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Abstract
Environmental conditions at one point of the annual cycle of migratory species may lead to

cross-seasonal effects affecting fitness in subsequent seasons. Based on a long-term

mark-resighting dataset and scoring of body condition in an arctic breeding goose species,

we demonstrate a substantial effect of winter harshness on post-winter body condition.

However, this effect was compensated along the spring migration corridor, and did not per-

sist long enough to influence future reproduction. This highlights the importance of temporal

scale when assessing impacts of environmental effects, and suggests a state-dependent

physiological mechanism adjusting energy accumulation according to internal energy

stores carried into spring. In support of these findings, the development of body condition

was unaffected by whether geese used supplementary feeding sites or not. While there was

no effect of winter harshness on the average population pre-breeding body condition, indi-

vidual variations in early spring body condition (probably related to different life-histories)

were partly traceable throughout spring. This strongly indicates a carry-over effect on the

individual level, possibly related to differences in dominance, site use, disturbance or migra-

tion strategy, which may potentially affect future reproduction.

Introduction
The relative stability of weather forces, often referred to as a region’s climate, is what define the
world’s biomes, and hence a main driver of animal abundance and distribution [1,2]. In addi-
tion, seasonal weather patterns, characterised as predictable changes during an annual cycle,
give rise to large temporal variation in primary production affecting all higher trophic levels.
The associated seasonal fluctuations in food availability and energy demand triggers a wide
array of adaptations among animals to cope with the changing conditions, which may be physi-
ological, morphological or phenological in character [3,4,5]. To many organisms winter, with
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low food availability and cold temperatures, is the most challenging season for coping with
environmental stress. As a consequence, winter conditions may be a bottleneck to population
increase in many organisms by means of either directly increased mortality [6,7] or negative
long-term effects affecting future fitness [8,9]. While an assessment of increased mortality is
often rather straightforward, quantifying potential long-term effects has proven much more
difficult.

Migratory waterbirds are greatly affected by weather throughout their annual cycle, and
winter is one of the energetically most challenging periods to many species [7,10,11]. Post win-
ter waterbirds refuel their energy stores to prepare for the upcoming spring migration and
breeding event, often demonstrating high rates of food consumption and rapid increases in
body condition [12,13]. This build-up of energy stores during spring is often referred to as
spring-fattening. Most waterbird species of the western Palearctic winter in north-western
Europe, and the winter conditions in these areas may vary greatly from year to year. As a con-
sequence food availability, energy expenditure and migration distance may fluctuate among
winters [14] and influence post-winter body mass and the starting point of spring-fattening.
To what extent the energetic impacts of a harsh winter persists throughout spring is poorly
known, and studies thoroughly addressing the potential long-term effects of winter harshness
are lacking. At one extreme, cold winters might result in a persistent lower body mass up until
the following breeding season, but geese may also to some extent be able to compensate the
energetically lower starting point by increasing the rate of spring-fattening.

The amount of energy needed during spring-fattening probably relates to the body condi-
tion of individual birds in early spring, and individuals might adjust their energy intake rate
according to the amount of reserves they carry into spring. If this is indeed the case, spring-fat-
tening might be considered a state-dependent physiological mechanism of adaptive behaviour
[15]. This would imply that the development in spring body condition is not just a product of
food availability, but to a large extent driven by the internal energetic state of individual geese.
Early spring body condition however, is not just a product of the preceding winter, and individ-
ual variation in internal energy stores carried into spring are likely affected by different life-his-
tory factors such as dominance rank, family status, migration history, age, illness, disturbance,
etc. Irrespective of the preceding winter, the life history-driven variation in early spring body
condition might induce carry-over effects in individual geese affecting future fitness. Carry-
over effects are processes occurring in one season that result in different levels of condition,
consequently affecting individual performance in a subsequent period of the annual cycle
[16,17]. Carry-over effects from a low early spring body condition may include lower energy
stores, altered migration phenology, changing immunity against pathogens and lower repro-
duction [8,9,18,19], which might all in turn shape the future life-history of individual
organisms.

