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Abstract
Assessments of body condition can provide useful information on changes in the state of individuals within a population,
which may in turn help to inform conservation efforts. For example, decreases in body condition over time can indicate
reduced food resources. Mass and skull length measures recorded for 195 adult and 467 first winter (cygnets) Bewick’s
Swans (Cygnus columbianus bewickii) at wintering sites in the UK between winters 1966/1967 and 2017/2018 therefore
were analysed to determine whether a ca. 40% decline in numbers in the Northwest European Bewick’s Swan population
between 1995 and 2010 corresponded with poorer body condition from the mid-1990s onwards. Parents and siblings were
known for all individuals, allowing us to account for shared genetic factors and rearing environment in our analysis. We
used linear mixed-effects models and an information-theoretic approach to test different models of temporal variation in
scaled body mass index (SBMI). Within our study population, although SBMI values varied both within and between
years, we found no evidence of any directional trends in body condition. Of our competing time models of swan SBMI, a
model in which age-specific body condition was constant over time received the greatest support in the data. Body
condition was greater for adults than cygnets, but did not vary between sexes or wintering sites. Our findings suggest
no connection between the recent declines in population size and body condition. Population decline is therefore unlikely
to be caused by inadequate food supplies.
Keywords Animal biometrics . Energy reserves . Food resources . Long-term ecological studies . Species conservation .
Waterbirds . Waterfowl demography

Introduction
Globally, around 19% of bird species are migratory, undertaking seasonal movements between breeding and non-breeding
areas (Kirby et al. 2008). Such migratory species are valuable
sentinels of environmental change over time, as their productivity and survival rates integrate information on the ecological status of multiple habitats across their migratory range
(Piersma and Lindström 2004; Stillman et al. 2015).
Undertaking long-distance movements as part of migration
requires a considerable investment of energy and nutrients
(McWilliams et al. 2004; Newton 2006). Migrants must
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therefore attempt to regulate their energy reserves to gain
and maintain body condition to allow them to complete movements between feeding sites. Hence, body condition in one
part of a species’ range will reflect, at least in part, conditions
experienced during migration from another part of the range
(Bearhop et al. 2004). Temporal declines in body condition at
a site over successive years can highlight reductions in the
ability of individuals to acquire food, for example because
food supplies have been lost or disturbance has reduced available feeding time (Mainguy et al. 2002; Brown and Sherry
2006). During years in which available food supplies are reduced, individuals may not be able to gain sufficient body
condition to complete migration successfully, which can lead
to increased mortality risk and hence reduced population size
(Burton et al. 2006; Newton 2006; Morrison et al. 2007).
Repeated assessments of body condition at key sites can provide valuable insight into changes in the state of individuals
within a population that can help inform species conservation
(Armstrong and Perrott 2000; Stevenson and Woods 2006).
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Temporal declines in body condition can indicate the need for
conservation actions (e.g. supplementary feeding) to ensure
that adequate food resources are available throughout a species’ range (Armstrong and Ewen 2001; Newton 2013).
One migratory population of conservation concern is the
northwest European population of the Bewick’s Swan
