time) or externally (e.g. quantifying time spent attached to plumage,
resistance to desiccation). On the other hand, a number of different genetic methods to
estimate the tails of the propagules’ dispersal distance curves have been developed (Cain,
Milligan & Strand, 2000), thus opening promising opportunities to test the relation between
propagule characteristics and dispersal capacity, and to investigate the frequency of longdistance dispersal phenomena in the field (Figuerola & Green 2002a).
Some passerines seem to initiate a period of fasting prior the start of a migratory flight
(Fransson 1998). Piersma & Gill (1998) also documented a reduction in size of the digestive
organs of Knots (Calidris canutus) during migration (see also Piersma & Lindström 1997). If
birds empty their guts before migration, this could reduce the potential role for long-distance
dispersal. However, it seems unlikely that birds can completely empty their digestive tract,
including in particular the long caeca characteristic of wildfowl (Clench & Mathias 1992,
1995). Furthermore, it has been showed in terrestrial plants that even long distance dispersal
events of low frequency may profoundly affect species colonisation modes and distribution
(Cain et al. 1998), as well as propagation rates (Higgins & Richardson 1999). Finally there is
to date only very limited information on the characteristics of propagule movements when
these are dispersed by birds in aquatic ecosystems (“propagule shadows”: models of
propagule density distribution depending on their distance to propagule source, Willson &
Traveset 2000), or the relationship between the particular features of sites where propagules
are redistributed and germination and growth needs of these individuals. So far, it is unknown
whether dispersal by waterbirds is directional, towards habitats of good (or bad) quality of the
growth of these organisms, or if it is just hazardous (see however Wenny & Levey 1998 for
an example of directional dispersal by passerines).
The main conclusion is that available information shows that the transport of aquatic
organisms by waterbirds is frequent in the field, though virtually no information is available

Discussion

203

on how particular features of vector species and dispersed organisms affect such transport and
translate into dispersal frequency. Fortunaly, dispersal processes are frequent enough, at least
at the local scale, to permit the development of further research in the field (Figuerola &
Green 2002a).

Understanding spatio-temporal dispersal modes is now of paramount importance for
habitat management and conservation biology (Van de Meutter et al. 2006). Individual
dispersal between habitats may affect the dynamics, persistence and genetic structure of local
populations (Peckarsky et al. 2000; Malmqvist 2002). At a higher integrative level, the same
process may lead to changes in the community structure of both « source » and « sink »
habitats (Bilton et al. 2001; Bohonak & Jenkins 2003). Despite its importance, the nature and
extent of dispersal are still poorly known in many organisms, mostly because of
methodological problems such as habitat and population delineation, or the many hurdles
linked with detection and/or quantification of organism dispersal (Bilton et al. 2001; De
Meester et al. 2002). Dispersal of aquatic organisms is therefore a promising, though still
largely unexplored, research field (Santamaria & Klaassen 2002).
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APPENDICES
Appendix 1

Determinants of the prevalence of cloacal cestodes in Teal wintering in the
French Camargue
Green A.J., Georgiev B.B., Brochet A.L., Gauthier-Clerc M., Fritz H. & Guillemain M.

Statut : submitted to European Journal of Wildlife Research.
Abstract
Eurasian teal Anas crecca (n = 46,581) were inspected for the presence of the hymenolepidid
cloacal cestode Cloacotaenia megalops between 1954 and 1971 while wintering in the
Camargue, Southern France. These birds become infected when ingesting seed shrimps
(Ostracoda) that act as intermediate hosts, largely while on migration across Western Europe.
The prevalence differed between years, ranging from 4% to 14% and increasing significantly
over time. This long-term trend was confirmed by studying 366 teal shot in 2006-2008, for
which prevalence of C. megalops was 27.6% compared to an overall 9.2% for 1954-1971. We
found no evidence to suggest that this increase in prevalence has been caused by an increase
in temperature, since there was no relationship between prevalence and mean temperatures in
the Camargue or along the teal migration route. This increase in prevalence could potentially
reflect the deterioration of water quality across Europe, as the most important intermediate
host, Heterocypris incongruens, is an indicator of eutrophication. Adult teal were more likely
to be infected than first-year birds and females more so than males, owing to differences in
diet and/or habitat use. Within a given age-sex class, heavier birds were more infected than
lighter ones, suggesting low pathogenicity and a causal effect of ingestion rate. Within a year,
the highest prevalence was observed in mid-winter.