Identifying long-term impacts, state-dependent foraging and individual carry-over effects
depends on the ability to 1) track individuals through time and 2) continuously measure state
(body condition) to evaluate potential impacts. In this study we apply a unique 23 year data
set of body condition assessments of individually marked pink-footed geese (Anser brachyr-
hynchus) to carry out two different analyses investigating these relatively undescribed features
of waterbird ecology. First, we analyse the effect of winter harshness on post-winter body con-
dition, and assess to what extent this effect persists to the late spring pre-breeding period.
This analysis is carried out on a population level and aims specifically to investigate how winter
temperature affects average body condition of the entire population. Secondly, we examine
whether individual birds are able to compensate intraspecific differences in post-winter body
condition during spring by means of state-dependent spring-fattening rates, and evaluate to
what extent variation in early spring body condition carries over to the late spring period. To
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identify individual carry-over effects and state-dependent foraging responses, this analysis is
carried out on the level of individual geese tracked through time, and while the population-
level analysis is designed only to describe annual body condition in relation to harshness of the
preceding winter, the individual-level approach looks at variation in body condition that may
be driven by any life history-event such as differences in dominance rank, family status, site
use, migration history, age, illness and disturbance. For the population analysis we defined two
hypotheses stating that: 1) Average body condition at the start of spring-fattening (early
spring) is related to winter temperature, and lower body condition associated with a preceding
cold winter, and 2) The population is, at least partly, able to compensate the negative effect of
harsh winters on early spring body condition during spring-fattening. For the individual analy-
sis we hypothesised that: 3) The gain in body condition of individual geese during spring-fat-
tening is state-dependent, and therefore inversely related to early spring body condition.

Since the 1970s, between one and five fields at the Danish spring staging sites of pink-footed
geese have served as supplementary feeding areas to alleviate conflicts with agricultural inter-
ests [20,21]. As supplementary feeding could potentially boost the increase in body condition
of geese, the fourth hypothesis was defined to test the effect on spring-fattening rates by com-
paring condition of geese inside and outside these areas. In accordance with the state-depen-
dent hypothesis predicting that geese adjust their spring-fattening according to state, we
hypothesized that 4) Supplementary feeding would not affect body condition.

Methods

Focal species
The Svalbard-breeding population of pink-footed geese winters in Denmark, The Netherlands
and Belgium, where they forage on pastures, marshes and agricultural fields [22,23]. In early
spring, the majority of the population congregates in western Jutland, Denmark, before gradu-
ally migrating northwards in April to stopover sites in Trøndelag (mid-Norway) and Vester-
ålen (north Norway). By mid-May the geese migrate from north Norway to the Svalbard
breeding grounds [24]. Since 1990, the population has been subject to a long-term ringing
scheme with neckbands, and more than 3700 geese have been captured and individually
marked. The majority of birds were caught in the Danish spring staging sites, but additional
captures have been carried out during the post-breeding moult on Svalbard.

In Denmark geese were caught by cannon-netting and transferred to a tent. Each
individual was ringed and neckbanded and returned to the tent, and all geese were released
simultaneously in a flock. License to ring and use neckbands, as well as ethical approval of the
work, was issued by the Ringing Central of the Zoological Museum, Copenhagen, Denmark.
The capture of geese was carried out on state-owned land, and the permit to catch was issued
by the National Nature Agency. In Svalbard, Norway, geese were rounded up during the moult
of remiges. Geese were driven into a corral and adults and young geese separated. All individu-
als were ringed and adult geese neckbanded and returned to the corral. When the ringing was
completed, all geese were released simultaneously to ensure that they stayed together as a
flock. Ringing license was granted by the Ringing Central, Stavanger Museum, Norway, and
the permit to use neckbands was granted by the Norwegian Committee for Animal Welfare
(Forsøksdyrudvalget). The permit to catch geese in Svalbard was issued by the Governor of
Svalbard. All marking and re-sighting data have been stored at www.geese.org.

