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“Feathers can conceal or attract. They can be vibrantly colored 

without using pigment. They can store water or repel it. They can 

snap, whistle, hum, vibrate, boom, and whine. They’re a near-perfect 

airfoil and the lightest, most efficient insulation ever discovered.” 

 

 Thor Hanson (2011) 

Feathers – The Evolution of a Natural Miracle, p. 4.  

Basic Books, New York 
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GENERAL INTRODUCTION 

________________________________________________________ 

 

The annual life cycle 

 

Most animals spent their life in an environment that is shaped by periodic, physical changes. 

These changes may appear within some hours of a day (e.g. daylight, temperature, tides) and 

become to regular seasonal cycles (e.g. wet-dry seasons in tropics, four seasons at higher 

latitudes). The predictable nature of seasonal changes enables animals to schedule major life 

history events to specific times of the year. In particular, the concept of life history stages 

predicts that a certain stage is expressed when the key environmental conditions are most 

favourable (Jacobs and Wingfield 2000; Wingfield 2005).  

The perception of single life history stages as discrete units has been revised during 

the last decades, making room for the investigation of the annual life cycle as a series of 

events among which a limited amount of time and energy is distributed (McNamara et al. 

1998; McNamara and Houston 2008). This interrelation of stages causes carry-over effects, 

meaning that the taken decision and the resulting physical state of an individual at a certain 

point of time will be shaped by past events and, simultaneously, influence future events 

(Harrison et al. 2011). 

Reproduction and survival are inevitable the most fitness-relevant traits. However, in 

migratory birds, two more critical life history stages add to the annual cycle: migration and 

moult (Barta et al. 2008; Buehler and Piersma 2008; Wingfield 2008). Migration enables birds 

to reach areas in which survival, reproductive success and moulting success is enhanced, 

while moult is the essential prerequisite to maintain the vital functions of the plumage 

including thermoregulation, insulation, appearance (i.e. visual communication, camouflage) 

and last but not least the capability of flight (Jenni and Winkler 1994). Although the renewal 

of body feathers contributes significantly to the mentioned functions, I will hereafter focus on 

the period of wing moult which is more discrete in timing and duration (Pyle 2005) and 

determines the mobility of birds on both the small (foraging, escape from predators) and the 

larger spatial scale (migration). 
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Figure 0.1 depicts the basic annual cycle of a migratory bird that spends the breeding and non-

breeding period in the seasonal environment characteristic of higher latitudes. It is assumed 

that the bird is a short-distance migrant and, consequently, undergoes wing moult during 

summer (Barta et al. 2008). Furthermore, the bird may perform a distinct moult migration 

after breeding, as observed in many species of waterbirds (Salomonsen 1968; Kjellén 1994) 

as well as in some shorebirds (Jehl 1987; Jehl 1990), passerines (Butler et al. 2002; Leu and 

Thompson 2002; Barry et al. 2009) and terns (Cherubini et al. 1996). 

In this example, the successive stages follow an irreversible sequence and often 

preclude a temporal overlap (Jacobs and Wingfield 2000; Wingfield 2005, 2008). A bird 

cannot breed and migrate at the same time, for instance. Similarly, it should avoid to moult 

flight feathers during breeding, migration or unfavourable climatic wintering conditions 

(Jenni and Winkler 1994; Schieltz and Murphy 1997; Buehler and Piersma 2008). The 

realised annual concept may of course get much more complex if unpredictable 

environmental conditions necessitate further facultative responses (Wingfield 2005; 

Wingfield 2008). However, even in the absence of such unpredictable events, the following 

carry-over effects may emerge in the course of the annual cycle:  

Let’s start with the non-breeding (wintering) period when food becomes in general 

most restricted. An individual’s body condition at the beginning of winter will also influence 

its body condition at the end of winter (Tamisier et al. 1995). This cannot only be attributed to 

difficulties to refuel under suboptimal feeding conditions but also to the reduced 

competitiveness of an individual in poor body condition (Tamisier et al. 1995). Body 

condition on departure from wintering grounds may subsequently influence an individual’s 

strategy during spring migration, for instance, because individuals in low condition have to 

pause at additional stopover sites (Shamoun-Baranes et al. 2010) or have to extend stopover 

times to accumulate sufficient body stores for the next migratory passage and breeding (Prop 

et al. 2003). Body condition at the end of winter and during spring migration may also be 

linked to subsequent breeding success (see Newton 2004 for a review). In turn, breeding 

success can determine several aspects of moult, meaning that successful breeders as well as 

late breeders will have to postpone moult until independence of the young (Ringelman 1990; 

Fig. 0.1. Annual life history stages of a 

short-distance migrant living in a 

seasonal environment. A distinct moult 

migration may precede wing moult in 

some species. 

 



 General introduction 

3 
 

Nilsson and Svensson 1996) and, as a result of the elevated reproductive investment, may 

enter moult in poor condition (Hohman et al. 1992). Furthermore, a late onset of moult and a 

decrease in body condition during this period would result in a delay of autumn migration and 

the need to stop at additional sites to recover body stores in preparation for wintering 

(Leafloor et al. 1996; Petersen et al. 2003). A bird would otherwise suffer from a competitive 

disadvantage when arriving at the wintering grounds, starting our theoretical annual cycle 

anew. 

It is important to note that energetic constraints and a poor condition during moult may 

also result in feathers of lower quality and length (e.g. Pehrsson 1987; Legagneux et al. 2010; 

Vágási et al. 2012; Echeverry-Galvis and Hau 2013). Such deficiencies may strongly affect 

the bird’s flight performance (Echeverry-Galvis and Hau 2013), its ability to store and 

transport nutrients (according to the wing:mass ratio, Pehrsson 1987) and its mating success 

(Legagneux et al. 2010). Hence, among the non-lethal carry-over effects, the irreversible 

quality of feathers is one of the most long-lasting and will affect all subsequent life history 

stages up to the next moulting period (Nilsson and Svensson 1996; Vágási et al. 2012). 

Considering the crucial role of moult, I will first investigate how birds adapt to this 

critical period by active choice of the moulting habitat (chapter 1). I will also analyse how 

habitat conditions affect the body condition of moulting individuals and set the moulting 

period in relation to previous and subsequent life history events (chapter 2). Finally, I will 

investigate the post-moulting period when birds perform their migration towards non-

breeding grounds and have to prepare for harsh winter conditions (chapter 3). This thesis was 

initially developed to track birds throughout their annual life cycle, but methodological 

constraints (short lifetime of transmitters) prevented this kind of analysis. However, given the 

connectivity of life history stages and the carry-over effects mentioned above, I am confident 

that the detailed examination of the moulting and autumn period provides important insights 

into two little studied periods of the annual cycle (Leu and Thompson 2002) and will also 

contribute to the general understanding of individual strategies. 
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The period of flight feather moult 

A single feather develops only once – during moult – and cannot be repaired or grown further 

to compensate for the degradation of feather material that accumulates over the year (Jenni & 

Winkler 1994). Hence, if wing and/or tail feathers are exposed to severe physical damage, 

they can only be maintained for six months. Such short inter-moult periods are observed in 

very few species in which feathers are exposed to heavy wear, for example, species living in 

dense under storey (e.g. Eurasian Wren (Troglodytes troglodytes); Stresemann and 

Stresemann 1966), migrating over very long distances (e.g. Willow Warbler (Phylloscopus 

trochilus), Underhill et al. 1992; Bobolink (Dolichonyx oryzivorus); Renfrew et al. 2011) or 

using feathers for locomotion in rough waters (e.g. Ruddy Duck (Oxyura jamaicensis); Jehl 

and Johnson 2004; Pyle 2005). In contrast, some large birds have to maintain their feathers for 

several years resulting from the trade-off between the long time needed for feather 

replacement and the ability to forage and breed (e.g. albatrosses, Bridge 2011; Rohwer et al. 

2011). However, one annual wing moult is the rule in the majority of birds (Stresemann and 

Stresemann 1966; Kjellén 1994).  

As mentioned above, the plumage serves many vital functions and the renewal of 

flight feathers is crucial to maintain flying capacity. This may explain why the annual moult is 

a very robust feature of the life cycle and can hardly be distorted (Murphy et al. 1988). 

Usually, the moulting period shows little overlap with other life history stages, presumably 

because moult is an energetically costly process which involves the costs of feather synthesis 

as well as moult-related metabolic and physiological changes, some of which are still 

undiscovered (Jenni & Winkler 1994; Schieltz and Murphy 1997; Buehler and Piersma 2008). 

In addition, flight performance can be impaired during moult (Tucker 1991; Swaddle and 

Witter 1997), thus reducing an individual’s potential to move, forage and escape from 

predators.  

The most extreme moulting strategy can be found in waterbirds (i.e. ducks, geese, 

swans, grebes and rails) which shed all wing and tail feathers simultaneously and remain 

completely flightless for several weeks (Stresemann and Stresemann 1966; Fig. 0.2). It is 

important to realise what that means to the individual. A flightless waterbird can still move 

and feed within its key habitat, the water. But the bird must stay on a limited habitat patch, i.e. 

it cannot leave when predation pressure increases or when food gets exploited or unavailable 

due to changes in water level. Hence, waterbirds can be expected to choose their moulting site 

very carefully to ensure to meet the costs of feather replacement and self-maintenance and to 

avoid predation during the flightless stage.  

Indeed, most species of waterbirds do so by performing a distinct migration in advance 

of moult. In this way, they are able to reach wetland areas that offer a reliable food supply, 

low levels of predation pressure and low levels of disturbance (Salomonsen 1968). The moult 

migration may span many hundred kilometres, sometimes even in opposite direction to the 

subsequently used autumn and wintering sites (Salomonsen 1968). Hence, moult migration 
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can add a substantial distance – and the related costs – to the annual migration cycle. At the 

same time, its evolution highlights the important role of habitat conditions during wing moult. 

 

 

 

 

 

Fig. 0.2. Wings of male Gadwalls during three stages of flight feather moult. (a) All flight feathers have just 

been shed, but lower greater coverts and some single upper primary-coverts not yet. The latter will fall off within 

few hours or days. (b) All feathers of the wing are growing. (c) The new wing is complete.  
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The critical role of food availability, disturbance and predation for flightless waterbirds is 

pretty obvious and has been highlighted by many authors (e.g. Salomonsen 1968; Kahlert et 

al. 1996; Fox et al. 1998; Kahlert 2003; Hupp et al. 2007). To my knowledge, though, there is 

no detailed evaluation of the impact of certain environmental traits on the habitat choice of 

waterbirds moulting on inland waters, nor are there quantitative or qualitative studies on the 

ability of those species to adapt to a range of habitat conditions. 

My field work at one of the most important inland moulting sites in Europe, the 

“Ismaning reservoir with former fish ponds” in southeast Germany (Scott and Rose 1996; 

Bauer et al. 2005; Köhler and Köhler 2009a, b), enabled me to address these topics. The 

wetland complex at Ismaning (Fig. 0.3) provided a gradient of environmental conditions, 

dependent on which the habitat choice of the five most common local species could be 

analysed (Gadwall (Anas strepera), Red-crested Pochard (Netta rufina), Common Pochard 

(Aythya ferina), Tufted Duck (Aythya fuligula) and Coot (Fulica atra)). 

Accordingly, in chapter 1, my aim was to investigate (1) which environmental 

conditions influence the habitat choice of the five species; (2) how species-specific 

requirements differ; (3) how tolerant each species is to a gradient of environmental 

conditions; and (4) whether the species-specific sensitivity during moult can be linked to 

differences in biology (i.e. diet, behaviour)? 

By means of sex-specific as well as individual data on the Gadwall, I was also able to 

test (5) whether habitat preferences differ between early moulting males and later moulting 

females; and (6) whether individual birds show site fidelity during successive moulting 

periods. 

 

 

 

 

Fig. 0.3. The Ramsar site and Special Protaction Area ‘Ismaning reservoir with former fish ponds’ during 

autumn. The area consists of a pearl string of 30 ponds (foreground) and two large reservoir bassins 

(background).   
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The few sites worldwide that can attract high numbers of wing-moulting waterbirds are often 

located in remote, coastal areas (Salomonsen 1968; Schüz et al. 1971; Johnson and 

Richardson 1982; Jehl 1990; Scott and Rose 1996; Blew and Südbeck 2005). If these sites do 

not meet species-specific demands or do simply not lie within the spatial, temporal and 

energetic scope of an individual, the bird would have to find an alternative.  

Successfully breeding pairs of geese, for instance, have too little time to perform the 

same moult migration as yearlings and non-breeders do earlier in the season (Zicus 1981; 

Reed et al. 2003; Hupp et al. 2007). Similarly, successfully breeding female ducks (raising 

brood and offspring without male support) may have too little time and energy reserves to 

migrate directly after reproduction thus tending to moult in the vicinity of the breeding area 

(Oring 1964; Ringelmann 1990; Hohman et al. 1992). But also males and non-breeders may 

have to make the compromise to moult at wetlands that meet some but not all moult-related 

requirements. They may, for example, tolerate suboptimal feeding conditions in favour of the 

absence of predators. Under these circumstances, ducks as well as geese have been shown to 

live on body stores accumulated prior to/in preparation for moult (Fox and Kahlert 2005; Fox 

and King 2011; Fox et al. 2013). Similarly, birds would have to rely on endogenous body 

stores if food supply is adequate but foraging activity restricted due to high predation pressure 

(Panek and Majewski 1990). Accordingly, a decrease in body weight during moult has been 

observed in several populations of waterbirds. This weight loss during moult has often been 

interpreted as a special adaptation to the flightless period (e.g. Pehrsson 1987; Panek and 

Majewski 1990; Brown and Saunders 1998; van de Wetering and Cooke 2000). However, 

given a similar number of studies that did not find a significant, moult-related weight loss 

(e.g. Ankney 1979, 1984; Young and Boag 1982; Fox et al. 2008), it seems likely that the 

reduction of body weight is not a pre-defined adaptation to flightlessness but the result of 

unfavourable environmental conditions. 

To compare these two contrasting points of view, I analysed weight dynamics of 

moulting Gadwalls at a study site that was assumed to provide favourable habitat conditions 

(the moulting site Ismaning, see above; chapter 2). By taking nine study years into account, I 

was able to test (1) whether weight loss during moult is a common pattern among individual 

study years (as expected if it is a pre-defined strategy); or (2) whether weight dynamics 

fluctuate among years (as expected if they are the result of year-specific environmental 

conditions). Furthermore, by distinguishing between sexes, I wanted to test the prediction (3) 

that moulting males and moulting females show different patterns of weight development; and 

(4) that these patterns can be linked to sex-specific differences in seasonal timing of wing 

moult and in previous reproductive investment. 
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The post-moulting autumn period 

What happens after the bird has managed to overcome the flightless stage and to renew a full 

set of flight feathers as well as a good part of the body feathers (as common in ducks which 

moult into the eclipse plumage in advance of flightlessness and back to breeding plumage 

thereafter (Pyle 2005))? It has now become autumn and ducks, geese, swans and other short-

distance migrants are supposed to approach the non-breeding grounds (Fig. 0.1; Ramenofsky 

and Wingfield 2007; Wingfield 2008).  

This autumn migration towards non-breeding grounds, together with the spring 

migration towards breeding grounds, constitutes the basic form of the annual migration cycle. 

Both are undertaken to enable the use of seasonal habitats that enhance reproduction and 

survival (Alerstam and Högstedt 1982; Berthold 1990; Ramenofsky and Wingfield 2007), yet 

autumn migration often appears less restricted than spring migration with regard to timing, 

duration and spatial distribution (McNamara et al. 1998; Vardanis et al. 2011; Tøttrup et al. 

2011). Some of this variation can be attributed to differences in stopover behaviour, as 

autumn stopovers tend to be more frequent and longer in duration (e.g. Alerstam et al. 2006; 

Tøttrup et al. 2011). Ideally, profitable stopover sites are located on the way to the non-

breeding grounds. However, Berthold (1990) and Schüz et al. (1971) noted that autumn 

movements towards temporarily superior feeding grounds may sometimes be undirected or 

multidirectional. It has been suggested, though, that such discrete autumn movements occur 

primarily in juveniles (Schüz et al. 1971). 

Beyond that knowledge, Leafloor et al. (1996) and Petersen et al. (2003) suggested 

that Long-tailed Ducks (Clangula hyemalis) use intermediate autumn habitats in preparation 

for movements towards final non-breeding sites. These findings led me to the hypothesis that 

adults may also perform – and benefit from – discrete autumn movements towards nutrient-

rich staging sites. It seemed to me that my study species, the Gadwall, was predestined to test 

this hypothesis given the following background: 

Gadwalls and other dabbling ducks are expected to face stronger constraints in their 

survival than in their breeding habitat, in particular at higher latitudes where many wetlands 

freeze during winter (Alerstam and Högstedt 1982). Hence, their migration towards non-

breeding grounds should be delayed – probably leaving spare time between moult and 

wintering. Furthermore, waterbirds and other habitat specialists may in general exhibit 

increased flexibility in movement behaviour and habitat use because they depend on a patchy 

resource (Alerstam and Hedenström 1998). This limitation of possible habitats may become 

even more pronounced if species experience elevated levels of intra-specific competition, as it 

applies to the rapidly increasing European Gadwall population (Fox and Salmon 1989; Bauer 

et al. 2005; Fox 2005a).  

Hence, in chapter 3, I investigated movement strategies of Gadwalls during autumn, 

by means of ring recovery data from three European populations and individual movement 

data from Gadwalls tagged with nasal saddles or satellite transmitters (Fig. 0.4). I wanted to 

figure out whether autumn movements simply serve to approach the non-breeding site, or 
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whether they may lead birds to distinct staging habitats, not necessarily located en route to the 

final wintering site. In addition, I compared movement patterns of males and females as well 

as juveniles and adults to determine whether differences in time and energy budgets can 

explain the occurrence of undirected autumn movements (i.e. only females have to invest into 

incubation and brood-rearing, only adults have to undergo a complete moult). 

 

 

 

Fig. 0.4. Female Gadwalls tagged with backpack satellite transmitter (top) and nasal saddle (bottom).  
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CHAPTER 1 

________________________________________________________ 

 

Habitat choice of wing-moulting waterbirds in response to 

temporary flightlessness 

 

Gehrold, A.  