(Cygnus columbianus bewickii). Population size has fluctuated markedly over recent decades; the total counts on the wintering grounds increased from approximately 16,500 in 1984
to 29,000 individuals in 1995, before undergoing a sustained
decline to 18,000 individuals in 2010 for reasons that remain
unclear (Rees and Beekman 2010). Due to this substantial
unexplained decline in winter numbers, an international species action plan (the Bewick’s Swan single Species Action
Plan, BSSAP) was developed for the population and was
adopted by the African–Eurasian Waterbird Agreement
(AEWA) in 2012 (Nagy et al. 2012). The population was also
classified as endangered on the European Red List of Birds
(BirdLife International 2015). A recent study found no evidence that Bewick’s Swan breeding success had fallen since
the onset of the decline in population size, although a number
of years of very low productivity have been observed since
1995 (Wood et al. 2016). An assessment of Bewick’s Swan
survival rates between 1970 and 2014 found that apparent
survival of all age classes had fluctuated over time broadly
in line with changes in population size (Wood et al. 2018).
Suboptimal feeding conditions at stopover and wintering sites
was highlighted as a potential causal factor in the observed
population decline that required investigation (Nagy et al.
2012). Any impact of suboptimal feeding conditions is likely
to be reflected in reduced body condition. Yet, to date, no
study has tested whether the body condition of Bewick’s
Swans has varied over time with the trends in population size.
In this study, we used a unique 51-year individual-based
data set to examine temporal changes in body condition of
Bewick’s Swans during winter. Our key prediction was that
body condition values would be lower in years in which population size was declining. Individual body condition on the
wintering grounds will reflect conditions experienced not only
at winter feeding sites but also at migratory stopover sites and
on the breeding grounds. Individual biometric data have been
collected at key sites on the wintering grounds since the 1960s
(Evans and Kear 1978; Rees 2006). We used scaled body
mass index (SBMI) as our measure of individual body condition, as SBMI represents total energy reserves corrected for
structural size (Peig and Green 2009). Cygnets migrate from
the breeding grounds to wintering sites with their parents and
remain together as a family group throughout their first winter
(Scott 1980; Nolet et al. 2014). Such prolonged parental care
facilitates the assessment of body condition at wintering sites
whilst accounting for parent and brood identity, which are two
potential sources of pseudoreplication (sensu Hurlbert 1984)
in studies of body condition.
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Methods
Study system
Bewick’s Swans are large-bodied herbivorous wildfowl easily
distinguished through their all-white plumage and characteristic yellow and black bill markings (Rees 2006). The northwest European population breeds on the open maritime tundra
of European Arctic Russia between 66–70°N and 44–66°E
(Rees 2006). Following the breeding season (May–
September), the birds migrate southwest to spend the winter
in northwest Europe, predominantly in the UK, the
Netherlands and Germany (Rees 2006). Over the course of
the winter period, the birds feed primarily on pasture grasses
(e.g. ryegrass Lolium perenne) and agricultural crops such as
sugar beet (Beta vulgaris), potatoes (Solanum tuberosum),
wheat (Triticum aestivum) and oilseed rape (Brassica napus),
with aquatic plants such as pondweeds (Potamogeton spp.)
also consumed where available, particularly in the eastern
parts of the winter range (Rees 1990; Dirksen et al. 1991;
Rees 2006; Meier-Peithmann 2011). During the autumn migration, the swans spend several weeks feeding at coastal and
agricultural sites across Estonia, which makes this small country a key stopover area for the birds (Luigujõe et al. 1996).