Body condition assessments
Body condition assessments of neckbanded pink-footed geese has been conducted annually
and systematically since 1990 from when geese arrive in Denmark (late winter, early spring) to
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departure from Vesterålen (late spring), by assessing the abdominal profile index (API, Sensu
[25]) of individual birds. Based on the sagginess of their abdomen, birds are scored on a 1–7
scale following a standardised protocol [26]. Observations were carried out by trained and
experienced observers who were inter-calibrated in scoring APIs. Abdominal profile indexes
are widely accepted as good proxies of waterfowl body condition [27], and the API of pink-
footed geese correlates nicely with both body mass, fat stores and reproductive output [26,28],
confirming the validity of this index as a measure of nutritional state and ultimately fitness in
this species. The use of neckbanded birds enabled us to track the body condition of individual
geese through time, allowing for long-term assessments of potential carry-over effects. The
presence of neckbands does not have any long-term negative effect on the geese [29]. Ringing
data, re-sightings and body condition assessments of individual birds is available as online sup-
porting information (S2 Table and S3 Table).

The effect of winter harshness on average population body condition
As a measure of winter harshness we used an overall average winter temperature (Dec-Feb)
from Esbjerg (Denmark), Leeuwarden (The Netherlands) and Oostende (Belgium), covering
the three main wintering areas of this population. Temperature data were acquired from the
National Climatic Data Center (NCDC) of the National Oceanic and Atmospheric Adminis-
tration (NOAA, http://www.ncdc.noaa.gov). Average winter temperatures from the three sites
were highly correlated (average Pearson’s r = 0.90), indicating substantial similarity of weather
conditions and winter harshness among wintering sites. As a consequence we relied on the
overall average winter temperature as a proxy of winter severity in near-coastal areas of north-
western Europe.

We hypothesized that potential effects of winter harshness on average goose body condition
should be most pronounced in early spring immediately after winter, and used the average
March API of birds in Denmark as a measure of winter impacts. To investigate the temporal
persistence of the impact on average body condition, the development in API were analysed
separately for March (Denmark), April (Denmark and Trøndelag) and May (Denmark,
Trøndelag and Vesterålen), corresponding to the time when birds reside at these staging sites.
For all month and site combinations we developed a general linear mixed model with “Year”
and “Bird ID” as random effects and “Day of Month”, “Winter temperature” (the abovemen-
tioned overall average) and the interaction between these as fixed effects. The random effects
were included to control for the confounding effects of individual variation in body size and
annual variation unrelated to winter harshness. Hence, this analysis was constructed solely to
explore the effect of winter temperature on average body condition development throughout
spring. “Day of month” was incorporated to control for the temporal increase in body mass
during each month, which is considerable, especially in late spring [26]. Because of gender-spe-
cific development in the API of pink-footed geese [29], males and females were analysed sepa-
rately. To avoid potential age-specific effects the model included only API assessments of adult
birds (> 2 years old), and data collected in the year of ringing of individual birds were dis-
carded to eliminate the effects of capture [29].

State-dependent effects of individual differences in early spring body
condition
In order to evaluate whether early spring body condition affected subsequent spring-fattening
we used body conditions from all individuals with API assessments in both March, when birds
reside in Denmark, and May, when geese are at their final spring staging site in Vesterålen just
before migrating to the breeding grounds. This enabled us to investigate individual variation in
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the rate of spring-fattening, and should reveal potential state-dependent mechanisms operating
on this process. Treating May APIs as a function of March APIs, a linear regression with slope
1 would imply that no compensation was present, while a slope of 0 would indicate full
compensation.