(Submitted manuscript) 

 

ABSTRACT 

 

The choice of the moulting habitat is of paramount importance for wing-moulting waterbirds 

which have to cope with a flightless period of several weeks. The range of environmental 

conditions that an individual can adapt to may, however, differ among species. To investigate 

the species-specific requirements and sensitivity, Gadwalls (Anas strepera), Red-crested 

Pochards (Netta rufina), Common Pochards (Aythya ferina), Tufted Ducks (Aythya fuligula) 

and Coots (Fulica atra) were counted regularly at a highly frequented European moulting site 

throughout two moulting seasons. These data involved maximum daily counts of up to 22,510 

and 24,278 individuals in 2010 and 2011, respectively. In 2011, additional sex-specific 

censuses gathered data on flightless Gadwalls. The distribution of individuals was then related 

to levels of human-induced disturbance, the water’s nutrient content and depth as well as the 

abundance of cover. Furthermore, habitat choice of 38 tagged Gadwalls could be compared 

among two to four successive years. Both food specialists and generalists showed preferences 

for specific levels of nutrient content suggesting an active choice of suitable food sources. In 

addition, the species-specific susceptibility could be linked to foraging mode and microhabitat 

use. The stronger the species’ attachment to shallow water zones, the stronger its sensitivity to 

increasing water depths and human disturbance. Species that show an aversion to dive, like 

Gadwalls, may also depend on dense shore vegetation to avoid predation. Furthermore, 

differences in habitat choice of the early moulting male and the later moulting female 

Gadwalls were found which hint at seasonal changes in the aquatic environment. Average 

return rates of 59% and 54% were recorded for male and female Gadwalls, respectively. 

About two thirds of those chose either the same moulting pond or a pond they had sampled in 

a previous year. Familiarity with the habitat apparently plays an important role and may 

enable individuals to compensate for suboptimal conditions. 
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INTRODUCTION 

 

The period of moult is among the most important life history stages in birds. It constitutes the 

restricted period during which feathers can be renewed. This process is crucial to maintain the 

vital functions of the bird’s plumage including appearance (camouflage, mating success), 

water repellence, thermoregulation and flying capacity (Jenni and Winkler 1994). The moult 

of flight feathers seems to be particularly challenging, given that most birds depend on flight 

when moving, foraging or escaping from predators. The pattern and the timing of wing moult 

may differ considerably among bird families and even among species (Barta et al. 2008; 

Bridge 2011), but most birds do only replace single feathers at once to ensure that the power 

of flight is affected as little as possible (Kjellén 1994). However, one extreme moult strategy 

can be found in waterbirds (all Anatidae, Podicipedidae, most Rallidae) which shed all flight 

feathers simultaneously subsequent to breeding and remain completely flightless for several 

weeks (Stresemann and Stresemann 1966). During this period, waterbirds suffer a strong 

decrease in mobility, meaning that their potential to react to an attack by a predator, to 

anthropogenic disturbance or to changes in food abundance and water levels is severely 

reduced. As a result, waterbirds usually perform a distinct moult migration to well-defined 

wetland areas (Salomonsen 1968), highlighting the crucial role but perhaps also the rarity of 

good moulting habitats.  

A reliable food supply and low levels of predation and disturbance are apparently of 

paramount importance to flightless waterbirds (Salomonsen 1968), not only with regard to the 

moult-induced immobility and vulnerability but also with regard to the long-lasting effects 

that unfavourable conditions during feather growth may have. An insufficient food supply 

during moult, for example, can result in a remarkable loss of body mass (Fox et al. 1998; Fox 

and King 2011). A decrease in foraging activity in response to high predation pressure may 

have the same effect (Panek and Majewski 1990). Individuals in poor condition would then 

have to recover body stores during subsequent seasons (i.e. autumn and winter) that are per se 

characterised by a restriction of food resources. At the same time, a lowered body condition 

during feather growth may result in feathers of reduced length and quality (Pehrsson 1987; 

Legagneux et al. 2010; Vágási et al. 2012). Both these effects would present a potentially 

severe handicap during future life history stages. Low quality feathers may impair flight 

performance (Echeverry-Galvis and Hau 2013) and shorter feathers would restrain the 

deposition of body stores in preparation for migration, wintering and breeding due to a 

disadvantageous wing:mass ratio (Witter and Cuthill 1993).   

The fact that feather traits cannot be changed or improved until the next moulting 

season may partly explain why moult is usually scheduled to periods of high food abundance 

and shows little overlap with other life history stages (Jenni and Winkler 1994; Barta et al. 

2008). Waterbirds, in particular, can be expected to choose their moulting habitat carefully, 

because they have no possibility to revise their decision as soon as flight feathers are shed.  

Indeed, the most suitable moulting areas harbour huge aggregations of waterbirds and 

can be found in remote, coastal areas (see e.g. Salomonsen 1968; Johnson and Richardson 
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1982; Herter et al. 1989; Blew and Südbeck 2005; Hupp et al. 2007). Species inhabiting 

inland waters face stronger constraints though. They depend on wetland types that are much 

more limited in size and often exposed to elevated levels of human disturbance (hunting, 

recreational activities) (Hohman et al. 1992). Yet there is only little detailed knowledge about 

the moult-related use of microhabitats and the resulting susceptibility in this group of 

waterbirds.  

This study aims to identify how the latter may adapt to their restricted water resource 

by analysing the habitat choice of several species at one of the most important European 

inland moulting sites. The ‘Ismaning reservoir with former fish ponds’ in southeast Germany 

attracts thousands of moulting waterbird migrants annually. Daily maxima of more than 

50,000 individuals are recorded and more than 100,000 birds may visit the area over the 

whole moulting season (von Krosigk and Köhler 2000; Köhler and Köhler 2009a). The area 

supports up to 30% of Red-crested Pochard (Netta rufina), about 10% of Gadwall (Anas 

strepera) and more than 1% of the corresponding flyway population of Tufted Duck (Aythya 

fuligula), Shoveler (Anas clypeata) and Greylag Goose (Anser anser) (Köhler and Köhler 

2009b). Furthermore, this moulting site offers ideal conditions to investigate the requirements 

of moulting waterbirds: the pond area consists of a pearl string of structurally homogeneous 

sampling ponds each of which can be regulated independently with regard to water level (i.e. 

pond-specific water depth) and nutrient inflow (individual mixture of nutrient-poor river-

water and nutrient-rich treated sewage). In addition, the exclusion of the public simplifies 

measurements of local anthropogenic disturbance. The Ismaning pond area thus provides a 

natural-experimental setup which covers a gradient of different habitat conditions (Haas et al. 

2007).  

The distribution of individuals in response to habitat characteristics was investigated 

for five species belonging to different genera and feeding guilds: (1) the Gadwall, a 

herbivorous dabbling duck (Fox 2005a); (2) the Red-crested Pochard, a herbivorous diving 

duck also foraging on the water surface (Delany 2005); (3) the Tufted Duck, an omnivorous 

diving duck preferably feeding on animal material (Robinson 2005); (4) the Common Pochard 

(Aythya ferina), an omnivorous diving duck preferably feeding on plant material (Fox 2005b); 

and (5) the Coot (Fulica atra), an omnivorous rail obtaining food from the surface as well as 

from greater depths (Bauer et al. 1973). Based on the expected differences in species-specific 

requirements and sensitivity, the following predictions were made: 

(i) Food specialists (Gadwall, Red-crested Pochard) are most restricted in their use of waters 

of different nutrient content. 

(ii) Foraging specialists (Gadwall, Common Pochard, Tufted Duck) select the moulting pond 

dependent on water depth. 

(iii) Sensitivity to anthropogenic disturbance increases according to the species’ dependence 

on shallow water zones.  

(iv) The dependence on dense shore vegetation (to avoid predation) increases as diving 

performance decreases.   
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For the Gadwall, additional analyses could be performed to determine (v) how environmental 

conditions influence habitat choice during the stage of complete flightlessness and if these 

preferences differ from the habitat use of individuals in preparation for moult/when regaining 

flying capacity; (vi) whether sex-specific differences in habitat choice exist, given that male 

ducks moult in general earlier in the season than female ducks (Ringelman 1990; Gehrold and 

Köhler 2013); and (vii) whether individual Gadwalls show fidelity to the moulting site and to 

specific locations within the area, such as reported for other species of anatids (e.g. Bowman 

and Brown 1992; Bollinger and Derksen 1996; Flint et al. 2000).  

 

 

METHODS 

 

Study site and environmental variables 

 

The Ramsar site and Special Protection Area ‘Ismaning reservoir with former fish ponds’ is 

located near the city of Munich in southeast Germany (48°13’2’’N, 11°44’35’’E). The entire 

wetland area covers 9.4 km
2
 and consists of two reservoir basins (size: 380 ha and 200 ha; 

depth: 0.3 - 4.8 m) and an adjacent chain of 30 former fish ponds where the focal study took 

place (Fig. 1.1). These man-made ponds are 4.7 – 8 ha in size with mean depths of 0.9 – 2.2 

m. Each pond has an independent water supply, receives a regulated and continuous inflow of 

water between April and early October and falls dry afterwards.  

In 2010 and 2011, three ponds were stocked with water from the nearby river Isar, 

while the remaining 27 ponds either received treated urban sewage or an individual mixture of 

treated urban sewage and river-water. The latter treatments resulted in highly eutrophic 

conditions (Haas et al. 2007) but - dependent on the proportion of inflowing sewage - there 

was still considerable variation in the water’s nutrient content (phosphor, nitrogen, carbon). 

These differences in nutrient content were indirectly measured by the water’s electric 

conductivity (Nilsson and Nilsson 1978; Daniel et al. 2002). Pond-specific conductivity 

values were determined weekly to biweekly with a temperature-adjusted measuring device 

(GMH 3410, Greisinger electronic GmbH) and ranged from 214 – 401 µS/cm in river-water 

ponds, from 260 – 737 µS/cm in mixed water ponds and from to 420 – 989 µS/cm in sewage 

water ponds. Furthermore, pond-specific shorelines were visually scanned and given a 

vegetation density score from 1 (open) to 6 (dense) based on the presence and extent of reed 

belts, overhanging bushes and large trees.  

The whole pond area is closed to the public resulting in relatively low levels of 

anthropogenic disturbance. However, one main road crosses the pond system and the eastern 

edge is border by a public hiking and cycling trail (Fig. 1.1). Within the area, three north-

south embankments can be accessed by local workers. In addition, 3 – 4 ponds were used for 

duck-trapping activities in 2010 and 2011, respectively. Based on these criteria, each pond 
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was given a disturbance scores from 1 to 4: 1 = almost no disturbance; 2 = irregular 

disturbance (e.g. ponds next to trapping locations); 3 = regular disturbance (duck trapping, 

public trail close by); 4 = permanent disturbance (next to main road).  

 

 

 

 

Fig. 1.1. Outline of the wetland complex at Ismaning, consisting of a reservoir lake (two bassins) and an adjacent 

string of ponds. Analyses of the species-specific distribution were performed within the pond area. Ponds where 

duck-trapping activities took place in 2010 and/or 2011 are shown in grey. The map on the upper left shows the 

position of the moulting site on the European continent. 

 

 

 

Waterbird censuses 

 

Waterbirds were counted in biweekly intervals during the moulting seasons of 2010 and 2011 

(mid-June to mid-September). Censuses were performed by an experienced team and took 

place in the afternoon and evening when ducks are most active. The seasonal and spatial 

distribution within the pond area was analysed for a subset of the five most common species 

which account for about 90% of all individuals present (Köhler and Köhler 2009a): Gadwall, 

Red-crested Pochard, Common Pochard, Tufted Duck and Coot. Maximum daily numbers of 

up to 22,510 and 24,278 individuals could be recorded for these five species in 2010 and 

2011, respectively. 

In addition, Gadwalls in active wing-moult were counted weekly between mid-June 

and mid-September 2011 to analyse habitat requirements of flightless individuals, in 

particular. Wing-moulting ducks start to regain the capability of flight when the feathers 

exceed 75% of their final length (Sjöberg 1988; Panek and Majewski 1990; Köhler 1991a). 

Hence, Gadwalls were only classified as flightless if the tips of the re-growing flight feathers 

had not yet reached the base of the tail feathers in the swimming position. Furthermore, males 

and females were distinguished.  
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Tagged individuals 

 

From 2009 to 2011, Gadwalls were trapped in un-baited swim-in traps (Köhler 1986). They 

were sexed, aged, ringed and the length of the 9
th

 primary, as a measure of moult stage, was 

determined with a ruler. Overall, 37 males and 33 females were tagged with nasal saddles 

labelled with individual alpha-numeric codes following the method described by Rodrigues et 

al. (2001). Subsequently, the ponds were scanned for tagged Gadwalls once to three times per 

week (2009-2012). For each resighting, the chosen pond as well as the individual’s moulting 

stage (pre-moult, moulting/flightless, post-moult) was noted. 

 

Data analyses 

 

Statistical analyses were performed in R 2.15.0 (R Developmental Core Team 2012). Species-

specific habitat preferences during the moulting season as well as preferences of flightless 

Gadwalls were investigated via generalised linear mixed models (GLMMs). Several working 

steps were necessary to model the distribution of individuals over space and time. First, the 

number of birds per hectare was calculated to take differences in individual pond size into 

account. Second, the data were tested for temporal and spatial autocorrelation. A clear 

seasonal effect on the number of birds was found. In general, numbers peaked in the middle 

of the season, but the extent and development of this peak differed between individual ponds 

(see Appendix 1: Supplementary Table S1.1). Hence, GLMMs had to include the linear and 

quadratic term of date (measured as calendar week ‘cw’) as fixed effects, the factorised term 

of cw as random effect and a pond-specific random slope ((cw+cw²)|pond). Due to repeated 

sampling, pond and year were also included as random effects. Furthermore, pond-specific 

characteristics were standardised and incorporated as fixed effects (disturbance, shore 

vegetation, mean depth, conductivity, conductivity²). The variance in the data was still 

considerably higher than expected by the implemented Poisson distribution. Thus, an 

observation level random effect was added to control for overdispersion. Full final GLMMs 

are displayed in Supplementary Tables S1.1 and S1.2 (Appendix 1). To draw inference, 

parameter estimates were calculated and environmental effects were tested in a Bayesian 

framework, using the function sim (R-package lme4) to simulate the posterior distribution 

(1,000 simulations) and to obtain 95% credible intervals for the model parameters. 

To analyse sex-specific and/or seasonal differences in habitat preferences of flightless 

Gadwalls, the distribution of males and females during the sex-specific peak of moult was 

compared (males: 9
th

 Jul ± 1 week; females: 13
th

 Aug ± 1 week). Residuals of the 

standardised number of individuals per pond-hectare during moulting peaks were calculated 

for females relative to males. Values > 0 indicate that a specific pond was selected by a higher 

percentage of moulting females than moulting males. Values < 0 show the reverse situation of 

males preferring a pond over females. 

Finally, return rates at the moulting site were measured by calculating the average 

percentage of individually tagged Gadwalls that were present in one year and resighted in the 
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subsequent year (2010-2012). For birds returning in several years, the chosen moulting pond 

was classified as either ‘unknown’ (i.e. no records at this location in a previous year) or 

‘known’. Known locations included ponds used repeatedly during flightlessness, ponds 

visited before or after moult in a previous year and ponds adjacent to the former moulting 

pond. It is reasonable to assume that flightless individuals could also acquire knowledge about 

the quality of directly adjacent water bodies as they can gain visual information about nearby 

activities and may sometimes visit neighbouring ponds by walking across the narrow 

embankments (pers. obs.). 

 

 

RESULTS   

 

Species-specific preferences 

 

The distribution of individuals across moulting ponds changed dependent on conductivity 

values, i.e. the water`s nutrient content, in all five species investigated. The number of 

Gadwalls, Coots and Red-crested Pochards increased with rising conductivity values (Table 

1.1, Fig. 1.2a, d, g). In Gadwall and Coot, numbers peaked for intermediate levels of 

conductivity (Table 1.1, Fig. 1.2a, d). Similarly, Tufted Ducks preferred intermediate levels of 

conductivity (Table 1.1, Fig. 1.2i). In contrast, the number of Common Pochards was lowest 

for intermediate levels of conductivity and highest at the nutrient-poor river-water ponds 

(Table 1.1, Fig. 1.2h).  

The distribution of diving ducks did not significantly depend on any other habitat 

characteristic. However, Red-crested Pochards tended to avoid ponds exposed to higher 

disturbance levels (Table 1.1). A clear effect of disturbance and depth was found for Gadwalls 

and Coots which preferred relatively undisturbed, shallow ponds (Table 1.1, Fig. 1.2b, c, e, f). 

The pattern observed in Gadwalls was partly confirmed when exclusively flightless 

individuals were investigated. Flightless Gadwalls preferred ponds characterised by low levels 

of disturbance and intermediate levels of conductivity (Table 1.2, Fig. 1.3a, b). However, they 

rarely used the most nutrient-rich sewage water ponds (Table 1.2, Fig. 1.3a). Furthermore, 

flightless Gadwalls did not select moulting ponds dependent on depth but were rather 

attracted by ponds providing dense shore vegetation (Table 1.2, Fig. 1.3c). 

On the sex-specific level, female Gadwalls were found to moult later in the season 

than males (Fig. 1.4). The late-moulting females preferably used ponds that were relatively 

less preferred by the earlier moulting males (Fig. 1.5). 
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Table 1.1. Effect of pond-specific characteristics on the distribution of five species investigated during the 

moulting seasons of 2010 and 2011.  

Variable Estimate (95% credible intervals) 

 Gadwall Coot 
Red-crested 

Pochard 

Common 

Pochard 
Tufted Duck 

Disturbance 

 
-0.27 

(-0.39, -0.14) 

-0.13 

(-0.21, -0.04) 

-0.12 

(-0.27, 0.02) 

0.02 

(-0.12, 0.15) 

-0.01 

(-0.08, 0.07) 

Shore 

vegetation 

-0.02 

(-0.15, 0.13) 

-0.07 

(-0.15, 0.02) 

0.04 

(-0.13, 0.21) 

0.02 

(-0.12, 0.17) 

-0.06 

(-0.13, 0.02) 

Depth 

 
-0.17 

(-0.31, -0.02) 

-0.16 

(-0.26, -0.07) 

-0.04 

(-0.21, 0.14) 

0.11 

(-0.06, 0.27) 

0.03 

(-0.06, 0.11) 

Conductivity 

 
0.30 

(0.17, 0.44) 

0.15 

(0.07, 0.23) 

0.20 

(0.06, 0.35) 

0.09 

(-0.03, 0.22) 

0.004 

(-0.09, 0.09) 

Conductivity² 

 
-0.16 

(-0.22, -0.08) 

-0.08 

(-0.13, -0.03) 

0.01 

(-0.07, 0.09) 
0.14 

(0.07, 0.20) 

-0.07 

(-0.13, -0.02) 

 

Estimates were obtained from full, species-specific GLMMs (see Appendix 1: Supplementary Table S1.1). 