Cygnet capture and biometric measurements
Between the winters of 1966/1967 and 2017/2018, Bewick’s
Swans were caught for ringing at or near four wintering sites:
Slimbridge (southwest England; 51°N, 02°W), Martin Mere/
Ribble Estuary (northwest England; 54°N, 03°W),
Caerlaverock (southwest Scotland; 55°N, 04°W) and the
Ouse Washes (east-central England; 53°N, 00°E). The principal
methods of capture were to attract the swans into decoy-type
‘swan-pipes’ (as described in Evans 1982) and cannon-netting
of swans feeding on agricultural fields on the Ouse Washes
(Dill and Thornsberry 1950; O'Brien et al. 2016). Sex was
determined for each individual by cloacal examination on capture. Plumage characteristics were used to determine age class,
as cygnets had a high proportion of grey feathers, whilst adults
had all-white plumage (Rees 2006). Body mass was determined in situ (± 0.1 kg) using a spring balance, as described
by Evans and Kear (1978). We also measured individual skull
length with a sliding calliper (± 1.0 mm).
To estimate body condition as body mass corrected for
skeletal size, we calculated the SBMI proposed by Peig and
Green (2009) for each individual, a method used recently for
Whooper Swans (Cygnus cygnus) by Newth et al. (2016).
Whilst energy reserves are well known to increase under
favourable environmental conditions (e.g. Stillman et al.
2015), previous research has shown that the growth in structural size (e.g. skull length) in herbivorous waterfowl during
early life can also reflect the environmental conditions
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experienced (e.g. Larsson et al. 1998). Previous research on
Bewick’s Swans has found that cygnet body mass and skull
length continue to increase during their first winter (Evans and
Kear 1978). Therefore, whilst we expected swan body condition (as the most labile biometric measurement) to show the
strongest responses to changes in foraging conditions, structural size (e.g. skull length) could also have shown more limited responses too, and so we selected a measure of body
condition that represented total energy reserves as body mass
corrected for structural size (Peig and Green 2009). Lntransformed skull length was regressed against lntransformed body mass to obtain and compare the slope estimates of this relationship within and between age classes and
sexes, using standardised major axis regression implemented
via the smatr package in R (Warton et al. 2012, R
Development Core Team 2016). Slope estimates differed significantly between age classes (Λ1 = 8.526, P = 0.004), but not
between sexes (Λ1 = 0.005, P = 0.945), and thus different
mean slope estimates (bSMA) were used for adults (mean =
3.20, 95% CI = 2.82–3.63) and cygnets (mean = 4.00, 95%
CI = 3.70–4.33). Finally, the SBMI value (kg) for each individual was calculated as:
SBMI ¼ M i  ðLo =Li ÞbSMA ;
where Mi and Li are the body mass (kg) and skull length (mm)
of individuals, respectively, and Lo is the arithmetic mean
skull length (adults = 160.8 mm, cygnets = 158.8 mm) for
the whole sample. Where the same individual was captured
multiple times, we included only the biometric values from
the first capture in our analysis.
Each captured individual was assigned (1) a ‘parent ID’
unique to all individuals hatched by a particular adult pair,
and (2) a ‘brood ID’ unique to all individuals hatched to a
particular adult pair in a single year, as the responses of individual quality to environmental change will be influenced by
the shared environmental conditions experienced by siblings
within the same brood as well as genetic factors (Monaghan
2008), which needed to be accounted for in our models. The
parents of each individual were identified on the basis of close
proximity and social interactions in its first winter, recorded
during the detailed near-daily observations made of swans wintering in the study areas (Rees 2006). Based on field evidence,
brood amalgamation is considered to be rare among swans
(Eadie et al. 1988). Indeed, despite the extensive study of
Bewick’s Swan breeding biology (Rees 2006), we are aware
of only one single record of brood amalgamation (Brazil 2002),
and therefore we consider it unlikely that brood amalgamation
affected our assessments of parent and brood identity. Thus, all
the individuals of a pair had the same parent ID, but only those
hatched to those parents in a given year shared the same brood
ID. Individuals caught for whom one or more of their parents
were unknown were not included in any part of our analyses.