Variation in early spring body condition may relate to a number of factors such as differ-
ences in dominance rank, family group size, migration strategy, site use, age, illness, distur-
bance and weather impacts. Clarifying which of these impacts might lead to carry-over effects
on individual geese is not possible from this analysis alone, but the approach can reveal
whether birds are able to compensate a lower starting point or might be restricted by their
energetic state in early spring. Hence, this analysis was made to investigate the potential for
state-dependent foraging and explore possible carry over effects related to the entire life history
of individual geese. When more than one API assessment was available from a site the average
value was used, and like above we restricted our data to include only adult birds and discarded
data collected in the year of ringing.

Supplementary feeding
Supplementary feeding with cereal grain has taken place during the study period at up to five
different locations in western Jutland, Denmark, where geese gather in large flocks resulting in
agricultural damage. Up to 0.5–1 tons of grain was supplied per site during late March-April
(see [20] for details). The effect of supplementary feeding on goose body condition was tested
using all API assessments from April (the main supplementary feeding period [20]) to compare
the body condition of birds exploiting and not exploiting these areas. This was carried out
using a general linear mixed model with “Year” and “Bird ID” as random effects and “Day of
month”, “Sex” and “Supplementary feeding” as fixed effects. The “Supplementary feeding” var-
iable distinguished between API assessments of birds within and outside the supplementary
feeding sites. The interaction “Sex�Supplementary feeding” was included to test for potential
different responses between the two sexes, and the interaction “Year�Supplementary feeding”
to capture potential differences in amount and timing of cereals applied. We cannot completely
rule out that geese exploiting supplementary feeding sites occasionally foraged on regular fields
in the vicinity of these supplementary feeding areas, but geese scored in areas with no supple-
mentary feeding only had access to regular fields. The comparison in this analysis is therefore
between two groups of birds that either 1) used, and always had access to, fields with supple-
mentary feeding or 2) had no access to these fields. Observations of neckbanded geese suggest
that in any single year only� 7% of all birds are seen inside and outside the supplementary
feeding areas during the monitoring period, suggesting that this distinction is reliable to a great
extent. All statistical analyses and graphical representations were completed in R 3.0.2 [30],
and mixed models were fitted using the lme4 package.

Results

The effect of winter harshness on average population body condition
During 1991–2013, average winter temperature varied between -0.67°C (1996) and 6.28°C
(2007, see S1 Table). Winter harshness affected March API of both female and male pink-
footed geese (Fig 1, Table 1). The effect corresponded to a drop of 0.127 and 0.147 API scores
respectively for each degree drop in average winter temperature (Table 1). The effect of winter
on goose body condition persisted in April among birds staying in Denmark, but was not dis-
cernible in May. Also, for both sexes there was no support for an effect of winter on API at the
subsequent spring staging sites in Trøndelag and Vesterålen (Table 1). The increasing variance
around the coefficients in Table 1 fromMarch to May indicates that winter temperature
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became an increasingly poorer predictor of goose body condition during this period, which is
what would be expected from a gradual compensation of this effect and a growing temporal
and spatial separation between explanatory and dependent variables. In order to compensate
the effect of cold winters on early spring body condition a significant negative interaction
between “Winter temperature” and “Day of month” (indicating that rates of increase in API
were steeper following cold winters) should be expected during spring-fattening. Our results
indicate a significant interaction in late spring, which is in good agreement with the concurrent
fading effect of winter harshness (Table 1). With ideal temporal resolution of our API data one
would expect a non-significant interaction term in the days just prior to final migration (indi-
cating that geese had reached full compensation), but in order to ensure appropriate sample
sizes and acknowledge the ordinal nature of API scores we have refrained from further tempo-
ral splits of these data. As a result, there was no indication of a persistent long-term effect
affecting average pre-breeding body condition of the population as a whole. As expected, day
of month was significant for all site, sex and month combinations, indicating that geese build
up energy stores (gradually increasing API scores) at all three staging sites on their northbound
migration.

