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Abstract

Following an increase in numbers from 1982 to 1998, the Greenland White-fronted
Goose Anser albifrons flavirostris declined over the period 1999–2015, stimulating
detailed analyses at the population and individual level to provide a better
understanding of  the dynamics of  this subspecies. Here we synthesise the results of
the analyses in order to describe the potential reasons for the decline. Utilising a 
27-year capture-mark-recapture dataset from the main wintering site for these birds
(Wexford, Ireland), multistate models estimated sex-specific survival and movement
probabilities. Our results suggested no evidence of  a sex bias in emigration or
“remigration” rates. These analyses formed the foundation for an integrated
population model (IPM), which included population size and productivity data to
assess source-sink dynamics of  Wexford birds through estimation of  age-, site-, and
year-specific survival and movement probabilities. Results from the IPM suggested
that Wexford is a large sink, and that a reduction in productivity is an important
demographic mechanism underlying population change for birds wintering at the
site. Low productivity may be due to environmental conditions in the breeding range,
because birds bred successfully at youngest ages when conditions in Greenland 
were favourable in the year(s) during adulthood prior to and including the year of
successful breeding. This effect could be mediated by prolonged parent-offspring  
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relationships, as birds remained with parents into adulthood, forfeiting immediate
reproductive success despite there being no fitness benefits to offspring of  family
associations after age 3 years. Global Positioning System and acceleration data
collected from 15 male individuals suggested that two successful breeding birds were
the only tagged individuals whose mate exhibited prolonged incubation. More data is
required, however, to determine whether poor productivity is attributable to deferral
of  nesting or to failure of  nesting attempts. Spring foraging did not appear to limit
breeding or migration distance because breeding and non-breeding or failed-breeding
birds, as well as Irish and Scottish birds, did not differ in their proportion of  time
spent feeding or on energy expenditure in spring. We recommend that future research
should quantify the demography of  other Greenland White-fronted Goose wintering
flocks, to assess holistically the mechanisms underlying the global population decline.

Key words: animal movement, Global Positioning System-acceleration tracking
devices, integrated population model, migratory birds, population decline.

2016), is believed to be hunted illegally
particularly during migration in Kazakhstan
and Russia, which has resulted in additive
mortality and reduced population size 
in recent years (Cranswick et al. 2012).
Likewise, a combination of  decreased
habitat availability and increased hunting in
China of  the Lesser White-fronted Goose
Anser erythropus, also classed as Vulnerable
globally by IUCN, is believed to have
contributed to population decline (Wang 
et al. 2012). Nonetheless, there remain
reasons to be cautious about the
conservation and management of  all arctic-
nesting geese in future years, particularly
with habitat changes associated with the
warming climate, the resulting temperature
increases of  which are greatest at polar
latitudes (IPCC 2014). These increases in
temperature have already changed arctic
ecosystems, contributing to greater variation
in predator-prey interactions (Nolet et al.
2013) and “phenological mismatch” in food
abundance as a result of  differential changes

Arctic-nesting geese are key species of
northern hemisphere polar regions, acting as
arctic ecosystem bioengineers through their
grazing and grubbing of  vegetation, and as
important prey for other species (Bantle &
Alisauskas 1998; Gauthier et al. 2004). Their
conservation and management therefore is
important to maintaining the integrity of
arctic ecosystem functions. In recent
decades, many goose populations around
the world have increased, largely as a result
of  greater food availability associated with
agricultural practices (Fox & Abraham 
2017) and more informed management of  
hunting as a conservation tool (Owen 1990;
Abraham & Jeffries 1997; Madsen et al.
1999; Gauthier et al. 2005). Typically,
populations that remain of  concern are
those with limited ability to adapt to
changing habitats or where hunting is
uncontrolled. For example, the Red-
breasted Goose Branta ruficollis, which is
classed as Vulnerable by the International
Union for Conservation of  Nature (IUCN
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in the onset of  summer between temperate
and polar regions (Durant et al. 2007; Tulp &
Schekkerman 2008; Gilg et al. 2012). 
To understand how these changes might