Keywords
Cloacotaenia; Camargue; Cestodes; ducks; helminths; long-term trends in parasite
prevalence; ostracods; waterfowl.
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Introduction
There has been a growing interest in understanding the dynamics of parasites in
ecosystems (Thomas et al. 2005). In the past century, human activities have resulted in
substantial large-scale habitat and climate modifications, which have effects on the ecology
and evolution of parasites (Lebarbenchon et al. 2008). Major consequences of anthropogenic
global change include widespread increases in average temperatures (IPCC 2007) and
eutrophication of water bodies (Johnes et al. 1996; Smith et al. 1999). Recent studies show
sensitivity of parasites and vectors to climate factors (Harvell et al. 2002) and to nutrient
loads (Johnson et al. 2007). The effects of parasites on wild host populations may therefore
experience similar changes driven by climate or eutrophication (Lebarbenchon et al. 2008).
Trophically-transmitted parasites may be particularly sensitive to global change, as effects on
intermediate hosts may escalate in final hosts, and vice versa.
Helminths (parasitic worms) are an abundant and diverse group of parasites in
vertebrates, often using invertebrates as intermediate hosts in their life cycles. There are
however few studies on long-term dynamics of helminth infections in mammals (Haukisalmi
& Henttonen 1990; Théron et al. 1992; Valtonen et al. 2004), fish (Kennedy et al. 2001) or
birds (Redpath et al. 2006). Internal parasites are generally invisible without necropsy,
making studies of their prevalence in live animals difficult. The need to study dead
individuals greatly limits the sample size, which in turn makes it harder to detect the causes of
variation in prevalence such as age, sex, habitat use or global change. Therefore, we currently
have limited understanding of the causal factors driving differences in helminth parasite loads
between individuals in wild populations of birds or other vertebrates, and of their pathogenic
effects.
Because it occupies the cloaca, the cestode Cloacotaenia megalops (Nitzsch in Creplin,
1829) Wolffhügel, 1938 (syns. Hymenolepis megalops, Orlovilepis megalops) can be easily
observed in live waterfowl (Anseriformes: ducks, geese and swans) by opening the cloaca and
pressing on the surrounding parts of the abdomen with both thumbs (Haukos & Neaville
2003), a technique also used to observe genitalia so as to sex and age waterfowl (e.g. Ogilvie
1978). With a scolex diameter of 1.3 mm and a body length of 16-30 mm (Spasskaya 1966),
C. megalops can be easily detected in situ. It cannot be confused with other parasite species
(no staining is needed for identification due to the peculiar external morphology of this
species). This facilitates the collection of prevalence data from large numbers of birds during
ringing operations. C. megalops has a complex life cycle, with various ostracod species as
intermediate hosts, including the cosmopolitan Heterocypris incongruens, Eucypris inflata
and Cypris pubera (Jarecka 1958; Kotecki 1970; Tolkacheva 1975; Bisset 1976; Gvozdev &
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Maksimova 1978; Dobrokhotova 1981, 1985) and many waterfowl species as final hosts
(Spasskaya 1966; Maksimova 1989). It has also been recorded in ibises (Ciconiiformes,
Digiani 2000). C. megalops is present in Anas dabbling ducks throughout the annual cycle
and is infective on both breeding and wintering grounds (Shaw & Kocan 1980; Canaris et al.
1981; Fedynich & Pence 1994).
In this paper, we consider the prevalence of C. megalops in Eurasian teal Anas crecca
trapped for ringing in the Camargue (Southern France). Using historical data from 17
different wintering seasons from 1954 to 1971 and recent data from 2006 to 2008, we test the
following hypotheses: 1) that C. megalops prevalence has changed over time. 2) that
prevalence varies with the age, sex and structural size of teal owing to the influence of these
parameters on the ingestion rate of ostracods (e.g. female ducks generally consume more
invertebrates than males, Krapu & Reinecke 1992). 3) that prevalence is negatively correlated
with body mass, owing to pathogenic effects of C. megalops. 4) that prevalence changes
during the course of a given wintering season, owing to seasonal changes in temperature and
ostracod abundance. We discuss the implications of the results for our understanding of the
ecology of trophically-transmitted parasites and the pathogenicity of C. megalops.