Fig 1. Relationship between average winter temperature and March body condition of pink-footed geese Anser brachyrhynchus. Average March
body condition was assessed from the abdominal profile index (API) of (a) females and (b) males. Lines indicate least square fits from the linear mixed model
(Table 1), and bars indicate standard errors. N indicates the number of geese included in the analysis.

doi:10.1371/journal.pone.0132312.g001
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State-dependent effects of individual differences in early spring body
condition
For both sexes, the linear regression of late spring body condition on early spring body condi-
tion had slopes that were significantly smaller than one (no compensation, Fig 2), entailing
that spring-fattening rates were inversely proportional to early spring body condition. This
indicates a state-dependent energy accumulation where geese entering spring in poor condition
built up body reserves to a greater extent than well-conditioned birds. However, both slopes
were also significantly larger than zero (full compensation, Fig 2), suggesting that compensa-
tion was incomplete and that an individual carry-over effect of early spring body condition per-
sisted in the subsequent period. The slope of the regression line for females (0.53±0.09) was
smaller than for males (0.73±0.10), indicating that females compensated a poor early spring
body condition to a greater extent than their male counterparts. This might be the result of a

Table 1. Fixed effects output of the general linear mixedmodel to explain temporal persistence of the winter carry-over effect on pink-footed
goose Anser brachyrhynchus body condition at three consecutive spring staging sites (Denmark, Trøndelag and Vesterålen). Presented estimates
are coefficients from a model with API (abdominal profile index) as response variable, “Year” and “Bird ID” as random effects and “Day of Month”, “Winter tem-
perature” and the interaction between these as fixed effects. Winter temperature is the average December-February temperature (°C) in the preceding winter,
and N the number of geese (females & males) with abdominal profile index (API) assessments for all combinations of month and staging sites. Day of month
was fitted as a continuous variable (covariate).

Females Males

Denmark Estimate SE P value Estimate SE P value

March (N = 1314 & 1525)

Day of month 0.031 0.002 <0.001* 0.029 0.002 <0.001*

Winter temperature 0.127 0.056 0.039* 0.147 0.052 0.013*

Day of month x Winter temperature 0.004 0.003 0.392 0.003 0.003 0.741

April (N = 3591 & 3845)

Day of month 0.069 0.001 <0.001* 0.054 0.001 <0.001*

Winter temperature 0.102 0.046 0.048* 0.128 0.052 0.026*

Day of month x Winter temperature -0.001 0.001 0.397 -0.000 0.001 0.985

May (N = 911 & 985)

Day of month 0.044 0.007 <0.001* 0.019 0.007 0.011*

Winter temperature 0.095 0.080 0.268 0.088 0.133 0.527

Day of month x Winter temperature -0.008 0.003 0.015* -0.005 0.003 0.055

Trøndelag, Norway

April (N = 707 & 655)

Day of month 0.062 0.007 <0.001* 0.062 0.006 <0.001*

Winter temperature 0.030 0.076 0.707 0.022 0.085 0.807

Day of month x Winter temperature 0.006 0.004 0.133 0.005 0.004 0.146

May (N = 1573 & 1622)

Day of month 0.059 0.004 <0.001* 0.031 0.004 <0.001*

Winter temperature -0.002 0.072 0.974 -0.043 0.088 0.644

Day of month x Winter temperature -0.013 0.002 <0.001* -0.015 0.002 <0.001*

Vesterålen, Norway

May (N = 3018 & 3102)

Day of month 0.069 0.004 <0.001* 0.053 0.004 <0.001*

Winter temperature 0.080 0.125 0.532 0.073 0.140 0.611

Day of month x Winter temperature -0.011 0.003 <0.001* -0.016 0.003 <0.001*

* Significant effects on α-level 0.05

doi:10.1371/journal.pone.0132312.t001
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higher body condition target among females preparing the forthcoming breeding event, which
is supported by the fact that females generally reach higher APIs than males in late spring. The
amount of individual variation in March body condition was not related to winter harshness
(F1,14 = 0.16, P = 0.692), indicating that although winter harshness influenced the average body
condition of the population as a whole, individual variation was probably driven by other life
history events.