Environmental parameters had a clear (significant) effect if zero was not included in the 95% credible interval 

(2.5% and 97.5% quantiles) of the posterior distribution (shown in bold). 

 

 

 

 

Table 1.2. Effect of pond-specific characteristics on the distribution of flightless Gadwalls in 2011.  

Variable Estimate 
95% Credible 

intervals 
Effect 

    
Disturbance -0.38 (-0.53, -0.24) Yes 

Shore 

vegetation 
0.24 (0.10, 0.39) Yes 

Depth -0.13 (-0.30, 0.03) No 

Conductivity 0.11 (-0.04, 0.28) No 

Conductivity² -0.30 (-0.38, -0.21) Yes 

 

Estimates were obtained from the full GLMMs (see Appendix 1: Supplementary Table S1.2). 

There was a clear (significant) effect if zero was not included in the 95% credible interval (2.5% and 97.5% 

quantiles) of the posterior distribution. 
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Figure 1.2. Statistically significant correlations between the number of individuals and pond-specific 

characteristics (see Table 1.1) for Gadwalls (a-c), Coots (d-f), Red-crested Pochards (g), Common Pochards (h) 

and Tufted Ducks (i). Predicted values (black lines) and 95% credible intervals (shaded areas) were calculated 

from GLMMs (see Appendix 1: Supplementary Table S1.1). 
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Fig. 1.3. Statistically significant correlations between the number of flightless Gadwalls and pond-specific 

characteristics in 2011 (see Table 1.2). Predicted values (black lines) and 95% credible intervals (shaded areas) 

were calculated from GLMM (see Appendix 1: Supplementary Table S1.2). 

 

 

 

 

 

 

 

 
 

Fig. 1.4. Seasonal dynamics in the number of flightless male and female Gadwalls during the moulting season 

2011. Flightless individuals were counted weekly between mid-June and mid-September (calendar week 25-37). 
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Fig. 1.5. Difference in the relative preference of flightless female and male Gadwalls for specific ponds (X-axis, 

n = 30) during the sex-specific peak of wing moult in 2011 (males: 9
th

 Jul ± 1 week; females: 13
th

 Aug ± 1 

week). Females aggregated on ponds that had been relatively less preferred by males (black lines: female > male 

preference; grey lines: female < male preference).  

 

 

 

 

Moulting site fidelity of Gadwalls 

 

38 of the 70 tagged Gadwalls returned to the moulting site in one to several years. Among 

years, average return rates of 59% and 54% were recorded for males and females, 

respectively. 65% of the returning Gadwalls chose a known pond during successive moulting 

seasons (Fig. 1.6). About one third of those chose exactly the same moulting pond, whereas 

two thirds chose an adjacent pond or a pond visited in a previous year (pre- or post-moult; 

Fig. 1.6). 35% moulted on a pond where they had not been observed before (Fig. 1.6). 
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Fig. 1.6. Pond use of tagged Gadwalls which returned to the moulting site during subsequent moulting seasons. 

Ponds used during the flightless stage (light grey) or pre-/post-moult (dark grey) in a previous year were 

classified as ‘known’. Ponds without a previous visual record of the individual were classified as ‘unknown’.  

 

 

DISCUSSION 

 

Wetlands suitable for flightless, wing-moulting waterbirds are characterised by food richness 

and low levels of disturbance (Salomonsen 1968). Overall, these essential demands are met at 

the moulting site Ismaning. On the small scale, however, differences in species-specific 

requirements and in the species-specific ability to adapt to a range of environmental 

conditions could be detected. First of all, the water’s nutrient content (measured by electric 

conductivity) was a determinant for all species investigated (Gadwall, Coot, Red-crested 

Pochard, Common Pochard, Tufted Duck). Gadwalls and Coots also chose ponds dependent 

on depth and exposure to anthropogenic disturbance. In addition, Gadwalls selected ponds 

with dense shore vegetation during the flightless stage of wing moult. 

The dependence of all five species on nutrient content is not surprising given that 

water-chemical parameters shape the development of the submerged flora and fauna and thus 

determine the nature and abundance of the food organisms available to waterbirds (Suter 

1994; von Krosigk and Köhler 2000). Gadwalls and Red-crested Pochards, exclusively 

feeding on a vegetable diet (Bauer and Glutz von Boltzheim 1968, 1969), showed a clear 

preference for nutrient-rich ponds in which large amounts of macro-algae can develop 

(analysed by Haas et al., in prep.). An identical pattern was observed in Coots, indicating that 

this species behaves primarily herbivorous at the investigated moulting site. Similarly, Coots 

and their close relative, the American Coot (Fulica americana), feed heavily on plant material 
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during winter (McKnight and Hepp 1998; Matuszak et al. 2012). Interestingly, the mainly 

carnivores Tufted Duck (Robinson 2005) showed a similar preference for mixed-water ponds. 

Here, it may feed on the rich biomass of animal as well as plant material, favoured by its 

ability to adapt to changes in the food spectrum (Robinson 2005). The second omnivorous 

diving duck, the Common Pochard, was most common on river-water ponds where it may 

feed on macro-invertebrates but also on the abundant macrophytes (Bauer and Glutz von 

Boltzheim 1969; Haas et al. in prep.). Although these findings do not fully support the 

prediction that omnivorous species depend less on specific food resources, they show that 

each species will choose the most suitable conditions if able to do so.  

Regarding the three species of diving duck (Red-crested Pochard, Common Pochard, 

Tufted Duck), it has to be mentioned that absolute numbers are slightly higher at the adjacent 

reservoir than within the investigated pond area (Köhler and Köhler 2009a; Fig. 1). Hence, 

when considering the whole wetland complex at Ismaning, the majority of diving ducks 

chooses the larger and deeper water body (see also Oring 1964; Ringelmann 1990). This 

effect could not be found when analysing the distribution of diving ducks within the pond area 

only. In fact, the difference in the mean depth of single ponds (0.9 - 2.2 m) may be irrelevant 

for Red-crested Pochards, Common Pochards and Tufted Ducks which can easily dive 2 to 5 

m (Bauer and Glutz von Boltzheim 1969). In contrast, this difference in depth can be critical 

for dabbling ducks, such as Gadwalls, which almost exclusively obtain food from the surface 

and shallow water zones (Fox 2005a).  

As predicted, Gadwalls selected shallower ponds, at least when the whole moulting 

season was investigated (including pre- and post-moulting birds). The finding that pond depth 

did not affect the choice of flightless Gadwalls may be attributed to the limited use of habitats 

within ponds. During the flightless stage, Gadwalls aggregate in flocks close to the shoreline 

(pers. obs.). Water depth in the middle of the pond is not as relevant to them. Rather important 

is the abundance of cover; an assumption supported by the analysis of flightless Gadwalls and 

by studies on other dabbling ducks (Ringelman 1990; Hohman et al. 1992).  

Coots also preferred shallower ponds, suggesting that they avoid the costs of diving if 

resources are more easily accessible under nutrient rich conditions (McKnight and Hepp 

1998). In addition, Coots as well as Gadwalls favoured ponds exposed to little anthropogenic 

disturbance, therefore presumably reducing the costs of escape movements (Kahlert et al. 

1996; Kahlert 2006). A similar tendency was found in Red-crested Pochards which aggregate 

in vicinity of the shore during moult, like Gadwalls and Coots (pers. obs.). In contrast, 

Common Pochards and Tufted Ducks staying on open water during moult (Oring 1964; 

Hohman et al.1992) were hardly affected by human-induced disturbance. Hence, the 

susceptibility to disturbance can again be explained by the species-specific and/or moult-

related use of aquatic microhabitats. Accordingly, dabbling ducks and rails seem to be most 

sensitive to the presence of humans on or close to the shore, yet diving ducks may be equally 

sensitive to waterborne recreation (Fox 2005b).  

Within the Ismaning pond area, even the highest identified disturbance levels are less 

intense than those at other wetlands accessible to the public (Gehrold and Köhler 2013), 
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indicating that the presence of humans has a strongly negative effect on moulting waterbirds. 

This effect was most pronounced when only the flightless period was analysed in Gadwalls, 

suggesting that the other species (in which these periods could not be separated) also reacted 

more sensitive during the flightless stage than found in the analysis of the whole moulting 

season. The aversion to disturbance found in Coots further indicates that the flightless moult 

causes increased sensitivity, even in species known to be most tolerant of humans during 

other parts of the year (Bauer et al. 1973; Bregnballe et al. 2009b). 

Furthermore, predation pressure may have a strong effect on the habitat choice of 

moulting waterbirds. In some areas, moulting ducks and geese even accept an insufficient 

food supply in favour of a predator-free environment (Fox et al. 1998; Fox and King 2011). 

At the investigated study site, disturbance by predators was certainly present given that the 

substantial local populations of Red Fox (Vulpes vulpes) and Yellow-legged Gull (Larus 

michahellis) frequently hunt on flightless waterbirds (pers. obs.). The obtained results indicate 

that species which usually escape from direct attacks by diving may maintain this strategy 

during moult, whereas species which usually rely on flight when escaping from predators, like 

Gadwalls, depend on abundant cover to find shelter during the flightless stage. However, 

detailed studies on predator-induced behaviours would be needed to verify these assumptions. 

It is also important to note that sex-specific differences in habitat choice may have 

contributed to the overall distribution of individuals. Such differences were shown for the 

Gadwall in which the later moulting females aggregated on ponds that had been relatively less 

preferred by the earlier moulting males. This effect may be linked to the seasonal succession 

of aquatic organisms (Haas et al. 2007) but also to the exploitation of food by earlier moulting 

individuals (Koop 1997; Matuszak et al.2012). Due to a higher reproductive investment (i.e. 

time and energy invested in egg-laying, incubation and brood-rearing), female ducks moult 

flight feathers in general later than males and may enter moult in poor condition (Hohman et 

al. 1992; Gehrold and Köhler 2013). Hence, combined with a shortage of food later in the 

season, female ducks seem to be most susceptible to unfavourable habitat conditions at the 

moulting site. 

In both sexes of Gadwalls, more than half of the tagged individuals returned to the 

moulting site Ismaning in one to several years. In addition, 65% of the returning birds 

moulted on a pond they had sampled in a previous year, including 23% moulting on the 

identical pond. The remaining birds chose a moulting pond where they had not been observed 

before. However, it is likely that a previous short-term visit could not be recorded during the 

weekly monitoring. 

 Similarly, tracking and recapture data of tagged individuals suggest that fidelity to the 

moulting site is a common trait among anatids (see e.g. Yarris et al. 1994; Phillips and Powell 

2006; Savard and Robert 2013). Black Duck (Anas rubripes; Bowman and Brown 1992), 

Black Brant (Branta bernicla nigricans; Bollinger and Derksen 1996) and Steller’s Eider 

(Polysticta stelleri; Flint et al. 2000), for instance, were shown to return to the same location 

within the moulting area. Familiarity with the habitat enhances a bird’s competitiveness and 

favours the access to known resources (Greenwood and Harvey 1982; Ketterson and Nolan 
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1983). Hence, during the critical stage of flightless wing moult, waterbirds may save time and 

energy by relying upon prior knowledge about productive feeding spots and places of refuge. 

The finding that Gadwalls even returned to ponds where they had been trapped in a previous 

year highlights the important role of familiarity and its potential to mitigate negative 

environmental effects. 

Of course, birds will also rapidly sample current conditions at the moulting site and 

may be forced to switch to alternative sites in response to unfavourable environmental 

changes (Loonen et al. 1991; Koop 1997). For example, long-term observations at Ismaning 

showed that single alterations in environmental conditions, e.g. changes in disturbance level, 

in water level, in nutrient inflow, or in densities of competitive fish, resulted in an immediate 

response of the waterbird community (von Krosigk and Köhler 2000; Köhler and Köhler 

2009a). While disadvantageous conditions caused a sudden breakdown in numbers, beneficial 

changes resulted in a rapid colonisation. The outcome of an environmental change may, 

however, differ strongly among species (von Krosigk and Köhler 2000), as illustrated by the 

species-specific habitat preferences indentified in the focal study. 

Moulting sites of high quality are only rarely found, in particular around densely 

settled areas (Hohman et al. 1992). The protection of existing key moulting sites should be a 

principal topic in the conservation of waterbirds given that such sites may hold a considerable 

proportion of the entire flyway population (Johnson and Richardson 1982; Little and Furness 

1985; Blew and Südbeck 2005; Köhler and Köhler 2009b). However, it also appears that 

flexible movement strategies enable waterbirds to detect and adapt to changing environmental 

conditions (Reed et al. 1999; Roshier et al. 2008a; Gehrold et al. in prep.) favouring the rapid 

development of new moult traditions (Salomonsen 1968; Lewis et al. 2011; Fox et al. 1998). 

An improved management of wetlands (e.g. assignation of sanctuaries, management of 

sewage discharge) therefore seems to be a meaningful tool to attract waterbirds during their 

critical stage of flightless wing moult. 
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APPENDIX 1 

 

Supplementary material chapter 1 

 

Supplementary Table S1.1. Results of the full generalised linear mixed models (GLMMs) describing the 

distribution of each of the five most common species within the Ismaning pond area during the moulting seasons 

of 2010 and 2011. All fixed effects were tested in a Bayesian framework, using the function sim (R-package 

lme4) to simulate the posterior distribution (1,000 simulations) and to obtain 95% credible intervals for the 

model parameters. Parameters had a clear (significant) effect if zero was not included in the 95% credible 

interval. Note that numeric variables (i.e. all fixed effects) had to be standardised. 

 

Full GLMMs:     Individuals per pondhectare  ~   calendar week +  

calendar week² +  

disturbance + 

shore vegetation +  

mean depth + 

conductivity +  

conductivity² + 

(calendar week + calendar week²) | pond + 

1 | calendar week factorised + 

1 | year + 

1 | observation level ID, 

data = species, family = poisson 

 

 

     
Species Term Estimate 95% Credible intervals Effect 

         q2.5% q97.5%  

      Gadwall (Intercept) 3.90 3.53 4.27  

 Calendar week -0.02 -0.21 0.17 No 

 Calendar week² -0.38 -0.57 -0.19 Yes 

 Disturbance -0.27 -0.39 -0.14 Yes 

 Shore vegetation -0.02 -0.15 0.13 No 

 Mean depth -0.17 -0.31 -0.02 Yes 

 Conductivity 0.30 0.17 0.44 Yes 

 Conductivity² -0.16 -0.22 -0.08 Yes 

 

 

 

 

 

 



 Chapter 1 

27 
 

Supplementary Table S1.1 (continued). 

     
Species Term Estimate 95% Credible intervals Effect 

         q2.5% q97.5%  

      Coot (Intercept) 2.80 2.61 2.97  

 Calendar week 0.14 0.05 0.23 Yes 

 Calendar week² -0.09 -0.18 -0.004 Yes 

 Disturbance -0.13 -0.21 -0.04 Yes 

 Shore vegetation -0.07 -0.15 0.02 No 

 Mean depth -0.16 -0.26 -0.07 Yes 

 Conductivity 0.15 0.07 0.23 Yes 

 Conductivity² -0.08 -0.13 -0.03 Yes 

      
Red-crested  (Intercept) 2.45 1.95 2.95  

Pochard Calendar week -0.27 -0.56 0.04 No 

 Calendar week² -0.49 -0.78 -0.20 Yes 

 Disturbance -0.12 -0.27 0.02 No 

 Shore vegetation 0.04 -0.13 0.21 No 

 Mean depth -0.04 -0.21 0.14 No 

 Conductivity 0.20 0.06 0.35 Yes 

 Conductivity² 0.01 -0.07 0.09 No 

      
Common  (Intercept) 1.34 1.04 1.66  

Pochard Calendar week -0.22 -0.41 -0.06 Yes 

 Calendar week² -0.42 -0.61 -0.23 Yes 

 Disturbance 0.02 -0.12 0.15 No 

 Shore vegetation 0.02 -0.12 0.17 No 

 Mean depth 0.11 -0.06 0.27 No 

 Conductivity 0.09 -0.03 0.22 No 

 Conductivity² 0.14 0.07 0.20 Yes 

 

 

 

 

 



 Chapter 1 

28 
 

Supplementary Table S1.1 (continued). 

     
Species Term Estimate 95% Credible intervals Effect 

         q2.5% q97.5%  

      Tufted Duck (Intercept) 2.15 1.66 2.59  

 Calendar week 0.56 0.37 0.73 Yes 

 Calendar week² -0.32 -0.52 -0.13 Yes 

 Disturbance -0.01 -0.08 0.07 No 

 Shore vegetation -0.06 -0.13 0.02 No 

 Mean depth 0.03 -0.06 0.11 No 

 Conductivity 0.004 -0.09 0.09 No 

 Conductivity² -0.07 -0.13 -0.02 Yes 

 

q2.5% and q97.5% = 2.5% and 97.5% quantiles of the posterior distribution 

Significant effects are shown in bold. 
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Supplementary Table S1.2. Results of the full generalised linear mixed model (GLMM) describing the 

distribution of flightless Gadwalls within the Ismaning pond area in 2011. All fixed effects were tested in a 

Bayesian framework, using the function sim (R-package lme4) to simulate the posterior distribution (1000 

simulations) and to obtain 95% credible intervals for the model parameters. Parameters had a clear (significant) 

effect if zero was not included in the 95% credible interval. Note that numeric variables (i.e. all fixed effects) 

had to be standardised. 

 

Full GLMM:     Flightless Gadwalls per pondhectare  ~  calendar week +  

calendar week² +  

disturbance + 

shore vegetation +  

mean depth + 

conductivity +  

conductivity² + 

(calendar week + calendar week²) | pond + 

1 | calendar week factorised + 

1 | observation level ID, 

family = poisson 

 

 

    
Term Estimate 95% Credible intervals Effect 

       q2.5% q97.5%  

     (Intercept)  3.09  2.70  3.78  

Calendar week -0.50 -0.79 -0.17 Yes 

Calendar week² -0.63 -0.96 -0.32 Yes 

Disturbance -0.38 -0.53 -0.24 Yes 

Shore vegetation  0.24  0.10  0.38 Yes 

Mean depth -0.13 -0.30  0.03 No 

Conductivity  0.11 -0.04  0.28 No 

Conductivity² -0.30 -0.38 -0.21 Yes 

 

q2.5% and q97.5% = 2.5% and 97.5% quantiles of the posterior distribution 

Significant effects are shown in bold. 
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CHAPTER 2 

________________________________________________________ 

 

Wing-moulting waterbirds maintain body condition under good 

environmental conditions:  

a case study of Gadwalls (Anas strepera) 

 

Gehrold, A. and Köhler, P. 