influence arctic-nesting goose populations
worldwide, it is critical to understand the
population biology and ecology of  these
goose systems. It is therefore timely to
examine these processes in the Greenland
White-fronted Goose Anser albifrons
flavirostris. This taxon is protected from
hunting throughout almost its entire range,
albeit illegal hunting is believed to persist at
low levels. Site protection measures have
been enacted on breeding, staging and
wintering sites. In 1989, five sites on
summering areas in west Greenland were
designated as Wetlands of  International
Importance (“Ramsar Sites”) under the
terms of  the Ramsar Convention and
subsequently, in 2013, the main Icelandic
staging site at Hvanneyri was also listed by
Icelandic Government as a Ramsar Site. The
entire world population winters in Great
Britain and Ireland, where protection and
increased food availability due to intensive
agriculture have resulted in increases in most
goose populations in recent decades. Indeed, 
there are 14 Ramsar Sites in Great Britain and
11 in Ireland utilised by Greenland White-
fronted Geese. Yet the Greenland White-
fronted Goose population has declined by
47% over the past two decades (Fig. 1) for
reasons that are not clear (Fox et al. 2016). 

Tackling a conservation challenge
using population and individual level
techniques

In this paper, following suggestions by
Green (1995) and Gibbons et al. (2011), we

synthesise a series of  recently published
results on Greenland White-fronted Goose
demography, to diagnose the demographic
mechanisms underlying population change
of  the geese at their main wintering site
(Wexford, Ireland) for improved inference
of  factors influencing the global population
decline. The studies were aided by long-term
capture-mark-recapture (CMR), population
size and productivity (i.e. the proportion of
juveniles) datasets of  Greenland White-
fronted Geese from Wexford, which
permitted estimates of  the birds’ survival
and breeding success. Critically, these data
encompassed a period of  population
increase between the early 1980s and the late
1990s (Fig. 1), and a subsequent decrease.
Further, the percentage juveniles during
winter (a productivity metric) at Wexford
steadily declined from the early 1980s to
mid-2010s (Fig. 2). Using these data, we
were therefore able to examine and compare
demographics associated with each period,
and not just during the population decline.
Very few studies on this population to date
have been conducted on breeding grounds
in Greenland, because of  the remoteness of
the area and the dispersed, low density of
individuals across the landscape (Fox &
Stroud 1988, 2002). Instead, most previous
research has been carried out at staging sites
(Francis & Fox 1987; Fox et al. 1999;
Nyegaard et al. 2001; Fox et al. 2002; Fox et
al. 2012) or wintering areas (Ruttledge &
Ogilvie 1979; Mayes 1991; Wilson et al.
1991; Warren et al. 1992; Fox 2003). Novel
tracking devices therefore were used to
quantify behaviours and movements during
the breeding season in Greenland. In
particular we examined whether reductions
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in juvenile and adult survival, or in
productivity, contributed to the population
trajectories. This is a taxon with a complex
social system and life history; previous
studies have highlighted that these birds are
long-lived (e.g. maximum age 22 years; A.D.
Fox, unpubl. data) and exhibit prolonged
family relationships (Warren et al. 1993).
These factors may be interacting to
influence population demography in subtle
ways. 
To examine the demographics of  this

system, we developed multistate models

based on CMR life histories of  collared
birds, which estimated age- and sex-specific
survival and movement probabilities. Our
results suggested that there were no
differences between sexes in emigration
probabilities at ages 1 year (males: mean =
0.18, 95% credible intervals (CRI) = 0.14–
0.22, females: mean = 0.17, 95% CRI =
0.13–0.22) and 2+ years (males: mean 0.11,
95% CRI = 0.09–0.14, females: mean =
0.11, 95% CRI = 0.08–0.13) or remigration
probabilities (i.e. the return of  birds to sites
where they were originally marked after 

Figure 1. Greenland White-fronted Goose count of  global population (dashed line), Islay
subpopulation (i.e. wintering flock; dotted line) and Wexford subpopulation (solid line), 1983–2016.
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a period elsewhere) at ages 2+ year 
(males: mean = 0.11, 95% CRI = 0.08–
0.15, females: mean= 0.13, 95% CRI =
0.09–0.18; Weegman et al. 2015). These
findings confirmed published estimates 
of  emigration (Marchi et al. 2010), and
provided previously unknown estimates of
remigration for this population. 
This model framework formed the

foundation for development of  an
integrated population model (IPM) which
estimated age-, site- and year-specific
survival and movement probabilities, and
utilised population size and productivity

data to yield population growth rates over
the 27-year study period (Weegman et al.
2016a). Importantly, observations of  the
Wexford population size showed that the
flock has remained relatively stable during
the study, despite large fluctuations
(increases in the early period and declines in
recent years) in the size of  c. 70 other
wintering flocks in Great Britain and
Ireland. This includes a major increase 
and subsequent decline on Islay, Scotland,
which is the second-largest wintering area
(collection of  flocks) for the subspecies,
despite stable productivity for these birds