Supplementary feeding
Supplementary feeding did not seem to affect the build-up of body mass during spring-fatten-
ing. April API assessments of pink-footed geese from fields with supplementary feeding
averaged 3.61 (SE = 0.02) and was identical to APIs scored outside these areas (Mean = 3.61,
SE = 0.03, Table 2).

Discussion
Negative impacts of harsh winters are often reported in studies of migratory waterbirds
[13,31,32], but the persistence of these effects in subsequent seasons is rarely investigated.
From continuous assessments of pink-footed geese body condition during the entire spring
season, this study supports the three hypotheses that 1) average early spring body condition is
affected by the harshness of the preceding winter, 2) on a population level pink-footed geese

Fig 2. Relationship between early (March) and late (May) spring body condition of pink-footed geese Anser brachyrhynchus. Average body
condition was assessed from the abdominal profile index (API) of (a) females and (b) males. Black lines indicate the linear fit with 95% confidence limits, and
grey dashed lines indicate hypothetical fits corresponding to no compensation (slope = 1) and full compensation (slope = 0). N indicates the number of geese
included in the analysis.

doi:10.1371/journal.pone.0132312.g002
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are capable of compensating the lower energetic starting point during the course of spring-fat-
tening and 3) spring-fattening rates of individual geese are state-dependent and inversely pro-
portional to early spring body condition. Our data on spring-fattening rates of individual geese
showed that birds entering spring in poor condition accumulated body mass to a greater extent
than birds in good condition, but could not fully compensate the lower starting point of
spring-fattening. The inability to fully compensate a poor body condition was consistent irre-
spective of winter harshness, and as average late spring body condition of the entire population
did not differ between mild and cold winters, the individual variation in body condition per-
sisting throughout spring was probably related to differences in life-history events other than
winter harshness. Individual variation in early spring body condition may be driven by differ-
ences in dominance rank, family status, migration history, site use, weather impacts, age, illness
and disturbance levels during the period leading up to spring. Many of these impacts may per-
sist on longer temporal scales and carry over to the spring period. Collectively these factors
may lead to substantial differences in late spring body condition among years [33], although
the effect of the preceding winter is no longer discernible.

Collectively our results indicate that 1) the effect of a harsh winter does not persist long
enough to influence late spring body condition and subsequent reproduction [28], but 2) other
life history-factors may lead to a carry-over effect of early spring body condition of individual
geese, suggesting that variation in the amount of energy reserves carried in to spring is very
important. We interpret this as indicating that although the effect of winter harshness can be
offset during the course of spring-fattening, different life histories might affect the relative posi-
tion of individual geese on the entire spectrum of body conditions. This is in good agreement
with previous findings suggesting that some individuals in goose populations fare consistently
better than others [34]. While it seems somewhat contradictory that a partly compensation of
individual body condition during spring is enough to ensure full compensation of winter effects
on the population level, this is a consequence of the fact that individual variation is driven by
many other important life-history events than winter temperature.

Females were compensating the lower energetic starting point to a greater extent than
males, which may relate to sex-specific differences in spring behaviour and spring target mass.
While paired males spend proportionately more time on aggressive interactions and vigilance,
females forage more intensively to prepare for the forthcoming breeding event [35,36].

The fading effect of winter harshness on average body condition and inverse proportionality
between spring-fattening rates and early spring body condition both suggest a state-dependent
physiological mechanism among spring-fattening geese, allowing them to regulate energy
intake (e.g. time spend foraging) based on current energetic state. Hence, individuals entering

Table 2. Fixed effects model output of the general linear model to explain the effect of supplementary feeding on April API of pink-footed geese
Anser brachyrhynchus. Presented estimates are coefficients from a model with “Year” and “Bird ID” as random effects and “Day of month”, “Sex”, “Supple-
mentary feeding”, “Sex * Supplementary feeding” and “Year * Supplementary feeding” as fixed effects. The supplementary feeding variable distinguishes
between birds with API assessments inside and outside areas with supplementary feeding, and N indicates the number of geese included in the analysis.
Day of month and Year was fitted as continuous variables (covariates).