(2013) J Ornithol 154: 783-793. 

 

 

ABSTRACT 

 

Wing moult is a critical period within the annual cycle of birds, particularly in waterbirds 

which become completely flightless. The inherent vulnerability to anthropogenic disturbance, 

predation and decreasing habitat quality often results in remarkable body weight loss. 

However, moult-related changes in body weight can be explained by two hypotheses: The 

‘adaptive weight loss’ hypothesis suggests that the reduction of body weight is a special 

adaptation to flightlessness, whereas the ‘environmental constraint’ hypothesis suggests that 

weight dynamics mainly depend on local environmental conditions. To assess these two 

scenarios, weight changes of moulting Gadwalls (Anas strepera) were measured during 9 

study years. We also analysed the effect of sex-specific differences in timing of moult and 

previous reproductive investment. Over all years, flightless males lost on average 3.9% and 

females 10.6% of body weight, yet both sexes recovered weight towards the end of moult. In 

single years, male weight significantly decreased during only 1 out of 9 and female weight 

during 3 out of 8 moulting seasons. Only female weight dynamics changed considerably 

among and within these seasons. In particular, females were significantly lighter when 

moulting late, a trait that is characteristic of successful breeders. Lower average weight levels 

of moulting females following breeding seasons of higher reproductive output further 

highlight the connectivity of these consecutive life history stages. Overall, our data indicate 

that moult-related changes in body weight result from environmental circumstances, rather 

than being an adaptation to the flightless stage per se. Appropriate moulting sites should be 

created and protected because adverse habitat conditions during moult could have direct as 

well as long-lasting fitness-relevant effects on waterbirds. 
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INTRODUCTION 

 

Animals that live in a seasonal environment usually schedule major events of their annual 

cycle at specific times of the year. These life history stages are interconnected, meaning that 

present condition and activities influence future performance (McNamara and Houston 2008). 

Some life history stages are particularly demanding for animals. Even feeding may sometimes 

not be compatible with other, more important activities. Such a ‘programmed fasting’ can 

occur during hibernation, incubation, mate guarding, migration or moult (see Mrosovsky and 

Sherry 1980 for a review). Penguins, for instance, do not feed at all during moult (Williams et 

al. 1977). They have to omit foraging at sea because their plumage is no longer waterproof 

(Mrosovsky and Sherry 1980). Likewise, moult plays an outstanding role in the annual cycle 

of waterbirds. All anatid species renew their flight feathers during a simultaneous wing moult, 

meaning that they drop and consequently replace all feathers at once (Stresemann and 

Stresemann 1966). This renders them completely flightless for several weeks and dramatically 

reduces their potential to react to changes in food availability or to an attack by a predator.  

 With regard to the special case of wing moult in anatids, several physiological 

changes have been observed. Those can include build-up and degradation of muscle tissue, 

organs and fat depots (DuBowy 1985; Thompson and Drobney 1996; Fox and Kahlert 2005). 

Such moult-related fluctuations in body stores and body condition have been frequently 

investigated by measuring changes in body weight. However, the identified patterns are not 

consistent, i.e. one can find a negative (e.g. Portugal et al. 2007), quadratic (e.g. Thompson 

and Drobney, 1996) or an independent relationship (e.g. Ankney 1979) between body weight 

and feather growth. Differences in weight development of males and females make the 

situation even more complex (Owen and Ogilvie 1979; Moorman et al. 1993). 

The reduction of body weight during wing moult may indeed be a common 

phenomenon in birds that become flightless when moulting, and we will refer to this scenario 

as the ‘adaptive weight loss’ hypothesis. Several functions for such weight loss have been 

proposed. First, moult may generally result in nutritional stress and necessitate catabolism of 

body tissue to meet the costs of feather replacement (Hanson 1962). Second, birds may 

strategically reduce weight to shorten the flightless period, as lighter individuals need a 

smaller wing area to be able to stay aloft (Sjöberg 1988; Brown and Saunders 1998). Finally, 

the depletion of endogenous fat stores may enable birds to decrease time spent foraging, 

thereby lowering overall energy expenditure and predation risk (Panek and Majewski 1990). 

Studies on captive Mallards (Anas platyrhynchos) and Barnacle Geese (Branta leucopsis), 

which lost body weight despite unrestricted access to food, also suggest that weight loss 

during wing moult is caused by a common underlying mechanism (Pehrsson 1987; Portugal et 

al. 2007). 

However, deprivation of food during moult can have long-lasting effects. An 

insufficient food supply may adversely affect feather growth and result in shorter flight 

feathers (Pehrsson 1987). In addition, birds would have to recover the depleted body stores 

during the following autumn and winter period when food gets more limited. The apparent 
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ability of waterbirds to maintain their body weight during moult further indicates that a moult-

related weight loss may not reflect a programmed strategy. For example, Canada Geese 

(Branta canadensis) and White-fronted Geese (Anser albifrons flavirostris) moulting in 

western Greenland did not show any significant change in body weight. Apparently, these 

geese could meet the costs of feather synthesis and body maintenance by feeding on a 

nutritious diet which is available during the highly productive arctic season (Fox et al. 1998). 

Hence, the alternative ‘environmental constraint’ hypothesis suggests that weight dynamics 

are determined by local environmental conditions at the moulting site. 

To distinguish between the validity of the ‘adaptive weight loss’ versus the 

‘environmental constraint’ hypotheses, we monitored weight dynamics of moulting Gadwalls 

(Anas strepera). The herbivorous Gadwall may be particularly susceptible to nutritional stress 

during feather growth due to its low protein diet (Hohman 1993). Furthermore, Gadwalls and 

other dabbling ducks mainly rely on flight when escaping from predators. Predator avoidance 

behaviour during flightlessness should therefore be more pronounced than, for example, in 

diving ducks which usually escape by diving and can still do so when flightless.  

A previous study on Gadwalls, moulting at our study site ‘Ismaninger Speichersee mit 

Fischteichen’ in the 1970s and 80s, analysed gross changes in body weight and suggested a 

reduction of average weight during the flightless stage of wing moult (Köhler 1991b). No 

intra- and inter-annual differences were investigated at that time; this differentiation is, 

however, necessary to determine the adaptive value of moult-related weight loss. In the recent 

study, we use data for 9 individual moulting seasons (1979-1985, 2010-2011), account for 

year-specific climatic conditions and use samples from two sub-sites (reservoir vs. adjacent 

ponds). We expected a consistent pattern of moult-related weight loss independent of year or 

moulting location in support of the ‘adaptive weight loss’ hypothesis, whereas other scenarios 

(absent or variable patterns of weight modulation) would better support the ‘environmental 

constraint’ hypothesis. We also evaluate the connectivity of successive life history stages 

(McNamara and Houston 2008) by: (1) investigating whether Gadwalls maintain a constant 

weight level throughout moult, or at least regain weight towards the end of moult, to ensure a 

good condition during the subsequent autumn and winter period when food becomes naturally 

scarcer; and (2) testing whether body condition of moulting females could be explained by 

previous investment into reproduction. 
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METHODS 

 

Study site  

 

The Ramsar site and Special Protection Area ‘Ismaninger Speichersee mit Fischteichen’ 

(hereafter referred to as ‘Ismaning’) is located near the city of Munich, Bavaria, Germany 

(48°12’N, 11°43’E) and is known as internationally important moulting area of the Gadwall 

(Scott and Rose 1996). The entire wetland area covers 9.4 km
2
 and consists of a large 

reservoir (two basins: 380 ha, 200 ha) and an adjacent chain of shallower, smaller ponds (4.7-

8 ha). Due to inflow of treated sewage from the city of Munich, the reservoir was polytrophic 

in the 1980s and the sampling ponds have been polytrophic since the 1990s. However, 

advancements in sewage treatment between former (1979-1985) and more recent study years 

(2010, 2011) have caused changes in the water´s nutrient compositon and consequently in the 

composition of the aquatic vegetation (von Krosigk and Köhler 2000; Köhler and Köhler 

2009a).  

All waterbodies are confined by man-made dykes. Shorelines are covered with dense 

bushes, deciduous trees and reed patches, yet part of the reservoir is bordered by steep dykes, 

sparsely covered with vegetation. There is no public access to the pond system and the south-

western shore of the reservoir, resulting in minimal levels of anthropogenic disturbance. The 

area supports a variety of potential predators, such as the Red Fox (Vulpes vulpes), Northern 

Goshawk (Accipiter gentilis), Peregrine Falcon (Falco peregrinus) and also, in recent years, 

Yellow-legged Gull (Larus michahellis).  

 

Body measurements  

 

Moulting Gadwalls were caught between late June and September in a total of 9 study years. 

These years comprise two time series: 1979-1985 and 2010-2011. In the 1980s, ducks were 

caught in un-baited swim-in traps at the western bay of the large reservoir (see Köhler 1986, 

1991 for a detailed description), and identical traps were set in the smaller ponds in 2010 and 

2011. In total, 890 adult male and 278 adult female Gadwalls were measured during and at the 

end of wing moult. The ducks were weighed to the nearest 10 gram with a spring or a 

suspension scale and the length of the 9
th

 primary was determined with a ruler.  

It is obvious that body weight is linked to structural size, but this relationship may be 

concealed by pronounced inter- and intra-seasonal fluctuations in nutrient reserves which are 

common in anatids (Hohman et al. 1992; Tamisier et al. 1995). To test whether body weight 

alone was an appropriate measure of body condition during moult, we investigated its 

dependence on bill and tarsus length for some Gadwalls sampled in 2010 and 2011. Some 

pre-moulting birds were also included in the analysis to increase sample size. There was no 

significant relationship between bill length and body weight in males (linear regression: n = 

33, r² = 0.04, p = 0.25) or females (n = 14, r² = 0.12, p = 0.23) and the same was true for 

tarsus length (males: n = 59, r² = 0.02, p = 0.33; females: n = 35, r² = 0.08, p = 0.1). Indeed, 
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body weight seems to satisfyingly reflect body condition if data or knowledge about size 

dependent body structures are missing (Schamber et al. 2009; Labocha and Hayes 2012).  

 

Sex-specific differences 

 

The wing-moulting period of most waterbirds is preceded by the breeding season (Pyle 2005). 

In Gadwalls, as in most other duck species, males do not provide parental care and move from 

the breeding to the moulting area after the onset of the incubation period (Köhler et al. 1995; 

Hohman et al. 1992). Females incubate and raise the brood as a single parent. Their 

investment into reproduction clearly exceeds that of males. Furthermore, their timing (i.e. 

initiation) of moult depends strongly on breeding success: similar to males, non-breeding or 

unsuccessful females may migrate to distant moulting sites and moult early in the season, 

whereas successfully breeding females have to postpone moult until late in the season and 

moult closer to their breeding site (Oring 1964; Ringelman 1990; Yarris et al. 1994). Hence, 

female body condition during moult may vary more strongly dependent on seasonal changes 

in habitat conditions and previous reproductive investment. 

To account for possible effects of the timing of moult on weight dynamics between 

and within sexes, individual shedding dates were determined. We estimated the date when old 

flight feathers were shed using feather length on the day of capture and assuming a constant 

growth rate of 5mm/day (the approximate rate of growth determined by Köhler 1991b). 

Feather growth is not linear, i.e. growth rate is slightly higher than 5 mm/day at the beginning 

of moult and subsequently slows down as the feathers get longer (Köhler 1991b). 

Nevertheless, an average growth rate of 5 mm/day was an appropriate estimate for our 

purpose. Gadwalls with fully grown feathers were excluded because the exact number of days 

between capture and the completion of wing moult could not be determined. 

Recent breeding success of individual moulting females could not be assessed, but it is 

known that brood and duckling survival can differ strongly dependent on year-specific 

environmental conditions, e.g.water levels, precipitation and temperature (Lokemoen et al. 

1990; Pietz et al. 2003). Assuming that these conditions are relatively homogeneous in the 

Central European breeding areas, from where the majority of Gadwalls moulting at Ismaning 

supposedly originate (Köhler 1994; Scott and Rose 1996), we used breeding records from a 

sub-sample of sites as a proxy for the year-specific breeding output of Gadwalls in general. 

These data were obtained for all study years from four wetlands in southern Germany: 

Ismaning, Lake Constance, Ammersee and Chiemsee. Long-term monitoring of waterbirds at 

these locations has led to comprehensive data sets that can be used for comparisons across 

decades. We used the totals of successful female Gadwalls, i.e. observed with ducklings, and 

the total number of Gadwall ducklings per year. The number of ducklings had not been 

recorded for 12.4% of the observed families. In these unknown cases, seven ducklings per 

female were assumed, based on the overall mean. This approximation of year-specific 

reproductive output was then related to average body weight of females which were measured 

during wing moult at our study site. 
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Local weather data 

 

To account for year-specific variation in weather conditions, data on daily local surface 

temperature and precipitation rate were extracted from Movebank (www.movebank.org). 

Average temperature and precipitation were determined for each moulting season of the 

measured males and females, respectively, i.e. for the time interval between the date when the 

first trapped male or female had initiated moult in a specific year (calculated by shedding 

date) and the date when the last male or female was measured. 

 

Data analysis 

 

Statistical analyses were done in R 2.14.1 (R Development Core Team 2011). The two sexes 

were analysed separately to account for general differences in body weight and to determine 

sex-specific effects. For the analysis of weight development during individual years, we 

defined three moult stages depending on length of the growing 9
th

 primary: (1) the initial 

moult stage = 0-50 mm; (2) the middle moult stage = 50.5-125 mm (females) and 50.5-135 

mm (males); and (3) the final moult stage > 125 mm and 135 mm. The limits of 125 mm 

(females) and 135 mm (males) correspond to 75% of the final feather length (Köhler 1991b). 

The 75% threshold is critical because ducks are supposed to be completely flightless before 

the feathers reach this threshold but gradually regain flight afterwards (Sjöberg 1988; Panek 

and Majewski 1990; Köhler 1991b). Hence, body weight was likely to recover during the 

final moult stage (> 75% of final feather length) when birds regain their mobility. Year-

specific differences in body weight during distinct moult stages were evaluated via Analysis 

of Variance (ANOVA). When significant, Tukey HSD post hoc tests were used for pairwise 

comparison. Due to low sample size, model assumptions were violated for females trapped in 

2011, and this study year had to be excluded from the year-specific analysis of female weight 

development. In 1985 only one male and in 1981 only two females were measured during the 

initial moult stage. Similarly, only one female could be assigned to the final moult stage in 

2010. These particular cases were considered as non-representative and the affected moult 

stage was eliminated from the annual model. 

 Subsequently, the entire data set was combined to investigate body weight dynamics 

of moulting male and female Gadwalls in general. General linear mixed models (LMMs) were 

performed to account for the random effect of study year. Moult-related, seasonal and climatic 

effects were considered as explanatory variables: feather length (F), feather length² (F²), 

capture date, the interaction F x capture date, temperature and precipitation rate. In the 

analysis of body weight dependent on timing of moult, we incorporated year as random effect 

and the fixed effects: F, F² and shedding date. LMMs were refitted using maximum likelihood 

and effects of interest were individually tested via likelihood ratio tests (LRTs). 

Consequently, linear and quadratic regressions were used to visualise the contribution of 

single significant effects and to gather predictions on moult-related changes in body weight 

http://www.movebank.org/


 Chapter 2 

37 
 

based on our data. We investigated the relationship between annual reproductive output and 

female body condition during the subsequent moulting period by linear regression. 

 

 

RESULTS   

 

Body weight dynamics during wing moult 

 

Weight levels during moult were maintained in 7 out of 9 years in male and in 5 out of 8 years 

in female Gadwalls (Table 2.1). Significant changes in body weight could not be linked to a 

certain time period or moulting location but occurred in a few individual years (Table 2.1). 

For example, male weight increased significantly towards the end of moult in 1982 (post hoc: 

p = 0.02; Fig. 2.1). In contrast, during 1984, male weight decreased significantly between the 

initial and the middle moult stage (post hoc: p = 0.04) but did not change significantly 

between the middle and final stage (Fig. 2.1). Fluctuations in body weight of moulting 

females were more pronounced. In 1982 and 1985, females significantly lost weight during 

the first half of moult (post hoc: 1982: p = 0.003; 1985: p = 0.001; Fig. 2.1) and subsequently 

regained weight until the completion of moult (post hoc: 1982: p = 0.006; 1985: p = 0.04; Fig. 

2.1). The initial decrease in weight was also significant in 1979 (post hoc: p = 0.047), and the 

weight level remained stable thereafter (Fig. 2.1). We did not observe a significant decline of 

weight in individual years for either males or females that could be linked to higher weight 

levels at the onset of moult (Fig. 2.1). Ranges of year-specific average body weight were in 

general similar during the initial and the final stages of moult and covered less than 75 g in 

both sexes. During the middle moult stage, the inter-annual variation in average body weight 

was limited to only 51 g in males (min = 779.3 g; max = 830.2 g) but varied by 142 g in 

females (min = 636.7 g; max = 778.8 g; Fig. 2.1). 

To get insights into body weight dynamics in general, data from all study years were 

combined, and moult-related, seasonal and climatic effects were investigated. Body weight 

development was best explained by the linear and quadratic term of feather length (Table 2.2). 

Female body weight also changed significantly depending on capture date, and body weight 

of both sexes was influenced by the interaction of feather length and capture date (Table 2.2). 

Hence, variation in body weight could partly be attributed to moult per se, but the extent of 

this effect changed within the season. Average temperature differed by a maximum of 3.2°C 

between individual moulting seasons and precipitation rate differed by a maximum factor of 

2.3. However, these weather parameters did not significantly account for the variation in body 

weight (Table 2.2).  
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Table 2.1. ANOVA table for changes in body weight of moulting male and female Gadwalls between the initial, 

middle and final moult stage during each of the nine study years. 