Figure 2. Percentage juvenile Greenland White-fronted Geese counted at Islay (dotted line) and
Wexford (solid line), 1982–2015.
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(Fig. 1, Fig. 2; Fox et al. 2016). Over the 27-
year study period, the Wexford population
constituted 25–42% of  all Greenland
White-fronted Geese globally and, prior to
demographic analyses, appeared to be a
classic source-sink system (Pulliam 1988),
whereby large wintering aggregations (such
as at Wexford) act as “sources” to support
the smaller “sink” flocks, which explains
persistence of  the latter. However, our 
IPM revealed the exact opposite in that 
the largest concentration of  wintering
Greenland White-fronted Geese in the
world (Wexford) is in fact a large sink,
whose population size is maintained only by
substantial annual immigration from other
(smaller) sites (Weegman et al. 2016a).
Indeed, model estimates of  population
growth rate reached c. 1.0 (the level required
to match the observed stability at Wexford)
only on invoking immigration at a
remarkable c. 17% per annum. 
Recruitment rate (i.e. a demographic

measure of  productivity) at Wexford
generally declined over the study period,
reflecting the observed percentage of
juveniles there (Fig. 2). Taking into account
juvenile and adult survival at Wexford, and
based on previous approaches to identifying
the causes of  population declines through
modelling exercises (Thomson et al. 1997;
Robinson et al. 2004; Freeman et al. 2007),
we identified that a reduction in productivity
is an important demographic mechanism of
Greenland White-fronted Goose population
change at Wexford, but that this is masked
by immigration (Fig. 3). Assuming factors
contributing to Wexford’s sink status occur
during winter (and not where Wexford birds
breed in Greenland or stage in Iceland),

these findings indicate that researchers
should not necessarily use Wexford as 
a model of  “optimal” environmental
conditions (because the site functions as a
sink). Researchers do however need to
understand more about the constraints and
restraints of  this system throughout the
annual cycle, including as it pertains to
Wexford, and specifically whether successful
breeding birds are leaving (thus creating the
impression of  low productivity there), the
type of  birds that move into Wexford (age,
family status, reproductive success, etc.), and
why they do so. 

Worsening environmental conditions
in Greenland explain cohort effects 

In a population characterised by learned
behaviour and complex social interactions
(Fox 2003), declining productivity may be a
product of  subtle changes. For example, if
adverse environmental conditions mitigate
in favour of  prolonged parent-offspring
relationships, age at first successful
reproduction would increase, causing a
decline in per capita productivity. The
environmental drivers of  demographic
change can be studied through cohort
effects (Lindström 1999), because prevailing
environmental conditions experienced by
members of  a hatch-year cohort affect 
their individual (and collective cohort)
fitness, with subsequent impacts on
population dynamics. On considering
breeding success among cohorts (with
successful reproduction measured as
marked individuals returning to the
wintering areas with young), environmental
conditions (using North Atlantic Oscillation
(NAO) values as a proxy) were found to
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Figure 3. Immigration (a), emigration of  geese aged 1 (b) and 2+ years (c), survival of  geese aged 1 (d)
and 2+ years (e) and recruitment rate (f) against per capita rate of  increase per annum in population size
(PCRI) of  Greenland White-fronted Geese at Wexford, 1983–2010. Black dots show posterior means
(with 95% CRI, grey lines). The posterior mode of  the correlation coefficients (r with 95% CRI) and
probability of  a positive correlation (P (r > 0)) are inset (from Weegman et al. 2016a).
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explain variation in age at first successful
reproduction, but not the first successful
brood size, for Greenland White-fronted
Geese (Weegman et al. 2016b). Positive
NAO values tended to result in relatively
cold, dry conditions in west Greenland and
were associated with earlier ages at first
successful reproduction (the so-called
“silver spoon” effect from Grafen 1988) and
vice versa. However, the silver spoon effect
was relatively minor and environmental
conditions experienced in adulthood prior
to successful reproduction and in the year of
first successful reproduction had a much
stronger influence on age at first successful
reproduction. Cohorts bred successfully 
at younger ages when they experienced
favourable environmental conditions, but
this effect was far stronger when the
preceding years were also favourable. These
results confirm an association between
environmental conditions on the breeding
grounds and population productivity, and
imply that such effects may be carried over
multiple years.