As swan biometric values, predominantly body mass and hence
body condition, will increase over winter (Evans and Kear
1978), we estimated the number of days after the year-specific
date of the arrival of the first Bewick’s Swan on the winter
grounds that the individual was captured (hereafter termed ‘capture date’). The year-specific first arrival date of Bewick’s
Swans was determined at the key winter site at Slimbridge,
based on daily monitoring (Evans 1979; Rees 2006).

Statistical analyses
We used linear mixed-effects models with Gaussian error
structures to test 19 candidate models of temporal variation
in Bewick’s Swan winter body condition. These candidate
models allowed us to test the following mutually exclusive
temporal patterns in body condition: the null model of no
temporal pattern (i.e. constant body condition), a linear temporal trend, a quadratic trend, constant condition within each
decade, constant condition within each half-decade (i.e. 5-year
periods), different condition depending on whether the population was increasing, stable or decreasing in that year
(modelled as a three-level categorical variable, based on count
data for the subsequent January) and annual variation in body
condition (i.e. body condition is modelled as a categorical
main effect to allow a different value in each year). We sequentially tested each of these temporal models with swan age
class (1) not included, (2) included as a main effects term only
and (3) included as a two-way interaction with the temporal
effect term. For the population trends model, estimates of the
northwest European Bewick’s Swan population for each year
between 1966 and 2017 were derived from co-ordinated international censuses of the wintering grounds conducted in 1958,
1972, 1976, 1978, 1983, 1986, 1990, 1995, 2000, 2005, 2010
and 2015 (Rees and Beekman 2010; Wetlands International/
IUCN-SSC Swan Specialist Group unpublished data), with
linear interpolation used to impute counts in years between
these surveys. In all candidate models, we included parent
ID and brood ID as random categorical factors, as well as
capture date as a random covariate. SBMI values were log10transformed to ensure that model residuals met the assumptions of our mixed-effects modelling approach (Bolker et al.
2009; Zuur et al. 2010).
Our mixed-effects models were carried out in R version
3.3.0 (R Development Core Team 2016), using the MuMIn
and lme4 packages (Barton 2012; Bates et al. 2015). For each
candidate model, we calculated the value of second-order
Akaike’s Information Criteria (AICc). The model with the
lowest AICc value was judged to be our best-supported model,
whilst any model with an AICc value of within 2.0 of the
lowest AICc was also judged to have received substantial support in the data (Burnham and Anderson 2004). To facilitate
more detailed comparisons among our candidate models, we
also calculated the Akaike weight (hereafter ‘wi’, defined as
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the ratio of ΔAICc values for each model relative to the whole
set of candidate models) and the evidence ratio (termed ‘ER’,
defined as how many more times less likely to be the bestfitting model compared with the best-supported model shown
by AICc) associated with each model as indicators of the relative strength of model support in the data (Burnham et al.
2011). To assess the proportion of the variance in swan body
condition explained by each model, we calculated two values
of R2 proposed by Nakagawa and Schielzeth (2013) for each
model: the marginal R2 (R2GLMM(m)), which indicates the proportion of variance explained by the fixed factors alone, and
the conditional R2 (R2GLMM(c)), which indicates the proportion
of variance explained by both the fixed and random factors.
We ran four additional models to determine whether individual sex or winter capture site influenced any temporal pattern in body condition. These four models were the bestsupported time model with sex (Sx; ‘male’ or ‘female’) included
as a categorical fixed factor ((1) main effects only and (2) twoway interaction with age class), and the best-supported time
model with capture site (‘Caerlaverock’, ‘Martin Mere’,
‘Ouse Washes’ and ‘Slimbridge’) included as a categorical
fixed factor ((3) main effects only and (4) two-way interaction
with age class). We assessed the AICc values associated with
these four models to see whether they received greater support
in the data than the best-supported time model.

Results
Across all 662 individuals (467 cygnets + 195 adults) measured during our 1966/1967–2017/2018 study period, the
mean (± standard deviation) cygnet body mass and skull
length values were 5.36 ± 0.79 kg (range = 2.90–7.80) and
158.80 ± 6.01 mm (range = 141.00–175.00), respectively,
whilst the mean adult body mass and skull length values were
6.31 ± 0.77 kg (range = 4.60–8.50) and 160.80 ± 6.19 mm
(range = 144.00–180.90), respectively. The first winter SBMI
values ranged between 3.17 and 9.00 kg, with a mean value of
5.37 ± 0.83 kg, whilst the adult SBMI values ranged between
4.02 and 9.13 kg, with a mean value of 6.33 ± 0.83 kg (Fig. 1).
A comparison of our candidate models of body condition
indicated that temporal variation in SBMI was best explained
by a model in which body condition was constant over time
within each age class (Tables 1 and 2). Adults had higher body
condition than cygnets (Table 2; Fig. 1). There was strong
support for this best-supported model in the data, as it
accounted for 97% of the total wi of our candidate models
(Table 1). As the fixed effect in our best-supported model,
age class explained 20% of the variance in Bewick’s Swan
SBMI, whilst the full model including random effects terms
accounted for 63% of the variance in swan SBMI values
(Table 1). Of the three random effects terms included in our
best-supported model, the date of capture accounted for the
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Fig. 1 Individual scaled body mass index (SBMI) values for Bewick’s
Swan adults (grey circles) and cygnets (black circles) captured on the
winter grounds in the UK between winters 1966/1967 and 2017/2018