Materials and methods
Study area and catching methods
Teal were caught in the Camargue, at the Research Centre of Tour du Valat (43°30’28
N, 04°40’07 E) between 1st August and 30th April of wintering seasons 1954-55 to 1970-71
using standard funnel traps concealed in the vegetation (Bub 1991). Ducks were sexed and
aged using plumage criteria, inspection of the cloaca and of the bursa of Fabricius. The
presence or absence of C. megalops was noted upon cloaca examination. Most infected
individuals carried only one (78%) or two (17%) cestodes. We therefore analysed data on the
basis of presence or absence of the parasite (i.e. prevalence, see Bush et al. 1997), rather than
numbers (i.e. intensity or mean abundance). Only 0.7% of infected birds carried 5 or more
worms. A total of 46,581 teals were sexed, aged, measured (wing length), weighed and had
their parasite status (presence/absence of C. megalops) recorded. Figure 1 shows the number
of individuals examined per age, sex and year.
Teal have also been ringed in more recent wintering seasons but plumage variation is
now used to age birds without cloacal inspection (e.g. Carney 1992). However, we obtained
366 hunter-killed teal shot in seven hunting estates in the Camargue in the winters of 20062007 (n = 183) and 2007-2008 (n = 183) for a study of gut contents. We counted the number
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of C. megalops present in the cloaca of each bird after dissection. C. megalops is a large,
conspicuous species found only in the cloaca, and is readily observed both by visual cloacal
inspection in vivo or upon dissection, making these two methods directly comparable.
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Figure 1. Number of adult (top) and first-year (bottom) teal of each sex caught each winter. Males are
indicated by black bars, females by white ones.
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Temperature data
In order to analyze the relationship between cestode prevalence and temperature
variation for the 1954-1971 dataset, we first obtained temperature data from the Camargue
from the Centre de Recherche de la Tour du Valat. Given that we had prevalence data for
many months and taking into account the development time of C. megalops (see discussion),
we used mean temperatures for the August to February period inclusive. We then obtained
temperature data from two parts of Europe of particular importance for teal on autumn
migration towards the Camargue: Denmark and Hungary (Scott & Rose 1996). Data from
Copenhagen and Budapest were downloaded from the CISL Research Data Archive
(http://dss.ucar.edu/). We calculated mean temperatures from August to December inclusive,
to cover the entire autumn migration period.