      
Sex Year n F value df P value 

      ♂ 1979 29/44/27 0.49 2 0.61 

 1980 72/59/46 0.02 2 0.98 

 1981 21/27/9 0.75 2 0.48 

 1982 5/73/23 3.98 2 0.02 

 1983 12/65/38 2.39 2 0.10 

 1984 103/116/11 3.12 2 0.046 

 1985
 a)

 1/15/42 0.33 1 0.57 

 2010 7/5/14 1.17 2 0.33 

 2011 4/6/16 2.15 2 0.14 

      
♀ 1979 13/9/5 4.32 2 0.02 

 1980 13/25/25 0.002 2 0.998 

 1981
 a)

 2/11/7 1.73 1 0.21 

 1982 16/21/15 7.79 2 0.001 

 1983 6/12/6 2.62 2 0.10 

 1984 18/6/7 0.96 2 0.40 

 1985 7/19/8 8.66 2 0.001 

 2010
 b)

 8/8/1 0.63 1 0.44 

 2011
 c)

 2/2/6 _
 

 

_
 

 

 _
 

 
 

Gadwalls were either sampled at the reservoir (1979-1985) or at the 

pond area (2010-2011). Significant P values are shown in bold. 

n = Sample size per year and stage 
a) 

Weight change between middle and final moult stage 
b) 

Weight change between initial and middle moult stage 
c) 

Could not be calculated due to low sample size 
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Fig. 2.1. Average body weight (± standard error) of moulting Gadwalls during the three consecutive stages of 

wing moult in each study year. Black dots and lines show male weight in 1979-1985, 2010 and 2011. Grey dots 

and lines show female weight in 1979-1985 and 2010. Thick solid lines highlight significant changes in body 

weight. Annual sample sizes are given in Table 2.1. Note that average weight could not be calculated for the 

initial moult stage of males in 1985 and females in 1981 nor for the final moult stage of females in 2010 due to 

low sample size. Also note that the Y-axis is truncated. 

 

 

Table 2.2. Sources of variation in body weight of males and females during wing moult.  

    
Source variable Males, n = 890  Females, n = 278 

         ΔlogLik χ² P value  ΔlogLik χ² P value 

        Feather 4.8 9.63 0.002  22.8 45.66 <0.001 

Feather² 10.1 20.72 <0.001  4.9 9.88 0.002 

Capture date 0.7 1.47 0.23  7.7 15.59 <0.001 

Feather x capture date 1.9 3.93 0.047  4.4 8.80 0.003 

Temperature 0 0.07 0.80  1.2 2.43 0.12 

Precipitation 0.4 0.79 0.37  0.5 1.07 0.30 

 

LRTs were performed to test the contribution of individual variables to the full linear mixed models. Year (1979-

1985, 2010-2011) was included as a random factor. Significant P values are shown in bold. 
Feather = Length of the 9

th
 primary, i.e. moult stage 

ΔlogLik =  Difference in log-likelihood if source variable is excluded from the model 
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Further investigation of the relationship between body weight and feather length, excluding 

other explanatory variables, revealed that initial and final weight levels were similar. But in 

between, Gadwalls first lost and subsequently regained body weight (Fig. 2.2). Dependent on 

length of the growing 9
th

 primary, weight was predicted to be minimal at 92 mm in males and 

92.8 mm in females – values that lay well below the critical 75% threshold. The predicted 

weight loss added up to 32.3 g in males and to 80.9 g in females, representing 3.9% and 

10.6% of initial body weight, respectively.  

 

 

 

 
 

Fig. 2.2. Body weight development of males (left) and females (right) during wing moult over all 9 study years. 

Dots represent individual data points for 890 males and 278 females. Solid lines illustrate the predicted change in 

body weight dependent on feather length alone (model: weight = feather length + feather length²). Shaded areas 

depict predicted confidence intervals. Note that the Y-axis is truncated.  
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Body weight changes in relation to the timing of moult 

 

Female Gadwalls moulted significantly later than males (Student’s t test: t = 34.77, df = 1032, 

p < 0.001). The average onset of moult in males was on July 5
th

 (SE ± 0.3 days, n = 779). 

Across all years, 90% of males shed their flight-feathers within 28 days (Fig. 2.3). Female 

moult started on average on July 30
th

 (± 0.8 days, n = 252) but was less synchronised with 

90% of females initiating moult within 42 days (Fig. 2.3). For females, the simple linear 

regression indicated that shedding date significantly affected body weight as follows: early-

moulting females were significantly heavier than those moulting later (Fig. 2.3). After 

controlling for feather length, i.e. moult stage at capture, via LMMs, this effect remained 

highly significant in females (LRT, effect of shedding date: χ² = 15.63, p < 0.001). In contrast, 

male weight did not depend on timing of moult (LRT, effect of shedding date: χ² = 0.08, p = 

0.77).  

 

 

 
 

Fig.  2.3. Body weight of males (top) and females (bottom) dependent on calculated shedding date, i.e. onset of 

wing moult. Measurements were taken on the day of capture during 9 study years. Female, but not male weight, 

decreased significantly with shedding date. Test statistics are given on the upper right for males and females, 

respectively.  
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Female body weight changes in relation to the annual reproductive output 

 

Average body weight of moulting females correlated with the estimated annual reproductive 

output. The higher the number of successfully breeding females per year, the lower was 

average female body weight during the subsequent wing moult (r² = 0.58, p = 0.01, Fig. 2.4a). 

Similarly, body weight during moult declined with increasing numbers of ducklings per year 

(r² = 0.63, p = 0.006, Fig. 2.4b). 

 

 

 

 

Fig. 2.4. Relationship between year-specific breeding success and average female body weight (± standard error) 

during the subsequent moulting period. Reproductive success was estimated by (a) the number of females that 

were observed with ducklings and (b) the number of recorded ducklings per year. Annual sample sizes for 

female body weight measurements in 1979-1985, 2010 and 2011 are given in Table 2.1. 
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DISCUSSION 

 

Loss of body weight during wing moult has often been interpreted as a common strategy of 

waterbirds. The assumption that weight loss reflects a pre-defined adaptation to the flightless 

period is supported if this phenomenon appears independent of other factors, e.g. food 

availability (Portugal et al. 2007), predation pressure (Fox and King 2011) or seasonal and 

annual changes in environmental conditions. We therefore investigated body weight dynamics 

of moulting Gadwalls over 9 study years with respect to seasonal and year-specific 

differences. In fact, body weight of Gadwalls did not change significantly between the initial, 

middle and final stage of moult in the majority of individual study years. Males lost weight 

during only 1 out of 9 years and females during 3 out of 8 years. Significant changes in body 

weight during these particular years may have influenced our comprehensive analysis: for all 

years combined, average body weight of moulting Gadwalls decreased during the first and 

increased again during the second half of moult. Hence, when ignoring the variation between 

and within years, the observed pattern partly coincides with previous studies on the Gadwall 

which reported a decline in body weight during flightlessness (Oring 1969; King and Fox 

2012). As calculated from our data, males lost on average only 3.9% of body weight, whereas 

females lost 10.6%. Still, this amount does not seem overly critical compared to an average 

loss of 21% suffered by female Gadwalls during the time from egg-laying to brood-rearing 

(calculated from Oring 1969). Further, both sexes were able to recover weight before moult 

was complete.  

Next to changes in fat stores, moult-related changes in muscle mass may explain the 

initial decrease and subsequent recovery of body weight; for instance, flight muscle atrophy at 

the beginning and hypertrophy towards the end of moult (Brown and Saunders 1998; Ndlovu 

et al. 2010). However, such changes in breast muscles are often compensated by converse 

changes in leg muscles (see Hohman et al. 1992 for a review) or may vary between species or 

sexes (DuBowy 1985; Moorman et al. 1993). Fluctuations in muscle mass thus contribute to 

body weight dynamics during moult but may be masked by other, more important effects. For 

example, we found inter- as well as intra-annual differences in female weight development, 

yet there was no such effect in males. A closer investigation revealed that especially late-

moulting females, which are most likely to have bred successfully before the moult, were 

significantly lighter than early-moulting females. On the year-specific level, there was a 

strong relationship between average female body weight during moult and the preceding 

annual reproductive output, suggesting a carry-over effect between successive life history 

stages (Harrison et al. 2011). 
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The ‘adaptive weight loss’ hypothesis 

 

An early recovery of flight capability has been considered as one adaptive function of weight 

loss during wing moult. The critical threshold at which ducks can overcome flightlessness 

was supposed to be 75% of the final feather length (Sjöberg 1988; Köhler 1991b; Brown and 

Saunders 1998). Hence, as a heavier bird needs a larger wing area to stay aloft, birds should 

not accumulate weight before 75% of feather length is reached if weight loss serves for an 

early return to flight. Furthermore, if there is an optimal weight for regaining flight, rates of 

weight loss during moult should mainly depend on initial body weight (Lewis et al. 2011). 

Contradictory to this assumption, a significant reduction of body weight in flightless Gadwalls 

was only observed in few years and could not be obviously linked to higher average weight 

levels at the onset of moult. Over all years, body weight started to increase well before 

feathers had reached 75% of their final length; a development which would consequently 

prolong the flightless period. A similar pattern was observed in Canvasbacks (Aythya 

valisineria) in which body weight only decreased during the first days of moult but 

subsequently increased again (Thompson and Drobney 1996). These results do not rule out 

that weight loss for an early return to flight might be an adaptation of waterfowl species or 

populations that are exposed to stronger constraints at their moulting site; for example, 

species that breed and moult at high latitudes and have to cope with the short productive and 

ice-free season (van de Wetering and Cooke 2000). Waterbirds living in arid areas and 

suffering unpredictable wetland conditions, for instance African populations, may also be 

selected for minimizing the flightless period by a reduction of weight (Ndlovu et al. 2010).   

The decrease of foraging activity, reflecting a predator avoidance strategy, was 

proposed as another reason for weight loss in moulting, flightless waterbirds (e.g. Panek and 

Majewski 1990; Portugal et al. 2007). A programmed fasting may evolve when foraging is no 

longer compatible with more important activities related to survival and reproduction 

(Mrosovski and Sherry 1980). Incubating females of the Burmese Red Junglefowl (Gallus 

gallus spadiceus), for instance, reduced feeding very markedly so as not to leave the nest 

unattended (Sherry et al. 1980). This behaviour even persisted when food was placed next to 

the nest. Similarly, Barnacle Geese, Garganeys (Anas querquedula) and Common Eiders 

(Somateria mollissima) reduced foraging significantly during wing moult despite unrestricted 

access to food in captivity, which indicated a strong underlying mechanism (Portugal et al. 

2007, 2010). Although moult-related behavioural changes have also been noted in wild birds, 

a reduction of foraging was not necessarily involved (Döpfner et al. 2009). 

We did not directly measure foraging activity, nor could we obtain repeated 

measurements of individual birds, so our results have to be interpreted with caution. However, 

we found that average weight levels of moulting Gadwalls remained constant during most 

study years despite (1) the presence of several predator species and (2) Gadwalls’ dependence 

on a vegetable, low protein diet requiring extended foraging bouts (Paulus 1984; Webb and 

Brotherson 1988). Apparently, wing moult does not necessarily involve a programmed fasting 

to lower predation risk or energy expenditure during feather growth.  
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The ‘environmental constraint’ hypothesis 

 

Waterbirds tend to aggregate at well-defined moulting areas that are relatively safe from 

predation and disturbance and provide a reliable food supply (Salomonsen 1968). However, if 

they cannot fully meet their energy demands by exogenous sources at a particular moulting 

site, they would have to deplete endogenous fat stores – and consequently lose weight (Fox 

and King 2011). Having the capability to reduce body weight may certainly be advantageous 

for flightless waterbirds. But we suggest caution when proposing weight loss as pre-defined, 

even innate, adaptation.  

Several previous findings favour the ‘environmental constraint’ hypothesis: some 

studies found differences in weight levels and rates of weight loss among individual moulting 

seasons (Lewis et al. 2011), others found conflicting results when the same species was 

investigated at different moulting sites. For example, Mallards moulting at the Warta/Odra 

floodplain, Poland, and Blue-winged Teal moulting at Cheyenne Bottoms, USA, significantly 

lost weight (Panek and Majewski 1990; Brown and Saunders 1998). But both species 

maintained a constant weight level throughout moult when moulting at Delta Marsh, Canada 

(Young and Boag 1982; DuBowy 1987).  

At the moulting site Ismaning, polytrophic conditions and food richness prevailed at 

the two sampling locations (reservoir vs. ponds) and between the study periods in the 1980s 

and 2010/2011. An improved sewage treatment and associated changes in the water’s nutrient 

content have, however, caused changes in the composition of aquatic food organisms (Köhler 

and Köhler 2009a). These changes have obviously favoured herbivorous species including the 

Gadwall, whose numbers have tripled since the 1980s. Furthermore, the trapping location at 

the small ponds in 2010/2011 differed from the trapping station at the large reservoir in 

having extensive shallow water zones and densely vegetated embankments. These traits seem 

to be advantageous in providing food and shelter for flightless dabbling ducks, yet there was 

no obvious difference in weight dynamics between study periods and locations. Similarly, 

there was no effect of temperature or precipitation, suggesting that these weather parameters 

are not that critical within certain limits. In summary, both locations supposedly provided the 

key conditions, such as food richness and low levels of anthropogenic disturbance 

(Salomonsen 1968), which enabled moulting Gadwalls to maintain body weight. The 

particular factors that hampered the maintenance of body condition in a few years, however, 

remain unclear and their identification necessitates a more detailed sampling of environmental 

conditions. 
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Sex-specific differences 

 

Sex-specific differences in the extent of body weight fluctuations during wing moult have 

been noted in several waterbird species, but the results were controversial (compare e.g. 

Hanson 1962; Ankney 1979; Moormann et al. 1993). For Barnacle Geese, Owen and Ogilvie 

(1979) suggested that weight development was influenced by sex, the availability of food and 

by status (i.e. breeders vs. non-breeders). We also hypothesised that reproductive success 

affects body condition and timing of wing moult. In Gadwalls and other duck species, such an 

effect should only appear in females which incubate and care for the brood alone and 

consequently have to postpone wing moult (Ringelman 1990). In concordance with this, we 

found that (1) female Gadwalls moulted significantly later than males; (2) female wing moult 

was less synchronised; (3) body weight loss and inter-annual variation in average body weight 

during mid moult was more pronounced in females; and (4) female body condition changed 

with the progressing season. In particular, early moulting females, most likely being non-

breeders, were in general heavier than late moulting females representing potential breeders.  

It cannot be excluded that this seasonal effect was influenced by some temporal 

variation in our sample. It may be that ducks of different structural size or with intrinsic 

differences in body weight moult during different periods (see Guillemain et al. 2005a). 

However, it is reasonable to assume that the variation in female body weight was primarily 

determined by previous reproductive investment, given that female weight may decrease by 

more than 20% during the breeding season (Oring 1969; Noyes and Jarvis 1985). To 

investigate whether body condition of female Gadwalls could, indeed, be linked to carry-over 

effects between breeding and moulting, we used data on year-specific breeding success at four 

German wetlands. Although restricted, this sample should give an approximation of the 

annual breeding conditions that females encountered in the temperate zone of Europe before 

arriving at Ismaning to moult. The analysis revealed that the higher the estimated year-

specific reproductive output, measured by the number of females successfully hatching young 

and by the total number of ducklings, the lower was the average female body weight during 

the subsequent moulting period. We thus suggest that average annual weight of moulting 

females as well as the inter-annual variation in female weight dynamics were influenced by 

the proportion of successfully breeding individuals.  
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Conservation implications 

 

Our data on 1,168 Gadwalls and 9 study years can contribute to the debate about functions of 

body weight loss during the simultaneous flight feather moult of waterbirds. Our results best 

support the ‘environmental constraint’ hypothesis which emphasises the impact of 

environmental conditions on the ability of birds to prevent weight loss. Birds that complete 

moult in bad condition may suffer carry-over effects during subsequent life history stages 

(Harrison et al. 2011), which in turn highlights the adaptive value of supporting body weight 

and fat stores during wing moult. It is conceivable that favourable habitat characteristics at 

our study site facilitated the maintenance of body weight in moulting Gadwalls. At the same 

time, it appears likely that less suitable moulting areas do not allow waterbirds to maintain 

their physical condition during moult (Fox and King 2011). Our results also suggest that 

successfully breeding, late-moulting females face stronger constraints. Their limited capacity 

for a further decrease in weight, together with seasonal changes in the food spectrum (Haas et 

al. 2007) and the depletion of food sources by early-moulting con and heterospecifics (Koop 

1991), make them particularly vulnerable to adverse habitat conditions during moult. This 

becomes increasingly important at densely settled areas where wetlands are considerably 

influenced by anthropogenic disturbance (Hohman et al. 1992). Further comparative studies 

are needed to adequately qualify and quantify those environmental traits that are the most 

crucial for waterbirds during the critical stage of flightlessness. Such findings have to be 

incorporated into the management and protection of suitable moulting sites, given the 

increased vulnerability of flightless birds and the important role of wing moult within the 

annual cycle.    
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ABSTRACT 

 

The annual migration cycle of waterbirds often involves several distinct movement stages, for 

example within-winter movements or the moult migration during summer, which require a 

high degree of individual flexibility in migration direction. Here, we investigate whether such 

flexibility is a common characteristic of waterbird migration by analysing movement 

behaviour of a dabbling duck, the Gadwall (Anas strepera), during the little studied, 

intermediate autumn period. The tracking of individuals via satellite transmitters as well as 

the ring re-encounter analysis of three European Gadwall populations (Germany, England, 

Russia) revealed that autumn movements were multidirectional. Furthermore, the comparison 

with winter re-encounters suggested that autumn movements were partly independent of, or 

even directed away from the subsequently used south to southwestern wintering areas, 

including some individuals that travelled long distances north- or eastwards. Accordingly, 

some autumn locations were characterised by a harsh climate, thus serving as temporary 

staging sites but necessitating further movements when wetlands freeze during winter. The 

occurrence of such detours or reversals of migration was confirmed by the transmitter data. 

Inter-individual variability in distance and direction of autumn movements was found for both 

sexes and age-classes, indicating that Gadwalls in general followed flexible movement 

strategies. Based on the extent of multidirectional autumn movements, we hypothesise 

important benefits of such flights and suggest that the analysis of year-round movement 

patterns of individual animals during their distinct life-history stages is essential to understand 

how they can successfully reproduce and survive. 
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INTRODUCTION 

 

The power of flight enables birds to exploit distant areas that offer optimal temporary 

breeding and survival habitats at different stages of the annual cycle (Alerstam and Högstedt 

1982). When moving between these areas, most habitat generalists and terrestrial birds can 

navigate along an environmental gradient while others, particularly habitat specialists and 

waterbirds, depend on a patchy distributed resource (Bensch 1999). This dependence is, for 

example, pronounced in anatid species (ducks, geese and swans) which spend almost all their 

life on or along waterbodies. Even in areas where waterbodies appear to be abundant, for 

instance in Europe, only a few wetland types may fulfil the seasonal demands of a certain 

species (Nilsson and Nilsson 1978; Suter 1994). Furthermore, temporary events such as 

rainfall, desiccation or ice cover may further alter the availability of wetlands.  