The fitness implications of  extended
parent-offspring relationships

We also studied whether there was an
association between the social system and
productivity in Greenland White-fronted
Geese. Previous work on this population
suggested that some birds exhibit uniquely
prolonged parent-offspring relationships
(up to 6 years; Warren et al. 1993). However,
the fitness implications of  these extended
relationships had never been studied. Our
more recent analyses suggested that parent-
offspring and sibling-sibling associations
varied from 1–13 years but were only

beneficial through to age 3 years in
Greenland White-fronted Geese, whereby
fitness (i.e. survival and eventual breeding
probability) of  birds that maintained such
associations was significantly greater than
those that did not (Weegman et al. 2016c).
Conversely, birds that maintained extended
family associations (> 3 years) gained no
significant fitness benefit over individuals
that left parents or siblings at the same age.
We combined these results to form a cost-
benefit model, which suggested that fitness
was lower among birds that remained 
with their parents or siblings than simulated
birds who were forced into independence 
at ages 6 and 7 years. Although subsequent
breeding probability was greatest for
“older” individuals (i.e. those aged 5 years)
associating with siblings, these gains were
offset by non-significant survival differences
between birds with siblings and those that
were independent, yielding lower overall
fitness for birds aged 5 years than those aged
3 (Weegman et al. 2016c). Independence
after just 2 or 3 years may be especially
important for species characterised by very
few breeders or poor productivity such as
Greenland White-fronted Geese because
younger individuals have more potential
breeding opportunities. 
Other factors, such as density

dependence, might limit productivity in this
population. We studied whether these
regulatory processes, which are known to
occur in other systems (Newton 1998;
Rodenhouse et al. 2003; Norris et al. 2004),
influenced Greenland White-fronted Geese
at the population and individual levels.
Using IPM, we found for the Wexford
population a strong positive correlation
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between emigration and immigration rates,
and between emigration and recruitment
rates, providing evidence of  density-
dependent regulation during winter. Hence,
more birds immigrated to Wexford in years
when more birds emigrated from Wexford;
likewise more birds emigrated from
Wexford in years when the recruitment rate
at Wexford was larger. In our study of
cohort effects, population sizes in the winter
prior to hatch year or breeding year did 
not explain variation in age at first successful
reproduction or the proportion of
successful breeders by cohort (Weegman 
et al. 2016b). Thus, we found no evidence 
of  density-dependent regulation of
productivity. Overall, although the IPM
suggested density-dependent processes may
be occurring in this population, further
studies are needed to: (i) examine the effect
of  Wexford regulation on the dynamics of
the overall system, and (ii) determine
whether similar density-dependent effects
occur among other Greenland White-
fronted Goose flocks. 

Quantifying drivers of  poor
productivity at the individual level 

Whilst we assessed the influence of
environmental factors on fitness by linking
age at first successful reproduction with
NAO data, there are specific facets of
breeding biology that we were not able to
examine using these methods, but which
also might explain the recent decline in
productivity in Greenland. These might
include decreased breeding propensity (the
probability that an adult female attempts to
breed in a given year), decreased clutch size,
decreased incubation success, decreased

fledging success, or even lower survival
during the post-fledging phase prior to
winter (before juveniles are counted). These
questions are difficult to answer because of
the remoteness of  the breeding range 
and low nesting densities of  Greenland
White-fronted Geese in west Greenland
(Salomonsen 1967; Fox & Stroud 1988;
Malecki et al. 2000). A novel method to
answer these questions uses hybrid Global
Positioning System (GPS) and acceleration
(ACC) tracking devices to determine time-
and energy-budgets throughout the year. We
deployed these units on male geese during
winter and downloaded data when the birds
returned the following winter. Two of  15
tagged geese were categorised as having
bred successfully during the study year
because they were resighted repeatedly 
(> 5 times) with juveniles during winter.
Thus, we used these individuals to
understand the behavioural “traces”
associated with the breeding event and
compared these to birds resighted without
juveniles during winter to determine
whether individuals in the latter group
deferred breeding or failed during incubation 
or chick-rearing. There were indications 
that the behaviour and energetics of  birds
that were either unsuccessful or deferred
reproductive attempts diverged from those
of  the successful breeders early in the
breeding season (Weegman 2014). However,
with only two successful breeding birds
tracked, larger sample sizes are needed for a
robust assessment of  whether low breeding
propensity or high failure rates during early
incubation are the most likely cause of  low
productivity in Greenland White-fronted
Geese. 
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Constraints on breeding may occur in the
pre-breeding migration and immediate post-
migration periods, when it is assumed that
individuals “prepare” for the anticipated cost
of  breeding by accumulating greater energy
stores (Fox & Madsen 1981). To assess 
this, we compared: (a) the proportion of
time feeding, and (b) energy expenditure, for
tagged birds that bred successfully versus
non-breeding (or failed-breeding) birds
during spring migration and the pre-
breeding period in Greenland (i.e. the first 14
days after arrival there), and found no
substantive differences between these birds
(Weegman 2014). That time- and energy-
budgets through spring and early summer 
were indistinguishable between successful
breeding birds and those without young in
winter (i.e. which either failed in their nesting
attempt or deferred breeding) suggests that
all geese were “prepared” for a breeding
attempt, and that any decision to defer was
made immediately prior to incubation in
Greenland, presumably in relation to the
conditions encountered on breeding areas
(Weegman et al. 2016b). It is possible, but we
believe unlikely, that birds which decided not
to attempt to breed made this decision
before arrival in Greenland, and then simply
showed no difference in time- and energy-
budgets during spring and early summer.
These preliminary findings also suggest