Statistical analyses
We used multiple logistic regression (Sokal & Rohlf 1995) to model the probability that
a bird had at least one C. megalops as a function of its sex, its age, the day within the year at
which it was examined (Julian date), the winter of examination (from 1954-1955 to 19701971) considered as a factor, its body mass and its wing length. Day was included as a second
order polynomial so as to allow for potential non-linear patterns across the wintering season.
To reduce colinearity between Day and Day2 in polynomial models (see Legendre &
Legendre 1998), the first of January was considered as day 0, days from August to December
being considered as negative values. The interaction Body Mass * Wing Length was also
included, as well as the interactions between these morphometric variables and Age or Sex
(e.g. Wing Length * Age, Body Mass * Sex, etc.), and the interaction Sex * Age so as to
consider potentially different patterns between the different sex and age classes.
A backwards stepwise model selection procedure was used: from the most complete
model, non-significant terms at P = 0.05 were gradually removed, starting with interaction
terms. Over-dispersion was unlikely given the presence/absence structure of the data and the
nature of significant effects was unchanged when we controlled for over-dispersion (results
not shown). The extent to which our final model fitted the data was assessed by the ratio of
the residual deviance to the number of degrees of freedom (the ideal ratio being 1, Crawley
1993).
In order to establish whether there was a consistent change in prevalence over time, we
also carried out a Pearson Correlation between Winter (as a continuous variable in
chronological order) and the prevalence of cestodes that winter as indicated by the estimates
in our model (i.e. while controlling for sex, age, date, etc.). In order to test the influence of
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temperature, we analyzed the relationship between prevalence in a given year and mean
temperatures in the Camargue and at Copenhagen or Budapest. We calculated Pearson
Correlation Coefficients and the partial effects of temperature while controlling for Winter in
a multiple regression. We obtained similar results by repeating these analyses using the
observed prevalence values instead of the annual estimates for prevalence obtained from the
above model (results not shown). Observed and estimated prevalence were highly correlated
(n = 17, r = 0.962, P < 0.001). All analyses were carried out with Statistica 6.0 (StatSoft
2001).

Results
Cestode prevalence from 1954-1971
The overall prevalence of C. megalops for teal inspected between 1954 and 1971 was
9.2%, with considerable differences between sexes and age groups (Figure 2). The final
model of the stepwise backwards selection procedure for prevalence retained Sex, Age, Sex *
Age, Year, Body Mass, and Day and Day Squared, which all had significant contributions in
predicting the probability that a teal was infected by C. megalops (Table 1). The complete
model (i.e. that including all explanatory variables) provided a good fit to the data, since
deviance was equal to 27653.6 while the number of degrees of freedom was 46558 (a ratio of
0.59).
Adults were more likely to be infected than first-year birds and females were more so
than males, the difference between sexes being more pronounced in adults (Figure 2). Heavier
birds were more likely to carry cestodes than lighter ones (Figure 3). The prevalence of
cestodes differed between years, increasing as the years progressed (Figure 4). Within a year,
the model estimates indicated that the highest prevalence was observed in mid-winter (Figure
5). This was confirmed when the prevalence was calculated for each half monthly period
throughout the winter, with the three periods between 1 December and 15 January having a
higher prevalence than any other period (results not shown). We recorded a significant
correlation between Winter in chronological order and the estimate for that winter in our
model (r = 0.62, P = 0.008, n = 17), showing that prevalence increased over the study period.
We found no evidence to suggest that temperature change was related to the increase in
prevalence between 1954 and 1971. There was no evidence of a temperature increase in the
Camargue, Copenhagen or Budapest over this period (r < 0.02, P > 0.9), although mean
temperatures from August to December at Budapest and Copenhagen were significantly
related (r = 0.52, P < 0.04). Pearson correlation coefficients between prevalence and
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Table 1. Results of the stepwise backwards logistic regression to predict the probability that a teal carried
a cestode between 1954 and 1971. The complete model included Sex, Age, Sex * Age, Year, Body Mass,
Wing Length, Sex * Body Mass, Sex * Wing Length, Age * Body Mass, Age * Wing Length, Body Mass *
Wing Length, Day and Day². Only the final model is presented. Estimates are not given here for all 17
levels of the discontinuous Year factor. The final model provided a good fit to the data (see text).

* Average value computed for the individual estimates for each year. P-value was < 0.05 for 13 of 16 estimates.
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Figure 2. Proportion of individuals of each sex and age class infected by C. megalops for teal inspected
visually from 1954-1971 (see Table 1 for statistics). Vertical bars show the upper limit of 95% confidence
intervals.
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Body mass classes
Figure 3. Average C. megalops prevalence as a function of teal body mass, summed at intervals of 10 g.
Vertical bars show the upper limit of 95% confidence intervals.
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Figure 4. Average C. megalops prevalence per winter for teal inspected visually from 1954 to 1971, and
teal dissected from 2006-2008. Vertical bars show the lower and upper limits of 95% confidence intervals.
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Figure 5. Average C. megalops prevalence per day (Day 0 = January 1st) for teal inspected visually from
1954 to 1971. The curved line fitted is that represented by the logistic regression of Table 1. Note that each
dot does not represent the same number of birds examined, and most teal were captured in mid-winter.
Thus, dots with zero or very high prevalence generally represent dates with few teal examined and
particularly high confidence intervals.