greatest variance in SBMI values, whilst parent identity
accounted for more than brood identity; however, the variance
associated with each of these three random effects was lower
than the residual variance (Table 2).
No other candidate model had an associated ΔAICc value
within 2.0 of our best-supported model. The next bestsupported model was one in which adult and cygnet SBMI
values were allowed to vary between years of increasing, stable or decreasing population size. However, this population
trend model had an associated ΔAICc value of 7.1, wi of 0.03
and an ER of 34.2 (Table 1); therefore, this model was considered to have limited support in the data. All ten of the
candidate models that received more support in the data than
the null model included the age class effect (Table 1).
The best-supported time model was not improved by the
addition of either sex or capture site as explanatory variables,
as neither the addition of sex or site as main effects or as
interactions with age class resulted in models that were ≤ 2.0
of the ΔAICc value of the best-supported model. The addition
of individual sex to the best-supported model resulted in
ΔAICc values of 6.4 and 13.1 for the main effect and twoway interaction with age class, respectively. Similarly, the
addition of individual capture site to the best-supported model
resulted in ΔAICc values of 19.7 and 37.7 for the main effect
and two-way interaction with age class, respectively.
Furthermore, the mean (± SD) SBMI values were similar between males and females, and also between the four capture
sites, for each age class (Table 3).

Discussion
In this study, we used a unique dataset that spanned over half a
century to show that there were no consistent temporal patterns in the body condition of Bewick’s Swan adults or
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Table 1 A comparison of the support and explanatory power of the ten best-supported (plus null model) candidate models of log10-transformed swan
SBMI values
Time model

k

AICc

ΔAICc

Akaike weight (wi)

Evidence ratio (ER)

R2GLMM(m)

R2GLMM(c)

log10 SBMI = i + A + RE
log10 SBMI = i + A + P + RE
log10 SBMI = i + A + L + RE
log10 SBMI = i + A + D + RE

2
5
3
8

− 1906.9
− 1899.8
− 1895.3
− 1894.0

0.0
7.1
11.6
12.9

0.97
0.03
0.00
0.00

1.0
34.2
331.8
649.7

0.20
0.24
0.22
0.28

0.63
0.63
0.62
0.65

log10 SBMI = i + A · P + RE
log10 SBMI = i + A · L + RE
log10 SBMI = i + A + Q + RE
log10 SBMI = i + A + H + RE
log10 SBMI = i + A · D + RE
log10 SBMI = i + A · H + RE
log10 SBMI = i + RE

8
4
4
12
14
24
1

− 1885.3
− 1880.0
− 1873.7
− 1873.0
− 1858.1
− 1810.4
− 1803.4

21.6
26.9
33.2
33.9
48.8
96.5
103.5

0.00
0.00
0.00
0.00
0.00
0.00
0.00

4.8 · 104
6.9 · 105
1.6 · 107
2.3 · 107
4.0 · 1010
9.2 · 1020
3.0 · 1022

0.25
0.22
0.22
0.32
0.29
0.33
0.00

0.63
0.62
0.62
0.67
0.65
0.67
0.64

The best-supported model is indicated in bold. k refers to the number of fitted fixed-effect parameters in each candidate model. R2 GLMM(m) indicates the
proportion of variance explained by the fixed effects alone, while R2 GLMM(c) indicates the proportion of variance explained by both the fixed and random
effects (Nakagawa and Schielzeth 2013). Parameters: i = intercept, A = age class (0 = cygnet, 1 = adult), P = population size trend (‘increasing’, ‘decreasing’, ‘stable’), L = year as a linear predictor, Q = year as a quadratic predictor, D = decade, H = half-decade, RE = random effects terms (parent ID,
brood ID, capture date)