Anatids may therefore strongly benefit from a goal-oriented migration resulting in the 

encounter of distinct, seasonally suitable wetlands. This strategy implies that individuals 

acquire the essential knowledge about the location of suitable sites and about the pathways 

that connect them by following experienced conspecifics or by performing independent 

exploratory movements (Wolff 1970). Furthermore, this strategy requires a relatively high 

degree of inter-individual flexibility with regard to the direction and distance of migration. 

Several studies indicate that such flexibility is indeed common in anatids, particularly in duck 

species: (1) paired male ducks follow females during their migration towards breeding sites 

(Schüz et al. 1971; Greenwood and Harvey 1982); (2) dependent on breeding status, males 

and females may perform undirected movements to well-defined moulting sites during 

summer (Salomonsen 1968; Yarris et al. 1994; Oppel et al. 2008); and (3) dependent on local 

weather and feeding conditions, both sexes may perform large-scale, sometimes 

multidirectional within-winter movements (Keller et al. 2009; Sauter et al. 2010).  

However, a part of the annual migration cycle which still lacks detailed information on 

migration patterns is the intermediate autumn period. Considering the patchy distribution of 

inland waters as well as the seasonal changes in their suitability between autumn and winter 

(when food supply decreases and high latitude waters freeze over), we here hypothesise that 

autumn movements may represent another discrete part of the annual migration cycle of 

ducks. In support of this hypothesis, we expect variability in the direction and destination of 

autumn movements to be more pronounced than during subsequent winter movements when 

harsh climatic conditions should restrict movements towards warmer, generally more 

southerly locations. In addition, we expect that undirected autumn movements are (1) more 

frequent in juveniles which cannot rely upon prior knowledge about suitable autumn and 

winter habitats; and (2) less frequent in females than in males, because females moult later in 

the season (Ringelman 1990; Gehrold and Köhler 2013) and consequently suffer stronger 

temporal constraints during the subsequent movements towards wintering sites.  

We test these predictions in the European Gadwall (Anas strepera) by means of ring 

re-encounter data of different populations and by tracking individual birds continuously via 

GPS satellite transmitters. The Gadwall has been continuously increasing in Europe during 
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the last decades (Cramp and Simmons 1977; Bauer et al. 2005), presumably in response to the 

eutrophication of wetlands and the creation of artificial reservoirs (Fox 2005a). It therefore 

seems to be a good candidate to evaluate flexible movement strategies that allow for the 

detection and utilisation of seasonal, high quality habitats. 

 

 

METHODS 

 

Study species 

 

The Gadwall prefers shallow, eutrophic waters and mainly feeds on submerged and emergent 

vegetation (Fox 2005a). In Europe, its migration towards breeding grounds peaks in March-

April (Bauer et al. 2005). After breeding, a distinct moult migration may lead males as well as 

females to well-defined moulting areas where large aggregations can be found (Köhler and 

Köhler 2009a). Subsequent autumn movements take place between September and November 

and most birds will arrive at their final wintering sites by December (Bauer et al. 2005). At 

this stage, many individuals have already formed pairs for the next breeding season (Paulus 

1983; Köhler 1991a).  

 

Tracking of individuals 

 

Gadwalls were trapped at the moulting site ‘Ismaning reservoir with fishponds’ in S Germany 

(48°12’N; 11°43’E; hereafter referred to as ‘Ismaning’) during summer (2009 – 2011). With 

daily maxima of about 15,000 Gadwalls, Ismaning represents one of the most important 

moulting areas of the European population (Köhler and Köhler 2009a).  

The ducks were caught in un-baited swim-in traps (Köhler 1986), sexed, aged and 

ringed. All of them were adults (> 1 year). 72 Gadwalls were tagged with nasal saddles, 

labelled with individual alpha-numeric codes, following the method described by Rodrigues 

et al. (2001). 19 individuals were resighted during the subsequent autumn and winter period. 

In 2009 and 2010, further 23 individuals were equipped with backpack satellite transmitters 

(http://microwavetelemetry.com) by use of the harness described by Roshier and Asmus 

(2009). However, because of equipment failure, which is common in ducks and anatids 

(personal observation), only six males and one female could be tracked after leaving the 

moulting site. Note that the initial sample was already male-biased (18 males, 5 females), as 

we tried to avoid to use the heaviest device (Type 1, see Table 3.1) for lightweight females. 

The transmitters eventually accounted for 2.3% - 4.1% of body weight and an overview of the 

three types of deployed devices is given in Table 3.1.   

Location data were automatically downloaded from the ARGOS webpage 

(www.argos-system.org) and stored in Movebank (www.movebank.org, Fiedler and Davidson 

http://microwavetelemetry.com/
http://www.argos-system.org/
http://www.movebank.org/
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2012). Type 1 transmitters (Table 3.1) provided highly accurate GPS data.  For type 2 and 3, 

accuracy of each satellite fix was given by the Argos location class (LC). We included all data 

accurate to within 1.5 km (LC = 1, 2, 3; CLS 2011). Although location deviations can be 

higher for LC = 0, A, B (CLS 2011), we accepted these coordinates if verified by other fixes. 

We manually checked the data for outliers and exported the cleaned tracks to a Movebank 

library (DOI: 10.5441/001/1.26dg08hv).  

All movements of birds with nasal saddles or transmitters were evaluated with regard 

to season and, if possible, time of day. Migration directions and distances were calculated 

using loxodromes (Imboden and Imboden 1972) and staging sites were identified. For 

transmitter-birds, minimum stopover times were calculated based on the first and last satellite 

fix at each staging site. 

 

 

Table 3.1. Microwave satellite transmitters deployed on the 7 Gadwalls (6 males, 1 female) that could be tracked 

after leaving the moulting site. Note that 16 other transmitters (13x Type 1, 2x Type 2, 1x Type 3) failed before 

departure, i.e. within two months.  

Type Device Weight 

(g) 

# Tags Duty cycle Maximum location 

accuracy (m) 

# Days 

operating 

1 Solar Argos/GPS PTT 32 4 4 fixes/d ± 18 69 – 233 

2 Solar GPS PTT 18 1 10 h on, 2 d off < 250 78 

3 Battery GPS PTT 22 2 10 h on, 10 d off < 250 87 – 322 

 

PTT = Platform transmitter terminal 

Maximum location accuracy: see Microwave Telemetry (http://www.microwavetelemtry.com), CLS (2011). 

 

 

Autumn and winter migration in three European Gadwall populations 

 

European ringing data were obtained from the EURING database (1930-2009, 

www.euring.org). We selected Gadwalls that were ringed during the astronomical summer 

(after 21
st
 June) and re-encountered at distances > 40 km. Direct re-encounters between 

August and October were classified as movements towards autumn staging sites, whereas 

direct re-encounters between November and 21
st
 March, when harsh winter conditions may 

occur, were classified as movements towards wintering grounds.  

The dataset was restricted to individuals ringed in S Germany (n = 146), England (n = 

98) and the European part of Russia (n = 60) because other regions did only harbour single 

records. All German birds were ringed at the moulting site Ismaning. Here, we added recent 

information on the movements of Gadwalls tagged with transmitters or nasal saddles at 

Ismaning in 2009 – 2011 (n = 26), using the first verified relocation (> 40 km) of each bird. 

Two Russian birds were excluded from our sample after first inspection of the data. These 

http://www.microwavetelemtry.com/
http://www.euring.org/
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two March recoveries came from Western Siberia, not reflecting the location of winter 

residence, but an early return to the breeding grounds. 

Re-encounters were accurate in time to ≤ 2 weeks and in space to ≤ 5 km (except one 

bird that was recovered within 20 km). Whenever possible, we differentiated between males 

and females and between juveniles (1
st
 year of life) and adults (> 1 year). 

 

Temperature data 

 

We aimed to investigate whether autumn movements either led birds to suitable wintering 

sites or were chosen by use of other criteria that might involve instantaneous or future 

advantages but necessitate further movements when temperatures drop and wetlands start to 

freeze. Therefore, current climate data (1950-2000) were downloaded from WorldClim 

(www.worldclim.org/bioclim) with the highest spatial resolution (~1 km). The bioclimatic 

variable ‘mean temperature during the coldest quarter of the year’ was chosen as a measure of 

local winter conditions with regard to the occurrence of cold spells and the resulting 

emergence of ice cover on waterbodies. Corresponding values were extracted for the autumn 

re-encounter locations, i.e. potential wintering sites, and for actual winter re-encounter 

locations. These temperature data were transformed into a binary response to represent values 

below and above freezing (≤ 0°C vs. > 0°C). 

 

Data analysis 

 

Statistical analyses were performed in R 2.15.0 (R Developmental Core Team 2012). 

Migration directions of Gadwalls ringed in Germany, England and Russia were investigated 

on the population-specific level due to differences in wintering distributions (Scott and Rose 

1996) and in local geography (e.g. occurrence of natural barriers). The mean migration 

direction was calculated for autumn and winter re-encounters and tested for significance with 

Rao´s spacing test (Batschelet 1981). The circular statistics program Oriana (Kovach 2004) 

was implemented to calculate the length of the mean vector (‘r-Vector’) as a measure of 

directional concentration and to compare the distribution of bearings during autumn and 

winter with a Mardia-Watson-Wheeler test (Batschelet 1981). 

Next, we set a 90° sector around the mean direction towards wintering areas and 

classified all autumn movements as either consistent or inconsistent with this main winter 

bearing. To investigate whether the age classes (adults vs. juveniles) or sexes differ in their 

affinity to perform autumn movements that are directed away from the main wintering sector, 

we selected birds of known age and/or sex. For this analysis, the German and the English 

samples were combined to increase overall sample size (Germany: nage = 49, nsex = 45; 

England: nage = 26, nsex = 19). Russian birds had to be excluded due to missing information. 

Age- and sex-specific effects were then tested in generalised linear mixed models, using 

Bayesian statistics (Appendix 3: Supplementary Table S3.1).  

http://www.worldclim.org/bioclim
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Similarly, distances of autumn movements were compared between adults and 

juveniles and between males and females. Distances were log-transformed and analysed 

dependent on direction, age/sex and the interaction direction:age/sex. We fit general linear 

mixed models to the data and tested individual effects via likelihood ratio tests (LRTs, 

Appendix 3: Supplementary Table S3.2). 

Finally, generalised linear models followed by LRTs were used to compare the 

proportion of autumn and winter recoveries that were located at areas of a relatively cold (< 

0°C) or mild (> 0°C) winter climate. 

 

 

RESULTS   

 

Tracking of individuals 

 

Movements from the moulting location to an autumn staging site were multidirectional. Some 

Gadwalls moved to the SW, whereas others left to the N or NE (Fig. 3.1a). Continuous 

tracking of several individuals revealed that the wetlands chosen as staging sites were not 

necessarily located en route to subsequently used autumn habitats or final wintering grounds. 

For example, one male (#41731, Fig. 3.1b) moved 242 km NE to a small pond area in the 

Czech Republic in September. Two weeks later, it migrated 360 km SE to Lake Neusiedl, 

Austria/Hungary. Another male (#91770, Fig. 3.1c) moved 205 km to the SW. After two 

months at Lake Constance, it flew 80 km back to the NE to the river Iller. Finally, it continued 

its migration with a SW bearing to reach its wintering site at the High Rhine, Switzerland 

(150 km). An even more pronounced reversal of movement directions and distances was 

observed in a male tagged with a nasal saddle (Fig. 3.1a). Post-moulting, it was recorded SW 

at Lake Neuchâtel, Switzerland. It subsequently returned to the moulting area – a total journey 

of at least 830 km. Finally, it moved again to Switzerland, this time to Lake Lucerne (276 

km). 

Three Gadwalls with transmitters were also tracked during migratory flights. These 

flights were rapid and highly target-oriented, following an almost straight line between origin 

and destination (Fig. 3.1b-d; DOI: 10.5441/001/1.26dg08hv). Records of three other Gadwalls 

tracked earlier in the season, during departure from their breeding grounds, confirmed this 

pattern of highly directed movements (transmitters #91736, #91784, #91801; DOI: 

10.5441/001/1.26dg08hv). 

Whenever Gadwalls could be tracked after arrival at an autumn staging site, they 

stayed for at least two weeks. Birds that could be continuously tracked during winter (n = 3) 

were stationary and used specific wetlands for extended periods (> 10 weeks; Fig. 3.1, DOI: 

10.5441/001/1.26dg08hv). 
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Figure 3.1. Movements and stopover sites of 7 males and 1 female (pink track) after departure from the moulting 

site in SE Germany. (a) Overview of all Gadwalls tracked via satellite transmitters and of one Gadwall tagged 

with nasal saddle (marked by asterisk). (b) - (d) Birds tracked during migration (solid lines). Dashed lines 

represent unverified movement paths (> 3 days without localisations).  
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Ring re-encounters during autumn and winter migration in three European Gadwall 

populations 

 

The majority of Gadwalls originating from S Germany wintered in France, N Italy and Spain 

(Fig. 3.2). Gadwalls ringed during summer in England stayed on the island or wintered along 

the NW to SW part of the European continent, whereas Russian Gadwalls concentrated at the 

Caspian Sea (Fig. 3.2). During autumn (Aug – Oct), some birds could already be recorded S 

to SW, close to the identified wintering areas. However, as shown above in the individual 

tracking data, several individuals also performed autumn movements in opposing directions, 

sometimes travelling hundreds of kilometres to the NW, N, and NE (Fig. 3.2, Fig. 3.3).  

 

 

 

 
 

Figure 3.2. Migration of Gadwalls ringed during summer in Germany, England and Russia and re-encountered in 

> 40 km distance during the following autumn (Aug – Oct) or winter period (Nov – 21
st
 Mar). Note the different 

latitudinal and longitudinal scales for Russian migrants. 
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There was a clear directional preference during both autumn and winter (Rao`s spacing test: 

all p < 0.05), except for English autumn migrants (p > 0.1; Fig. 3.3). However, the 

distribution of bearings significantly changed between seasons in all three populations 

(Mardia-Watson-Wheeler test: Germany W = 10.42, p = 0.005; England W = 6.22, p = 0.03; 

Russia W = 8.27, p = 0.016; Fig. 3.3). Autumn re-encounters were in general less 

directionally concentrated than winter re-encounters, yet English birds exhibited little 

directional concentration during both seasons (see r-vector, Fig. 3.3). 

 

 

 

 
 

Figure 3.3. Directions of autumn and winter movements > 40 km of Gadwalls ringed during summer in 

Germany, England and Russia. The arrows point to significant mean directions. Arrow lengths represent the 

standardised lengths of the r-vectors, a measure of the concentration of taken bearings. Grey sectors depict the 

mean 90° sector of winter re-encounters. 
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There was no difference in the likelihood of adults and juveniles or of males and females to 

deviate from subsequent wintering areas during autumn (Fig. 3.4a, Appendix 3: 

Supplementary Table S3.1). Indeed, 38% - 58% of individuals of one age class or sex were re-

encountered at autumn locations that did not correspond to the main wintering locations. This 

finding could not be attributed to an increased directional variability of English migrants, in 

general (see above), but held also true when German birds were tested separately (42% - 50% 

deviated).  

Similarly, there was no age- or sex-specific effect on the distances covered during 

autumn (LRT: all p > 0.05, Fig. 3.4b, Appendix 3: Supplementary Table S3.2). However, the 

distances covered were shorter when their direction deviated from the direction to the main 

wintering distribution (LRT: p < 0.001, Appendix 3: Supplementary Table S3.2).  

 

 

 

 

 

 

 

Figure 3.4. Autumn movements (Aug – 

Oct) of the two age classes and sexes. 

The German and English samples were 

combined. (a) Percentage of Gadwalls 

moving towards (grey) or deviating from 

the mean 90° sector of the final winter 

distribution (white, see Fig. 3.3). (b) 

Mean distance (± confidence intervals) 

travelled during autumn. 
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The role of winter temperature 

 

The analysis of mean temperatures during the coldest quarter of the year at re-encounter 

locations revealed that final winter locations were characterised by a milder winter climate 

than autumn locations for German and Russian Gadwalls (LRT: all p < 0.001). During 

autumn, 35% of German birds and 89% of Russian birds were located at areas that would later 

experience mean winter temperatures below freezing, i.e. areas inappropriate for wintering 

ducks (Fig. 3.5). During winter itself, German and Russian Gadwalls gathered at warmer 

areas (mean temperature > 0°C; Fig. 3.5). In contrast to the continental populations, English 

birds were exclusively recorded in mild climatic areas during all periods investigated (Fig. 

3.5). 

 

 

 

 
 

Figure 3.5. Autumn and winter locations of Gadwalls ringed in Germany, England and Russia that are in general 

characterised by a harsh or a mild winter climate (average temperature ≤ 0°C vs. > 0°C). The numbers in the 

column sections indicate the number of re-encounters. 

 

 

DISCUSSION 

 

The overall annual movement of animals involves different types of movements such as 

migration to the breeding as well as to the non-breeding grounds that represent a response to 

predictable seasonal changes in requirements and environmental conditions (Alerstam and 

Högstedt 1982; Ramenofsky and Wingfield 2007). The migratory cycle of anatid birds is 

often more complex and may involve distinct movements in advance of wing moult or during 

winter (Salomonsen 1968; Berthold 1990; Oppel et al. 2008). Here, we observed another type 

of movement in a waterbird species: autumnal movements that were apparently characterised 

by high inter-individual variability in migration direction and destination. In addition, as 

suggested by the comparison of autumn (Aug - Oct) and winter re-encounters (Nov - Mar) of 
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European Gadwalls, autumn movements were partly independent of the prevalent, south to 

southwesterly direction towards final wintering grounds, including some individuals that 

moved large distances in opposite directions.  

On the population-specific level, we found that Gadwalls originating from England 

exhibited the lowest differentiation between autumn and wintering locations. This was largely 

due to the fact that undirected winter re-encounters were more common in this population. 

Some birds apparently wintered in the North while staying on the British islands. 

Nevertheless, all English Gadwalls experienced consistently mild temperatures, confirming 

the role of Great Britain as a favoured wintering area of European Gadwalls (Fox and 

Mitchell 1988; Fox and Salmon 1989). In contrast, German and Russian Gadwalls that moved 

to the North and East in autumn would have experienced sub-zero temperatures during the 

subsequent winter months. Associated changes in the availability of ice-free waterbodies 

would thus have forced the birds to leave these locations later on. Furthermore, the observed 

concentration of German and Russian Gadwalls in sufficiently warm (non-freezing) areas 

during winter indicated that even individuals that first move north- or eastwards in autumn 

may subsequently fly south or westwards during their migration towards wintering sites. 