temperature were very low (range -0.052 – 0.114, P > 0.6). Partial effects of temperature in a
multiple regression controlling for Winter were very weak (P > 0.5).
Recent data from hunter-killed birds
The overall prevalence of C. megalops for teal shot in the winters of 2006-2007 or
2007-2008 was 28.4% and 26.8%, respectively. This was much higher than the prevalence
recorded in any single winter between 1954 and 1971 (Figure 4, two-tailed two-sample t-test,
t = 7.23, df = 17, P < 0.0001). The sample size was not sufficient to permit a multiple analysis
comparing the prevalence of sex and age groups while controlling for confounding variables
such as body mass, Julian date and year.
Discussion
Owing to the large size of our dataset, our study provides a particularly detailed
understanding of the factors determining the prevalence of a trophically-transmitted cestode
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parasite in avian hosts. Teal are long-distance migrants with a broad wintering range that
includes the Camargue and other parts of the Mediterranean region, and a broad breeding
range in northern Eurasia (Kear 2005). They are omnivorous and include ostracods in their
diet during both summer and winter (Olney 1963; Danell & Sjöberg 1980; Gaston 1992). C.
megalops can therefore infest teal at any stage of the annual cycle (see also Shaw & Kocan
1980, Canaris et al. 1981, Fedynich & Pence 1994). Although the lifespan of C. megalops is
unknown, its development (from infestation to the beginning of oviproduction) in mallards
Anas platyrhynchos takes 6 weeks (Kotecki 1970). Given the rapid migration of dabbling
ducks in general, the recorded prevalence for teals in the wintering grounds of the Camargue
is a result of infestation events that may have occurred anywhere across Western Europe.
Thus, the clear long term trend (Figure 4) probably reflects changes in host-parasite dynamics
averaged out over a huge area. At a local scale, such dynamics may be much more variable,
with a less discernable trend between years. Given the low pathogenicity and considerable
development time for C. megalops, teal must often excrete the eggs of this helminth a long
distance from the point of infection, making them excellent vectors for parasite dispersal.
We found solid evidence for a long term increase in the prevalence of C. megalops in
Camargue teal. Haukos & Neaville (2003) noted a steady increase in the prevalence of C.
megalops in Anas dabbling ducks wintering in Texas between 1986 and 2000, although they
did not subject this to a statistical test. They suggested this increase is likely to be a result of
increasing concentration of waterfowl, due to a combination of habitat degradation and
population increase. Our findings confirm such a long term trend on a different continent and
suggest increases in helminth infections in migratory waterfowl may be a widespread
phenomenon. In North America, as the area of habitat available for wintering ducks has
decreased due to wetland loss, waterfowl have become more concentrated in limited areas,
promoting transmission of cestodes and other diseases (Shaw & Kocan 1980; Lebarbenchon
et al. 2007b). Since wetland loss has been dramatic in all continents in recent decades (Green
et al. 2002b), an increase in bird density on migration and in winter may have occurred in
Europe and other continents. A generalized increase since the 1950s in the density of teal
during migration and winter in Western Europe is a possibility, given that wetland loss has
been widespread whereas teal numbers appear to have been roughly stable (Delany et al.
1999). However, census data suggest a decline rather than an increase in teal numbers in the
Camargue since 1964 (Isenmann 2004).
During experiments carried out in seminatural conditions in Poland, the time lag
between infection of ostracods by C. megalops and the development of cysticercoids (larval
stage able to infest ducks) in them was 18 days (Jarecka 1958). Other laboratory experiments
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suggest that the development of cysticercoids in H. incongruens takes 12 days (Kotecki
1970). However, studies of other hymenolepidid cestodes show that development time is
temperature dependent (Bondarenko & Kontrimavichus 2006). Ambient temperatures have
increased across the range of the teal since the 1950s owing to climate change (IPCC 2007).
However, we found no evidence that the increased prevalence of C. megalops in ducks over
time reflects an accelerated rate of parasite circulation due to increased temperature.
Ostracods themselves are sensitive to environmental change (Ruiz et al. 2005).
Eutrophication is another form of global change known to be a cause of the increase in
prevalence of trematodes that cause malformations in amphibians (Johnson et al. 2007), and
is a potential cause of the long-term increase in C. megalops prevalence. H. incongruens
appears to be the most important intermediate host for the circulation of C. megalops (Kotecki
1970; Tolkacheva 1975; Bisset 1976; Dobrokhotova 1981, 1985) and is considered a good
indicator for eutrophication (Külköylüoğlu 2004). Thus, further research is required to
establish whether the escalating prevalence of C. megalops in teal reflects the gradual
decrease in water quality across Europe since 1950 (Smith 1999; Johnes et al. 1996).
Cestode fauna in avian hosts is directly related to the type of food ingested (Drobney
et al. 1983). Amongst waterfowl, the prevalence of helminths is often greater in adult females
and in first-year birds because of a greater amount of invertebrates in their diet, although these
differences co-vary with season (Drobney et al. 1983; Krapu & Reinecke 1992; Haukos &
Neaville 2003). We also found adult female teal to have the highest prevalence and first-year
males to have the lowest. In teal wintering in Texas, Haukos & Neaville (2003) found