cygnets. Whilst SBMI values showed some variation both
within and between years, the temporal variation showed neither a consistent trend over time or localised periods of decline
or elevation. Whilst many studies have examined trends in
avian body condition (Brown 1996), our analysis accounted
for shared genetic factors and rearing environment between
individuals born to the same parents and raised in the same
brood, which few studies have been able to do previously. The
long-term, detailed studies of swans visiting key winter sites
within the UK (e.g. Scott 1966; Evans 1979; Rees and Bowler
1996) allowed such relationships to be identified and
accounted for in our analysis.
Repeated assessments of body condition can provide valuable information on the energetic state of individuals within a
population (Armstrong and Ewen 2001; Hoare et al. 2006). In
contrast to our prediction, we found no evidence that swan
body condition was lower during periods of population decline compared with periods of population stability or growth.
Our measure of body condition reflects the conditions experienced by each individual not only at winter feeding sites but
also at migratory stopover sites and on the breeding grounds.
The relative stability of body condition over time suggests that
Table 2 A summary of the
parameter estimates associated
with our best-supported model of
log10-transformed SBMI values

there has been no apparent decline in the ability of swans to
find and exploit food supplies between the breeding and wintering areas. However, the link between changes in food resources, individual body condition and population size could
be examined in greater detail in future studies. Further research could also extend our examination of Bewick’s Swan
body condition to include additional sites across the flyway,
including at migratory stopover and breeding sites. Such a
flyway-scale approach would allow a more comprehensive
understanding of the regulation of body condition throughout
the annual cycle. If it proved impractical to capture birds at
key sites in order to measure their biometrics, indirect
methods for the estimation of body condition based on abdominal profiles could be used (e.g. Bowler 1994).
Furthermore, field investigations could be complemented with
mechanistic models of foraging animals, such as individualbased models, which allow the effects of past and future
changes in food biomass, extent and nutritional quality on
individual foraging behaviour and physiological state (including energy reserves) to be assessed (Wood et al. 2015).
The site within the UK at which the swans were captured
had no influence on body condition, with similar SBMI values

Effects

Variable

Mean estimate

SE

Variance

SD

Fixed effects

Intercept
Age class
Brood ID
Parent ID
Capture date
Residual

0.7199
0.0717
–
–
–
–

0.0057
0.0060
–
–
–
–

–

–

0.0004
0.0007
0.0012
0.0019

0.0207
0.0258
0.0340
0.0442

Random effects
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Table 3 A summary of the age-specific mean (± SD) SBMI values (kg)
for both sexes and all four capture sites (the number of individuals measured (n) is also given for each group)
Age class

Grouping

Mean

SD

n

Adult

Sex: male

6.3

0.9

101

Sex: female

6.4

0.8

94

Site: Caerlaverock
Site: Martin Mere

6.4
6.1

–
0.9

1
14

Site: Ouse Washes
Site: Slimbridge

6.5
6.3

0.7
0.8

22
158

Sex: male

5.2

0.8

201

Sex: female

5.5

0.9

266

Cygnet

Site: Caerlaverock

6.2

0.6

14

Site: Martin Mere

5.4

0.7

66

Site: Ouse Washes

5.4

0.8

35

Site: Slimbridge

5.3

0.9

352

found across all four sites, despite some differences in the food
resources available at each site. Swans feed predominantly on
pasture grasses at Slimbridge and Caerlaverock, and on earlygrowth cereals and unharvested remains of root crops in agricultural fields around Martin Mere and the Ouse Washes
(Rees 2006). Although a small quantity of grain has been
distributed throughout each winter to encourage the swans
and other waterbirds to frequent areas in front of the hides at
all four catch sites, it should be noted that the swans feed
almost exclusively on agricultural land in the surrounding area
during the day, returning to the reserves mainly to roost (Rees
2006). The main purpose of this supplementary food was to
provide a viewing opportunity for the public, not to provide
part of the swan’s diet (Rees and Bowler 1996). Furthermore,
Bewick’s Swans’ use of supplementary grain declined between the mid-1980s and mid-1990s, ceasing thereafter, at
the Ouse Washes site, and the Bewick’s Swans largely stopped
wintering at Martin Mere and Caerlaverock in the mid- to late1990s due to a combination of short-stopping with the warmer
winters and competition with larger Whooper Swans (Cygnus
cygnus) at these sites (Black and Rees 1984; Rees 2006;
Worden et al. 2006); yet, despite the differing temporal patterns of visitation and provisioning at each site, we found no
evidence that site was important in determining body condition. Furthermore, we controlled for winter site use by including capture date in all models, which accounted for variation
between individuals in the time spent at wintering sites before
biometric measurements were taken.
All swan species show some degree of sexual dimorphism,
with males typically larger in body mass and structural size
(e.g. biometrics such as bill length) compared with females
(e.g. Evans and Kear 1978; Limpert et al. 1987; Albertsen et
al. 2002; Ciach et al. 2018). However, in our study we found no
evidence that male and female swans differed in body