Direct evidence for such movement detours came from individuals that were tracked 

after departure from the German moulting site. Continuous tracks or repeated resightings 

could only be obtained for few individuals. Nevertheless, even within this small sample of 

birds, the directions of autumn movements scattered from Southwest to Northeast. Some 

autumn movements also included a partial or even complete reversal of movement directions 

and of distances up to several 100 kilometres. In other avian species, reversal movements of 

this kind occur primarily when migrants are confronted with adverse weather conditions or an 

ecological barrier (Schüz et al. 1971; Åkesson et al. 1996). However, Gadwalls with 

transmitters (1) moved rapidly and highly target-oriented independent of direction; (2) 

neglected numerous waterbodies en route; and (3) used a targeted wetland for at least two 

weeks. Therefore, it is conceivable that the tracked birds, all of them being adults, used prior 

experience to navigate to specific wetlands (see also Roshier et al. 2008b).  

The ring re-encounter analysis of German and English Gadwalls further suggested that 

multidirectional autumn movements were as common in experienced adults as in 

inexperienced juveniles. Similarly, both sexes were shown to have a broad, individually 

variable movement distribution during autumn. It is so far impossible to determine whether 

individuals tend to move independently or rather follow other (experienced) individuals in 

space and time. However, considering the early pair formation of the Gadwall which already 

starts during summer (Köhler 1991a), we hypothesise that at least paired individuals migrate 

together. This hypothesis is consistent with the fact that males and females of other early-

pairing ducks, e.g. Mallard (Anas platyrhynchos) and Wood Duck (Aix sponsa), also gather in 

the same non-breeding areas (Perdeck and Clason 1983; Hepp and Hines 1991), whereas 

males and females of later pairing species often show a sex-specific spatial differentiation 

(Perdeck and Clason 1983; Owen and Dix 1986; Carbone and Owen 1995).  
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How can we consequently explain the high inter-individual variability in movement 

behaviour during autumn independent of age and sex? We suggest, based on the large extent 

of the multidirectional autumn movements, that individuals may derive a direct advantage 

from them. For example, Gadwalls may exploit temporarily superior feeding grounds. They 

would thus be able to recover body stores depleted during the preceding breeding and/or 

moulting period (Oring 1969; King and Fox 2012; Gehrold and Köhler 2013) or to 

accumulate fat stores in preparation for winter when resources are most restricted for dabbling 

ducks (Alerstam and Högstedt 1982).  

Not mutually exclusive, Gadwalls that already fly towards final wintering grounds 

during autumn may approach known wetlands or may sample the quality of potential 

wintering locations (e.g. wetland characteristics, food supply, competition). Similarly, Lewis 

et al. (2010) could show that pre-moulting Brent Geese (Branta bernicla nigricans) visited 

several wetlands before choosing their final moulting site.   

A test of the hypotheses we propose above requires measurements of habitat 

conditions at the chosen autumn locations. Furthermore, one will need to evaluate fitness-

relevant consequences of an individual bird’s movement strategy. This task was impossible to 

address in our study because most transmitters had failed by late winter and most ringed birds 

were shot. The latter point, however, raises another important issue: the impact of the local 

hunting pressure on the temporal and spatial distribution of ring recoveries (Perdeck 1977; 

Hofer et al. 2005). For example, most Gadwalls were re-encountered in southern and western 

European countries where hunting pressure is much more intense than in northern or eastern 

countries (Fox and Mitchell 1988; Hirschfeld and Heyd 2005). Based on these local 

differences, we hypothesise that the proportion of Gadwalls that move to the North or East, 

using staging sites beyond the defined non-breeding range, may be even higher than reported 

in our study. 

In summary, the great flexibility observed in migrating Gadwalls during autumn 

appears to be consistent with, and likely surpasses, individual, variable movements of ducks 

during other parts of the annual cycle (e.g. Salomonsen 1968; Roshier et al. 2008b; Keller et 

al. 2009; Sauter et al. 2010). Furthermore, ring recoveries as well as genetic analyses indicate 

that European dabbling and diving ducks frequently connect flyways that were formerly 

thought to be separated (Guillemain et al. 2005b; Keller et al. 2009; Kraus et al. 2011; Liu et 

al. 2012). This flexibility in migration behaviour may strongly enhance the ability of duck 

species to discover suitable waterbodies, despite the spatially and temporally patchy 

distribution of this habitat type. The success of this movement strategy, however, depends on 

the general availability of wetlands that meet the species-specific demands; a prerequisite that 

becomes increasingly important in densely settled areas where wetlands are strongly affected 

by anthropogenic disturbance (Hohman et al. 1992).  

The conservation of wetlands and waterbird populations necessitates further studies 

that link migratory habits and habitat use of waterbirds. In addition, knowledge about seasonal 

differences in waterbird movement strategies may be crucial for predicting the emergence and 
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spread of avian-induced diseases (Takekawa et al. 2010) and may also significantly contribute 

to our understanding of bird migration in general. 
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APPENDIX 3 

 

Supplementary material chapter 3 

 

Supplementary Table S3.1. Occurrence of undirected autumn movements, i.e. movements deviating from the 

mean 90° sector of the final winter distribution, dependent on age and sex. Generalised linear mixed models 

(GLMMs) were fit to a sub-sample of Gadwalls of known age (n = 75) or sex (n = 64) which originated from 

Germany and England. Origin was included as random effect. The two separate models were used to calculate 

parameter estimates for juveniles relative to adults and for females relative to males. Possible age- and sex-

specific effects were tested in a Bayesian framework, using the function sim (R-package lme4) to simulate the 

posterior distribution (10,000 simulations) and to obtain 95% credible intervals for the model parameters. 

 

GLMMs: Autumn direction ~ X + (1|origin), family = binomial 

     
X Term Estimate 95% Credible intervals Effect 

   q2.5% q97.5%  

      Age (Intercept) -0.09 -0.68 0.50  

 Age yearling 0.42 -0.52 1.33 No 

      

Sex (Intercept) 0.10 -0.51 0.72  

 Sex female -0.61 -1.64 0.41 No 

 

There is a significant effect if zero is not included in the 95% credible interval. 

q2.5% and q97.5% = 2.5% and 97.5% quantiles of the posterior distribution. 
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Supplementary Table S3.2. Variation in distances (log-transformed) covered during autumn movements. Linear 

mixed models (LMMs) were fit to a sub-sample of Gadwalls of known age (juvenile vs. adult, n = 75) or sex (n 

= 64) which originated from Germany and England. Origin was included as random effect. LMMs were re-fit 

using maximum likelihood and likelihood ratio tests were performed to test single fixed effects.  

 

LMMs: Log (autumn distance) ~ direction
†
 + X +  X:direction

†
 + (1|origin) 

 

     
    Likelihood ratio test statistics 

       
X Term df AIC logLik χ²        P 

       
Age Full model 6 203.0 -95.5   

 Direction
†
 4 220.5 -106.2 21.5 <0.001 

 Age 4 200.8 -96.4 1.8 0.40 

 Age:direction
†
 5 202.7 -96.4 1.7 0.19 

       

Sex Full model 6 170.8 -79.4   

 Direction
†
 4 192.2 -92.1 25.4 <0.001 

 Sex 4 168.2 -80.1 1.4 0.49 

 Sex:direction
†
 5 169.0 -79.5 0.3 0.61 

 

Significant P values are shown in bold. 
†
Binary response: autumn direction consistent vs. inconsistent with the mean 90° sector of the final winter 

distribution.  

df = degrees of freedom 

AIC = Akaike’s information criterion 

logLik = Log-Likelihood 
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GENERAL DISCUSSION 

________________________________________________________ 

 

The investigation of European Gadwalls during the wing-moulting period in summer and the 

migration and staging periods in autumn and winter provides two major findings: 

(1) Behavioural strategies are implemented in a way to enhance both current state and future 

performance. 

(2) Behavioural strategies differ between single individuals, presumably in response to inter-

individual variation in initial condition but probably also due to differences in the constraints 

and trade-offs that an individual has to expect during subsequent life history stages. 

These results are in line with life history theory predicting that an individual can increase its 

overall fitness by a defined allocation of the available time and energy (Jacobs and Wingfield 

2000; Wingfield 2005).   

For example, it could be shown in this thesis that Gadwalls as well as Red-crested 

Pochards, Common Pochards, Tufted Ducks and Coots choose their moulting habitat 

dependent on the species-specific feeding ecology and behavioural repertoire (chapter 1). This 

active habitat choice may strongly enhance an individual’s survival probability during the 

critical stage of flightless wing moult. Favourable conditions during moult may, at the same 

time, enable the individual to maintain its body condition. Such a pattern was observed in 

moulting Gadwalls whose body weight dynamics were analysed over nine study years, 

including a total sample of 1168 birds (chapter 2). Similarly, an individual may ideally 

prepare for severe winter conditions by moving towards more suitable areas as well as by 

accumulating sufficient endogenous reserves during the intermediate autumn period. 

Tracking, resighting and ring recovery data of a total of 328 Gadwalls revealed that 

individuals pursue both these strategies (chapter 3).  

I will now reconsider the obtained results with regard to the connectivity of 

consecutive life history stages and the inherent carry-over effects (Harrison et al. 2011). I will 

also discuss how these results apply to other anatid species and why they are relevant for our 

general understanding of behavioural strategies in birds. 
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Most studies concerning annual life history events and population dynamics have focussed on 

performance during breeding and survival (i.e. wintering) periods (Sillett and Holmes 2002; 

Newton 2004). Comparably little is known about moult or intermediate migration and staging 

periods (Leu and Thompson 2002; Arzel et al. 2006). However, these periods contribute 

significantly to the overall fitness of an individual. Moult and migration do not only involve 

discrete energetic costs and adaptations in physiology and behaviour (King 1980; Alerstam 

1991; Jenni and Winkler 1994; Ramenofsky and Wingfield 2007) but are also inevitably 

linked to other life history stages (Jacobs and Wingfield 2000; Wingfield 2005). 

The regular moult of feathers is essential for all birds, whether they possess the 

capability of flight or not and whether they are migrants or residents. Hence, moult is 

scheduled in the most efficient way dependent on the bird’s lifestyle (Barta et al. 2006, 2008). 

In addition, some species need to move to distinct moulting areas. This dependence seems 

most pronounced in waterbirds which are usually used to rely on flight but become 

completely flightless during wing moult (Salomonsen 1968; Jehl 1990). It seems obvious that 

the immobile, flightless stage requires a reliable food supply and low levels of disturbance. 

However, the response to specific environmental conditions has rarely been evaluated, in 

particular in waterbird species inhabiting inland waters (but see Oring 1964, Ringelman 1990, 

Hohman et al 1992 for a general characterisation of moulting habitats). 

Most ducks, geese and swans perform wing moult in coastal areas and it has been 

shown that they aggregate in remote lagoons (e.g. an estimate of several hundred thousand 

seaducks moulting along the Alaskan coast; Johnson and Richardson 1982) or on wetland 

complexes close to the coast (e.g. >90,000 geese moulting in the Teshekpuk Lake Area, 

Alaska; Flint et al. 2008). Such huge aggregations of moulting waterbirds are seldom found 

on inland waters although exceptions exist, for example the Volga Delta (Scott and Rose 

1996), the Warta-Odra floodplain (Panek and Majewski 1990) or the Ismaning reservoir with 

former fish ponds (Köhler and Köhler 2009a, b). At the latter site, I was able to analyse 

habitat choice of the five most common local species in relation to an environmental gradient. 

My observations were in general consistent with the suggested species-specific habitat 

preferences, namely that moulting diving ducks prefer large, open waters (Oring 1964; 

Ringelman 1990; Hohman et al. 1992) and dabbling ducks and Coots shallow wetlands with 

abundant cover (Oring 1964; Bauer et al. 1973; Gilmer et al. 1977; Ringelman 1990; Bowman 

and Brown 1992; Hohman et al. 1992). Furthermore, my results indicated that these 

differences in the use of aquatic microhabitats affect the species-specific susceptibility to 

human-induced disturbance events. Gadwalls and Coots which showed a clear preference for 

shallow water zones were also most sensitive to disturbance. Similarly, Red-crested Pochards 

which have been observed to stay in vicinity of the shore during the flightless stage were 

partly deterred by human disturbance (although this effect was not significant). Common 

Pochards and Tufted Ducks were hardly affected by the presence of humans, presumably 

because they do not depend on shallow feeding spots close to the shore. However, when 

assuming that the observed relationship of microhabitat use and sensitivity holds also true for 

the latter species, it seems likely that Common Pochards and Tufted Ducks are negatively 
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affected by disturbance events caused by aerial predators and waterborne recreation (see also 

Fox 2005b). 

In summary, it was found that differences in the water’s nutrient content, which 

determine the nature and abundance of food organisms (Suter 1994; von Krosigk and Köhler 

2000), had the largest impact on the overall distribution of individuals. The opportunity to 

exploit these food resources may in turn be linked to the species-specific behavioural 

repertoire, i.e. the ability to forage in different water depths or to escape from predators by 

diving. 

It has to be noted that the investigated study site is characterised by food richness and 

in most parts closed to the public (von Krosigk and Köhler 2000; Köhler and Köhler 2009a). 

These favourable prerequisites may allow for a free choice of suitable resources and may also 

mitigate the need to react to anthropogenic disturbance.  

Ideal moulting conditions are rare though, in particular in densely settled areas 

(Hohman et al. 1992; Fox et al. 2008). In many cases, moulting waterbirds may have to make 

a compromise. They may accept to rely on the use of endogenous reserves in favour of the 

avoidance of predators and disturbance (Panek and Majewski 1990; Fox and King 2011; Fox 

et al. 2013). This behaviour would result in remarkable body weight loss – although the birds 

could potentially meet their demands during moult by exogenous sources (Ankney 1979, 

1984; Young and Boag 1982; Loonen et al. 1991; Fox et al. 1998). Waterbirds that moult in 

extreme environments may even reduce weight consciously to shorten the flightless period 

(according to the wing:mass ratio), for example when moulting under arid, unpredictable 

wetland conditions (Ndlovu et al. 2010) or during the short reproductive season characteristic 

of high latitudes (van de Wetering and Cooke 2000). 

These findings indicate that the ultimate reasons for a moult-related weight loss differ 

among species and moulting populations. Nevertheless, it has been suggested that the 

reduction of body weight represents a pre-defined adaptation to the flightless stage (Pehrsson 

1987; Portugal et al. 2007). Here, I could show that Gadwalls moulting at the Ismaning 

reservoir with former fish ponds lost on average 3.9% (males) and 10.6% (females) during the 

initial moult stage but started to recover weight when the feathers were half grown, well 

before the threshold that would allow for an earlier return to flight (i.e. 75% of final feather 

length; Sjöberg 1988; Brown and Saunders 1998). More striking was the finding that this 

overall pattern could not be found when single years were investigated. The year-specific 

analysis revealed that moulting Gadwalls could indeed maintain their body weight during 

most study years: males lost weight during only one out of nine years and females during 

three out of eight years. The observed pattern does not support the hypothesis that the 

reduction of body weight is a pre-defined, moult-related adaptation but rather suggests that 

environmental conditions determine the ability of a bird to maintain its body condition during 

moult.  

With regard to these results, it is puzzling why studies on captive birds have often 

reported a significant body weight loss during moult (Hanson 1962; Pehrsson 1987; Portugal 

et al. 2007; Fox et al. 2013). One possible explanation would be that captive birds can allocate 
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all their reserves to feather growth without having to care about current or future foraging 

opportunities. Most importantly, captive birds do not have to ensure a good body condition at 

the end of moult, while wild ones should do so to enhance performance during subsequent 

migration and wintering periods. 

The question why Gadwalls moulting at Ismaning lost weight in some years but not in 

others could not be answered entirely. Local temperature and rainfall could not explain the 

observed pattern but other factors may have come into play. In particular, it was shown that 

body weight was lowest in females moulting latest in the season (and likely representing 

successful breeders). Furthermore, the average weight of moulting females was the lower the 

higher the previous year- and species-specific breeding success. Although these 

measurements did only provide an indirect estimate of individual reproductive output, they 

indicated that females may suffer carry-over effects between breeding and moulting. 

It seems very difficult, if not impossible, to find a general pattern describing moult-

related physiological changes in flightless waterbirds. More or less pronounced fluctuations in 

overall body weight, body stores, muscle mass and organ mass may occur (e.g. Young and 

Boag 1982; Ankney 1984; Austin and Fredrickson 1987; Thompson and Drobney 1996). The 

variety of results found among species, populations and between sexes suggests that the 

observed pattern reflects an individual’s adaptation to its current state (caused by previous 

activities), to the encountered environmental conditions at the moulting site and to the 

activities and habitat conditions expected during subsequent life history stages (McNamara 

and Houston 1996). 

The availability of suitable moulting sites is, however, the crucial prerequisite to 

enable waterbirds to perform and complete wing moult in the best way. Negative effects on 

the bird’s body condition may be expected if the individual has too little time and/or energy to 

reach a suitable habitat. Those individuals that are heavily involved in breeding activities (i.e. 

female ducks, both partners in geese and swans), for instance, have to postpone moult until 

later in the season (Hohman et al. 1992; Ringelman 1990). Many successful breeders have 

consequently too little time to perform the same moult migration as male ducks or non-

breeding geese do earlier in the season (Oring 1964; Salomonsen 1968; Zicus 1981; Reed et 

al. 2003; Hupp et al. 2007).  

This illustrates how the available time and energy during a particular life history stage 

can be determined by previous activities, and how individual behavioural strategies may 

evolve (McNamara and Houston 1996). This also explains why some individuals can 

complete moult in better condition than others and why the need to refuel after moult differs 

among individuals. However, it appears that each post-moulting individual will benefit from 

accumulating sufficient reserves for subsequent migration events and wintering. Short-

distance migrants, in particular, have to cope with a shortage of food during winter and can 

therefore be expected to exploit profitable autumn staging sites (Petersen et al. 2003; 

Bregnballe et al. 2009a). 

The traditional view of migration predicts that the autumn months are characterised by 

rather southbound movements that lead the bird to wintering locations in milder climatic areas 
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(Berthold 1990). However, habitat specialists, like waterbirds, depend on a specific resource 

that they will only find at discrete locations (Alerstam and Hedenström 1998). What this 

dependence means to movement pathways of waterbirds has, for example, been shown for 

two species living in coastal or near-shore marine environments. Dark-bellied Brent Geese 

(Branta bernicla bernicla) accept a detour of more than 700 km during spring migration to 

move along the coastline which offers potential stopover habitats (Green et al. 2002). Even 

more impressively, Common Eiders accept a detour that adds up to 70% to the direct flight 

distance to avoid crossing the Swedish mainland and to be able to stay over the sea (Alerstam 

2001). Nevertheless, these species have the possibility to move along their essential resource, 

while this is not feasible for waterbird species inhabiting inland waters. How do the latter 

consequently connect habitat patches that can support them during particular life history 

stages? 