different results to ours, with adult males having significantly lower prevalence than adult
females (as in our study) but also than first-year birds of either sex, with no significant
differences between the other three age-sex classes. Although differences in diet between
study areas may potentially explain such inconsistencies, differences in prevalence between
age or sex groups may also be related to differences in habitat use at a local or flyway scale,
and an increase in explorative movements and diversity of habitats used will tend to increase
exposure to parasites (Gray et al. 1989; Figuerola & Green 2000). For example, Haukos &
Neaville (2003) found a significant difference in prevalence of C. megalops between teal
wintering at two nearby wetlands.
Although anecdotal evidence suggests C. megalops may occasionally be the cause of
death in waterfowl (Price 1985), we recorded a positive correlation between teal body mass
and prevalence. This is contrary to what would be expected if C. megalops had a marked
pathogenic effect on teal, and suggests that this parasite generally has no detectable effect on
the physical condition of its host. Indeed, trophically transmitted parasites have evolved to
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decrease their pathology for the final host (Geraci & St. Aubin, 1987). Our result may be
explained by a correlation between body mass and ingestion rate: teal with a greater mass
tend to be structurally larger and/or have greater fat reserves and so are likely to have
consumed more food, including infected ostracods. Similarly, Gray et al. (1989) found the
abundance of three helminth parasites to increase in mallards with a larger body size or with
larger fat stores. On the other hand, body mass may potentially be confounded with individual
differences in local dispersion distances at night (Guillemain et al. 2007b), which may in turn
be related to differences in infection rates through the use of different habitat types.
Helminth infections are generally short-lived, such that decreased availability in winter
of invertebrates acting as intermediate hosts leads to declines in helminth prevalence during
the winter (Buscher 1965; Shaw & Kocan 1980; Dronen et al. 1994). Haukos & Neaville
(2003) found the prevalence of C. megalops in teal to decrease from 33% in October to 25%
in January, although this trend was not statistically significant. In other Anas species collected
across North America, infections of C. megalops reached a peak in August (Buscher 1965).
Within a given winter in the Camargue, we found the proportion of teal infected with C.
megalops to peak around midwinter. The most likely explanation for this is that teal are
readily infected in early winter when ostracods remain abundant and active, but as
temperatures drop in midwinter the availability of ostracods decreases. The time lag required
for the development of adult cestodes explains why the peak prevalence is in midwinter and
not earlier. In the Camargue and the rest of Western Europe, we expect ostracod abundance to
decline as the winter proceeds and temperatures drop, often below 0°C.
Alternatively, the observed phenology of C. megalops infection may partly be the
product of differences in cestode prevalence between teal with different migration patterns.
Teal ringed in midwinter tend to spend a longer time wintering in the Camargue. In contrast,
teal ringed in early winter are more likely to proceed further south by midwinter, especially to
Spain (Caizergues et al. in prep.). Likewise, teal ringed in late winter are likely to be birds
passing through the Camargue on northwards migration. Thus our results could partly be
explained by a higher prevalence of cestodes in teal wintering in the Camargue than in those
wintering further south (e.g. if teal are more likely to feed on infected ostracods in the
Camargue). Given the possibility of such regional differences between teal subpopulations, it
remains unclear whether there is a true increase between early and midwinter in the
prevalence of C. megalops in teal spending the whole winter in the Camargue.
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RESUME
Le rôle des oiseaux d’eau dans la dispersion des organismes aquatiques entre les zones
humides est depuis longtemps suspecté. Ces oiseaux sont en effet abondants, largement
distribués à travers toutes les zones humides, et très mobiles que ce soit l’échelle locale ou
continentale. Nous avons étudié les conséquences des déplacements des canards pour la
dispersion des graines, des invertébrés et des parasites à l’échelle d’un quartier d’hiver (la
Camargue) et d’un continent (l’Europe) et quantifié ces événements de dispersion. Pour le
transport des graines par exemple, nous avons montré qu’en moyenne 27% des graines
ingérées par la sarcelle d’hiver (Anas crecca) étaient récupérés encore viables dans les fientes.
Sur le terrain, nous avons trouvé que 9 et 6% des sarcelles transportaient de façon interne et
externe respectivement, au moins un propagule viable. Bien que la probabilité pour un oiseau
de disperser des propagules à un instant donné soit faible, cette probabilité devient
potentiellement importante lorsque l’on considère les centaines de milliers de canards qui se
déplacent quotidiennement entre les différents plans d’eau. L’ensemble de ces résultats plaide
donc en faveur d’un rôle important des canards dans la dispersion de nombreux organismes
aquatiques et des parasites. A l’heure de la fragmentation des habitats, des changements
climatiques et des espèces introduites envahissantes, la prise en compte de la dispersion est
devenue un enjeu d’importance majeure pour la gestion et la conservation des habitats.
Mots-clés : Dispersion ; Ectozoochorie ; Endozoochorie ; Graines ; Invertébrés ; Parasites ;
Canards ; Zones humides.