condition, a measure which corrects body mass for the structural size of the individual. Reduced early winter body condition over time in just one sex could have indicated a sexdependent issue in foraging performance within the flyway,
for example if one sex was more prone to disturbance.
Similarly, we found the same lack of temporal trend in body
condition for both adults and cygnets, despite the smaller energy reserves and lower foraging efficiency of cygnets relative
to adults (Nolet et al. 2014; this study). The parity in body
condition between sexes suggests that all swans probably experienced similar foraging conditions across the flyway, or that
any differences were sufficiently minor that they could be compensated for prior to the early winter period. Indeed, neither
migratory route nor diet are thought to vary between male and
female Bewick’s Swans (Rees 2006). Similarly, Wood et al.
(2018) found little difference in the annual survival rates of
male and female Bewick’s Swans from 1970 to 2014.
Across all individuals, SBMI varied from 3.2 to 9.0 kg in
cygnets and from 4.0 to 9.1 kg in adults, which demonstrated
considerable variation between individuals within any given
year. Our best-supported model accounted for 63% of the
variation between individuals, which was associated with
age class, shared parents, shared brood identity and the number of days since the year-specific arrival date that the individual was captured. Information on social status, which was
difficult to obtain given the capture methods used, could have
accounted for some of the unexplained variance in body condition; in common with most other waterbird species (Rees
2006; Wood et al. 2017), male Bewick’s Swans undertake the
primary role in the defence of feeding areas, and so paired
adult Bewick’s Swan males with young exhibit progressively
poorer body condition compared with paired females during
winter (Bowler 1994). Future work which measured natal
habitat quality could examine the relative importance of the
effects of shared rearing environment and shared genetic factors between siblings on body condition. Furthermore, future
research on individuals’ migratory routes and phenology, together with the conditions encountered at each site, for example through telemetry, could allow a more detailed examination of the causes of variation in body condition between
individuals. In particular, measurements of food resources
could prove insightful because waterfowl body condition is
known to reflect the food supplies available at feeding sites
(Norambuena and Bozinovic 2009). For example, Owen and
Cook (1977) reported a positive relationship between the body
condition of Northern Mallard (Anas platyrhynchos) and the
amount of food available on their feeding grounds. As previous studies have found considerable heterogeneity among individuals in Bewick’s Swan migration routes and use of stopover sites (e.g. Nowak et al. 1990; Rees and Bacon 1996;
Nuijten et al. 2014; Griffin et al. 2016), differences in SBMI
might therefore reflect differences in foraging conditions encountered at migratory stopover sites.
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Conclusions
Since the 1960s, the northwest European population of
Bewick’s Swans has shown marked variations in the numbers
recorded on the wintering grounds (Rees and Beekman 2010).
The observed decline in population size of almost 40% between
1995 and 2010 has represented a particular concern for conservationists. However, our results suggested that winter body
condition is unlikely to have played a role in influencing changes in population size. Crucially, we found no evidence that adult
or cygnet body condition varied between years in which population size was increasing, stable or decreasing. Our findings
suggest that the Bewick’s Swan population decline is therefore
unlikely to have been caused by inadequate food supplies on
the breeding grounds or at sites used during autumn and early
winter. The lack of information on feeding conditions at such
sites was highlighted in the Bewick’s Swan Single Species
Action Plan (Nagy et al. 2012). Therefore, we argue that our
findings will be useful to swan conservation, by helping to shift
the focus of researchers and practitioners away from factors
unlikely to have contributed to the population decline.
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