N = 6947 Estimate SE P value

Day of month 0.060 0.001 <0.001*

Sex 0.146 0.021 <0.001*

Supplementary feeding 0.001 0.012 0.939

Sex * Supplementary feeding -0.017 0.012 0.146

Year * Supplementary feeding 0.002 0.002 0.444

* Significant effects on α-level 0.05

doi:10.1371/journal.pone.0132312.t002
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spring in poor body condition might speed up energy accumulation, individuals entering
spring in good condition may hold back, or the result may be a combination of both. Although
this indicates that pink-footed geese have a buffer for building up body mass during spring-fat-
tening, the maximum late spring body condition that individuals can reach still seemed to be
restricted by their body condition upon entering spring. Spring-fattening is generally described
as a very busy time among many species of geese, but recent studies now suggest that during
early phases of spring migration geese may accumulate energy stores below their maximum
capacity [37,38]. Pink-footed geese might restrict the build-up of energy stores until later in
spring in order not to pay the additional costs (locomotory, predator avoidance etc.) of a larger
body mass [39,40]. State-dependent foraging has been demonstrated in other bird species on
short temporal scales [41,42], but this study emphasizes that a similar mechanism may regulate
foraging decisions on a seasonal basis. Higher fat deposition rates for geese in poor spring con-
dition have also been shown for barnacle geese (Branta leucopsis) during a three weeks stop-
over in Norway [43]. Like in our analysis, this study also found that lean individuals were
unable to fully catch up with birds arriving at this stopover in better condition. Collectively
these findings indicate that although energy accumulation may operate as a state-dependent
mechanism, it is not always enough to compensate for lost opportunities in the past.

Based on current data we found no support for an effect of supplementary feeding in April,
which seemed to confirm hypothesis 4. One possible explanation of this could be that food is
plentiful during spring, and that geese are already capable of foraging at acceptable intake rates
in natural habitats. As such, the build-up of energy stores seemed not to be limited by food
availability during this period. The fact that geese exploiting supplementary feeding sites did
not boost their body condition supports the state-dependent foraging hypothesis during
spring-fattening (hypothesis 3). In the current situation supplementary feeding seems to allevi-
ate conflicts with agriculture without any greater effect on goose body condition.

Recent studies have highlighted the importance of temporal scale when studying environ-
mental impacts [44,45], and an increasing number of papers conclude that waterbirds are able
to partly compensate past processes in a subsequent period [44–46]. Even in systems where
carry-over effects are known to drive fitness asymmetries, the implications of these are strongly
dependent on fitness determinants in subsequent seasons [46,47]. Changing environmental
conditions are manifold, and potential long-term impacts and individual carry-over effects
may concern any part of past life histories. Site use [48], hunting exposure [49], disturbance
[50], parental status [51], captivity [52] and winter harshness (this study) are among studied
examples on geese. What all these have in common is the dependence on temporal scale, as the
impact of most effects are likely to fade with time. The real question therefore is whether the
impact persists long enough to affect a future life-history event influencing important demo-
graphic traits such as reproduction and survival. In this study of winter harshness and pink-
footed geese this does not seem to be the case, as we found no indications of a population level
effect of winter on pre-breeding body mass which is a known proxy of future reproduction
[28].

Besides the reliance on temporal scale, this study also highlights the importance of popula-
tion vs individual effects. While the population of pink-footed geese was able to fully compen-
sate the effect of harsh winters during spring-fattening, individual differences in energy stores
when entering spring persisted partly throughout the spring period. Although the effect of win-
ter may only be short-term, individual variation in early spring body condition related to the
life history of individual birds might to some extent carry over to subsequent seasons and
potentially influence fitness further ahead [9]. This might indicate a carry-over effect on the
individual level that could relate to differences in dominance rank, site use, disturbance, migra-
tory strategy etc.
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