CONSEQUENCES OF DUCK MOVEMENTS
FOR SEED, INVERTEBRATE AND PARASITE DISPERSAL
Abstract
The role of waterbirds in aquatic organism dispersal between wetlands has long been
recognized. These birds are indeed abundant, widely distributed across wetlands and highly
mobile at local and continental scales. We studied the consequences of duck movements for
seed, invertebrate and parasite dispersal at the scale of a wintering quarter (the Camargue) and
of a continent (Europe), and we quantified these dispersal events. For seed transport by teal
(Anas crecca), for example, we experimentally showed that an average of 27% of ingested
seeds are later collected while still being viable in the faeces. In the field, we observed 9 and
6% of teal to carry at least one viable propagule internally or externally, respectively.
Although the likelihood for one bird to disperse one propagule at a given point in time is low,
such probabilities potentially get important when considering the hundreds of thousands of
ducks which move daily between wetlands. This therefore suggests that ducks do play an
important role in the dispersal of many aquatic organisms and parasites. In the current context
of habitat fragmentation, climate change and invasive introduced species, taking dispersal into
account becomes an issue of great importance for management and habitat conservation.
Keywords: Dispersal; Exozoochory; Endozoochory; Seeds; Invertebrates; Parasites; Ducks;
Wetlands.
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