With regard to individual movement directions, the winter season is one of the few 

periods that has been studied more intensively during the last years. In particular, recent 

findings suggest that within-winter movements are a common phenomenon in ducks. During 

winter, ducks may continue their movements to the South and Southwest (e.g. Mallards; 

Sauter et al. 2010), but they may also disperse in an undirected way (e.g. Common Pochards 

and Tufted Ducks; Keller et al. 2009; Hofer et al. 2010; Gourlay-Larour et al. 2012). Such 

unpredictable, facultative movements have primarily been linked to unfavourable changes in 

the environment (Berthold 1990; Wingfield 2005; Ramenofsky and Wingfield 2007) and 

seldom to the exploitation of resources under good conditions (but see Bennetts and Kitchens 

2000; Roshier et al. 2008b).  

Data on discrete movements that lead the bird away from subsequently used staging 

sites seem particularly rare in species that live in seasonal, supposedly predictable 

environments (except from the common moult migration of anatids; Salomonsen 1968; 

Berthold 1990). Existing examples refer to movements during the autumn months. For 

example, juvenile herons (Schüz et al. 1971), juvenile European Ospreys (Pandion haliaetus 

haliaetus; Österlöf 1977) and juvenile Common Starlings (Sturnus vulgaris; Fliege 1984) 

perform northbound to multidirectional movements during autumn. Recently, a study on 

Common Pochards staging in France could show that both juveniles and adults moved to the 

Northeast during October and November, i.e. opposite to the expected movement direction 

(Gourlay-Larour et al. 2012).  

In this thesis, I went one step further and analysed all movements that appear between 

the moulting and the wintering period in the European Gadwall (i.e. from August onwards). 

Similar to the results on Common Pochard (Gourlay-Larour et al. 2012), I found that both 

sexes and age classes performed multidirectional autumn movements. Some individuals 

moved long distances to the North and East, away from the identified wintering range. The 

tracking of individual birds via satellite transmitters as well as the analysis of local winter 

temperatures revealed that such undirected autumn movements necessitate further (reverse) 

movements when harsh winter conditions come into play. Although I could not characterise 

the targeted autumn sites, it seems likely that they offered temporarily superior feeding 
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conditions which may trade-off the additional flight costs (Alerstam 2001) and, furthermore, 

enable the individual to accumulate reserves in preparation for future events. 

These results show that Gadwalls exhibit great flexibility in individual movement 

strategies and similar adaptations may exists in other species.  The chosen movement 

strategies can, for instance, depend on age (e.g. in Eleonora’s Falcon (Falco eleonorae); 

Gschweng et al. 2008), on social status (e.g. in Greater Snow Geese (Chen caerulescens 

atlantica); Maisonneuve and Bédard 1992), on physiological state (e.g. in Red Knots 

(Calidris canutus canutus); Shamoun-Baranes et al. 2010), on large-scale resource 

distribution (e.g. in Grey Teals (Anas gracilis); Roshier et al. 2008a) and presumably also on 

current habitat availability en route (e.g. in Marsh Harriers (Circus aeruginosus); Vardanis et 

al. 2011).  

Hence, there is obviously a complex set of interactions that contributes to the realised 

annual migration cycle. The potential to adapt individual movements to a variety of 

conditions seems to exist in most bird species (Thorup et al. 2007), but species that depend on 

water habitats are probably the best candidates to find and study flexible movement strategies 

in the wild (see examples above). Further investigations on this group of birds may enhance 

our general understanding of bird migration considerably. In addition, such knowledge on the 

habitat use of waterbirds seems crucial to protect these exceptional habitat specialists during 

the demanding, inter-connected stages of their annual life cycle. 
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SUMMARY 

________________________________________________________ 

 

This thesis addresses two major events in the annual life cycle of birds: the period of moult, 

(i.e. feather replacement) which is mandatory to maintain the vital functions of the bird’s 

plumage; and the period of migration which enables birds to reach areas that provide the most 

suitable conditions during periods of self-maintenance or reproduction. Hence, both these 

events create the crucial conditions that ensure a bird’s future survival and breeding success. 

I therefore investigated the moulting and movement strategies of anatids, with focus 

on the European Gadwall (Anas strepera). The wing-moulting period of anatids seemed 

particularly interesting to me given that all ducks, geese and swans (but also grebes and most 

rails) shed their flight feathers simultaneously and remain completely flightless for several 

weeks. But how do these birds adapt to the flightless stage? And how do they optimise habitat 

use during other parts of the year, given that suitable wetlands are often restricted in size, 

distributed patchily and may become completely unavailable when drying up or freezing 

over?  

To identify the requirements of species that become flightless during moult and to test 

whether single species differ in their ability to tolerate a range of environmental conditions, I 

compared habitat use of Gadwalls, Red-crested Pochards (Netta rufina), Common Pochards 

(Aythya ferina), Tufted Ducks (Aythya fuligula) and Coots (Fulica atra) at one of the most 

frequented inland moulting sites in Europe (chapter 1). I found that habitat use of both food 

specialists and generalists was related to the water’s nutrient content suggesting an active 

choice of suitable food sources. In addition, I found that the sensitivity to increasing water 

depths and to human-induced disturbance could be linked to foraging mode and the species’ 

attachment to shallow water zones close to the shore. However, the choice of a familiar 

moulting location seems to provide one strategy to mitigate the impact of suboptimal 

conditions. Such an effect was observed in tagged Gadwalls which showed a clear preference 

for moulting locations they had sampled in a previous year. 

With regard to moult-related physiological adaptations, it has often been postulated 

that the loss of body weight represents a special adaptation to the flightless stage. However, 

by analysing weight dynamics of moulting Gadwalls over nine study years, I provide clear 

evidence that moulting waterbirds can maintain body weight during wing moult (chapter 2). 

The observed inter-annual variation in weight dynamics rather suggests that year-specific   

environmental conditions determine the ability of waterbirds to ensure a constantly high body 

condition during moult. Furthermore, I could show that the previous investment into 

reproduction may affect the body condition of moulting female Gadwalls, indicating a carry-

over effect between the breeding and the moulting season.  

Similarly, carry-over effects may occur if individuals enter the wintering season in 

poor condition. Post-moulting birds should thus aim to refuel and accumulate body stores 
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during the intermediate autumn period. However, it appears that habitat specialists, like 

waterbirds, may not necessarily find profitable feeding spots en route. Indeed, I observed 

multidirectional or even reversed movement directions in some Gadwalls tracked via satellite 

transmitters after departure from the moulting site (chapter 3). The fact that ducks moving 

north or east during autumn located in areas inappropriate for wintering (due to long freezing 

periods) indicated that such autumn movements may represent a discrete form of migration. 

This hypothesis was corroborated by the ring recovery analysis of three different European 

Gadwall populations (Germany, England, Russia) which revealed that both sexes and age 

classes (inexperienced juveniles and experienced adults) perform multidirectional autumn 

movements, partly independent of the subsequent migration towards final wintering grounds. 

Although further studies are required to characterise the targeted autumn staging sites, the 

obtained results show that there is great flexibility in individual movement patterns of 

Gadwalls and probably also in many other waterbird species. 

 In summary, this thesis provides new insights into the habitat use of exceptional 

habitat specialists, namely waterbirds that depend on a patchy and restricted resource. On the 

local scale, these birds seem to rely on a rapid sampling of environmental conditions – but 

probably also on prior experience – to select suitable habitats. Such favourable conditions 

ensure the maintenance of body weight and body condition, thus also minimising carry-over 

effects during subsequent life history stages. On the larger spatial scale, flexible movement 

strategies may provide the mechanism enabling waterbirds to discover and exploit suitable 

seasonal habitats. These findings suggest that both the maintenance of existing key sites and 

the creation of additional protected zones provide important management tools to enable the 

conservation of waterbirds throughout their annual life cycle. 
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ZUSAMMENFASSUNG 

________________________________________________________ 

 

Diese Dissertation behandelt zwei entscheidende Abschnitte im Jahreszyklus der Vögel: 

Erstens die Mauser, die der Erneuerung der Federn dient und zwingend notwendig ist, um die 

lebenswichtigen Funktionen des Gefieders aufrecht zu erhalten; Und zweitens die Migration, 

die es dem Vogel ermöglicht, zwischen weit entfernten Brut- und Überwinterungsgebieten zu 

pendeln. Beide Phasen, sowohl die Zeit der Mauser als auch die der Migration, haben also 

eine entscheidende Auswirkung auf die Fähigkeit eines Individuums, das eigene Überleben 

und eine erfolgreiche Fortpflanzung zu sichern. 

Ich untersuche in dieser Arbeit die Mauser- und Zug-Strategien von Anatiden und 

konzentriere mich im Speziellen auf die Schnatterente (Anas strepera). Gerade die besondere 

Form der Schwingenmauser bei Entenvögeln hat dabei mein Interesse geweckt. Tatsächlich 

werfen Enten, Gänse und Schwäne (aber auch Taucher und die meisten Rallenarten) alle 

Flugfedern gleichzeitig ab und sind dann für mehrere Wochen flugunfähig. Aber wie passen 

sich Wasservögel an diese vorübergehende Flugunfähigkeit an? Und wie gelingt es ihnen 

auch während anderer Lebensstadien geeignete Habitate zu finden, obwohl doch gerade 

Binnengewässer nicht nur in Größe und räumlicher Verteilung, sondern auch oft in ihrer 

saisonalen Verfügbarkeit limitiert sind (z.B. durch Austrocknung oder die Bildung einer 

Eisdecke)? 

Zunächst wollte ich herausfinden, ob sich einzelne Arten während der 

Schwingenmauser in ihren Ansprüchen und in ihrer Anpassungsfähigkeit unterscheiden 

(Chapter 1). Dazu habe ich die Habitatnutzung von Schnatterenten, Kolbenenten (Netta 

rufina), Tafelenten (Aythya ferina), Reiherenten (Aythya fuligula) und Blässhühnern (Fulica 

atra) an einem der wichtigsten Mauserplätze in Europa untersucht: dem Ramsargebiet 

„Ismaninger Speichersee mit Fischteichen“ nahe München. Die Analyse legte offen, dass sich 

die Habitatwahl von Nahrungsspezialisten als auch Nahrungsgeneralisten nach dem 

Nährstoffgehalt der einzelnen Mausergewässer richtete. Dies deutet auf eine aktive Auswahl 

geeigneter Nahrungsressourcen hin. Die Sensibilität gegenüber abfallenden Wassertiefen und 

anthropogenen Störungen konnte mit der Art der Nahrungsaufnahme und der Abhängigkeit 

von seichten, ufernahen Gewässerbereichen in Verbindung gebracht werden. 

Interessanterweise scheinen Individuen bei der Habitatwahl auch auf bereits erworbenes 

Wissen zurückzugreifen. So konnte zum Beispiel beobachtet werden, dass markierte 

Schnatterenten gezielt Mauserteiche aufsuchten, die sie bereits in den Vorjahren zeitweise 

genutzt hatten. 

Des Weiteren konnte ich zeigen, dass die Gewichtsreduktion während der Mauser nicht 

zwingend als Anpassung an die Flugunfähigkeit gewertet werden kann, so wie es in der 

Vergangenheit häufig postuliert wurde (Chapter 2). Anhand der Analyse der 

Gewichtsdynamik mausernder Schnatterenten wurde klar, dass sowohl Männchen als auch 
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Weibchen ihr Gewicht während der Mauser durchaus aufrecht erhalten können. Die 

beobachteten Schwankungen in der Gewichtsdynamik einzelner Jahre deuteten vielmehr 

darauf hin, dass die jeweiligen Umweltbedingungen ausschlaggebend sind. Bei den Weibchen 

scheint außerdem die vorhergehende Investition in das Brutgeschäft die körperliche 

Verfassung während der Mauser zu beeinflussen.  

Da solch ein ‘carry-over’ Effekt auch während der nahrungsarmen 

Überwinterungsphase nachteilige Auswirkungen haben kann, ist zu erwarten, dass die auf die 

Mauser folgenden Herbstmonate dazu genutzt werden, körpereigene Reserven aufzubauen. 

Allerdings scheint es bei hochspezialisierten Vogelarten, wie den Wasservögeln, eher 

unwahrscheinlich, dass die ertragreichsten Nahrungsgründe stets auf direktem Weg liegen. 

Tatsächlich konnte ich anhand von Satellitensendern nachweisen, dass die individuellen 

Herbstzüge einzelner Schnatterenten multidirektional sind und teilweise sogar Umkehrzüge 

beinhalten (Chapter 3). Da nord- und ostwärts gerichtete Herbstzüge die Enten in Gebiete 

führen, die durch lange Frostperioden kaum geeignete Überwinterungsbedingungen bieten, 

lässt sich vermuten, dass solche Bewegungen einen eigenständigen Migrationstyp darstellen. 

Diese Hypothese wurde durch die Ringfundanalyse dreier Schnatterentenpopulationen 

untermauert (Deutschland, England, Russland). Die Ringfundanalyse zeigte, dass beide 

Geschlechter und alle Altersklassen multidirektionale Herbstwanderungen unternehmen. 

Diese Herbstzüge verliefen teilweise unabhängig von der darauffolgenden Migration in 

Richtung der endgültigen Überwinterungsgebiete. Obwohl es weiterer Studien bedarf, um die 

angesteuerten Gewässer genauer zu charakterisieren, zeigen die Ergebnisse deutlich, dass das 

individuelle Zugverhalten bei Schnatterenten – aber vermutlich auch bei vielen anderen 

Wasservögeln – äußerst flexibel sein kann. 

Die Resultate der vorliegenden Dissertation bieten neue Erkenntnisse zur 

hochspezialisierten Habitatnutzung von Wasservögeln. Mit lokalem Bezug konnte gezeigt 

werden, dass die Auswahl geeigneter Habitate durch eine schnelle Bewertung der 

Umweltbedingungen, aber womöglich auch durch bereits erworbenes Wissen, begünstigt 

wird. Nicht zuletzt dient eine gezielte Habitatwahl dazu, die körperliche Verfassung aufrecht 

zu erhalten, was auch für zukünftige Life History-Stadien von Bedeutung sein mag. In Bezug 

auf großräumige Bewegung scheint die erhöhte Flexibilität der Vögel es zu ermöglichen, 

geeignete, saisonale Habitate zu entdecken und nutzen zu können. Anhand dieser Ergebnisse 

wird klar, dass sowohl der Erhalt als auch die aktive Gestaltung von Feuchtgebieten 

entscheidend zum Schutz brütender, mausernder, rastender oder überwinternder Wasservögel 

beitragen können.      
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RECORDS OF ACHIEVEMENT 

________________________________________________________ 

 

Chapter 1: Habitat choice of wing-moulting waterbirds in response to temporary flightlessness  

I developed this study independently, from the initial idea to the organisation and practical 

realisation of field work as well as the subsequent analyses. I did all field work related to the 

censuses of moulting Gadwalls and the trapping and tagging of individual Gadwalls with 

nasal saddles. I also did most of the resighting activities, but Ursula and Peter Köhler 

contributed significantly to resighting success, in particular in 2012 when I was heavily 

involved in writing. Furthermore, I contributed to the regular waterbird censuses. Field data 

on these regular censuses were digitized by Karin Haas and handed over to me for further data 

preparation and analysis. Karin Haas took all measurements on conductivity values and 

Ursula Köhler provided the data on water depths. The remaining environmental variables 

were measured by me. My hypotheses were discussed and elaborated together with my 

supervisor Martin Wikelski. Fränzi Korner-Nievergelt provided valuable support during the 

selection of statistical models which I continued to adjust, improve and complete on my own. 

Finally, the whole manuscript was written by me and subsequently proof-read by Martin 

Wikelski. 

 

 

Chapter 2: Wing-moulting waterbirds maintain body condition under good environmental 

conditions 

I developed the hypotheses presented in this manuscript based on a comprehensive review of 

the current literature which was performed on my own initiative. My ideas were discussed 

with my PhD advisory committee (Martin Wikelski, Hans-Günther Bauer, Wolfgang Fiedler, 

David Roshier and Lukas Jenni). The provision of field data taken by Peter Köhler and his 

team in the 1970s and 1980s enabled the analysis over a total of nine study years. I digitized 

the hand-written notes of Peter Köhler and combined them with the data obtained as part of 

my PhD thesis. The latter data were obtained during the field seasons 2010 and 2011 when I 

did all field work related to this study on my own, including (1) the construction and 

maintenance of duck traps (following the instructions given by Peter Köhler); (2) the 

construction of the trapping stations on several waterbodies; (3) the daily control of trapping 

stations; (4) the removal of trapped individuals and the collection of body measurements. In 

addition, I established the contact with other ornithological working groups (Lake Constance, 

Ammersee, Chiemsee) to acquire data on the annual breeding success of the study species. 

Subsequently, I did all data preparation, statistical analysis and visual illustration 

independently and developed the complete first version of the manuscript. The first draft of 

the manuscript was extensively discussed with my co-author Peter Köhler who added 
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important annotations. In addition, Ursula Köhler, Martin Wikelski, Hans-Günther Bauer, 

Wolfgang Fiedler as well as the participants of a scientific writing course held by Barbara 

Helm and Kathryn Elmer were involved in revising several drafts of the manuscript.  

 

Chapter 3: Great flexibility in autumn movement patterns of European Gadwalls (Anas 

strepera) 

The ideas presented in this manuscript were formed by me and subsequently discussed and 

elaborated with my co-authors Martin Wikelski, Hans-Günther Bauer and Wolfgang Fiedler. 

In addition, David Roshier and Lukas Jenni provided feedback on the intended analysis. The 

following work was required to be able to collect the data and was all done by me if not stated 

otherwise: (1) the construction of duck traps and trapping stations; (2) the tagging of trapped 

Gadwalls with bird rings and nasal saddles; (3) the equipment of some Gadwalls with 

backpack satellite transmitters (performed together with a field assistant who helped to handle 

the bird); (4) the processing and management of transmitter data (following the instructions 

given by Andreas Schmidt, Martin Wikelski and Sarah Davidson); and (5) the processing and 

management of resightings of nasal saddles. Furthermore, I filtered and prepared the ring 

recovery data set requested from EURING. 

I did all subsequent analyses independently, but got some valuable support on the analysis of 

circular data and ring recovery data by Fränzi Korner-Nievergelt. I was also heavily involved 

in the development of the whole manuscript which was reviewed and annotated by my co-

authors afterwards. 
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