that Greenland White-fronted Geese not
successful in reproduction are not limited 
by the amount of  time spent feeding 
during spring migration from wintering to
breeding areas (when birds must replenish
energy stores). We infer this based on the
observation that there was no difference 
in the proportion of  time spent feeding

between successful breeders and non-
breeders or failed breeders. Hence, these
limited data do not provide support for
carry-over effects in which condition during
winter or spring influences productivity on
breeding areas (Harrison et al. 2013), but are
consistent with previous findings from field
scores of  abdominal profiles on wintering
and staging areas during spring, which
indicated that birds attained departure body
condition on wintering and staging areas
earlier in recent years than in any other
period of  the 27-year study (Fox et al. 2014),
due to improved food availability (Francis 
& Fox 1987; Fox et al. 2012) and warmer
springs (Fox et al. 2014). These shifts in
phenology have increased the spring
Icelandic staging period to one much longer
than the birds require to replenish energy
stores (Fox et al. 2014). Despite the low
sample size, our findings build on previous
Greenland White-fronted Goose work to
suggest that the decision to lay a clutch is
made on arrival in the breeding range. For
instance, irrespective of  whether the birds
defer or fail in their breeding attempt, the
lack of  evidence to date for a carry-over
effects supports the hypothesis of  Boyd &
Fox (2008) that increased spring snowfall in
west Greenland in recent years (likely driven
by changes in the NAO due to a warming
climate; Hoerling et al. 2001; Johannessen 
et al. 2004) has created a phenological
mismatch between weather conditions in
Greenland and the timing of  the breeding
season. Hence, birds continue to arrive in
west Greenland within a few days of
historical arrival dates (Salomonsen 1950,
1967; Fox et al. 2014), but increased snow
cover in some years may have reduced



Diagnosing Greenland White-fronted Goose decline 13

©Wildfowl & Wetlands Trust Wildfowl (2017) 67: 3–18

foraging opportunities. As a result, birds
may be constrained to wait for snowmelt in
order to reacquire necessary fat stores for
reproduction. Phenological mismatches in
chick-rearing and peak food abundance have
been documented in a variety of  other
arctic-nesting birds, including Greater Snow
Geese Anser caerulescens atlantica (Dickey et al.
2008) and Thick-billed Murres Uria lomvia
(Gaston et al. 2009). However, further
research on the ecosystem consequences of
a warming arctic climate is necessary to
understand how these processes potentially
interact to affect the breeding biology of
Greenland White-fronted Geese.
It is also possible that birds wintering in

different parts of  the range in Great Britain
and Ireland have different time- and energy-
budgets (especially energy expenditure)
because of  shorter or longer spring
migration journeys. Greenland White-
fronted Geese exhibit a “leap-frog”
migration, whereby birds wintering in
Scotland stage in the southern lowlands of
Iceland and breed in the southernmost part
of  the breeding range in Greenland and
those wintering in Ireland stage in western
Iceland and breed in the northernmost 
part of  the breeding range in Greenland
(Salomonsen 1950; Kampp et al. 1988).
These differences may lower productivity if
birds migrating further do not feed more in
advance of  each stage of  migration, because
the greater energy expenditure associated
with migrating longer distances would result
in greater depletion of  fat stores for these
individuals than for those making shorter
flights (assuming that northern breeding
birds do not replenish nutrient stores in
southern breeding areas before continuing

to their northern nest sites). We compared
time- and energy-budgets using GPS-ACC
data from birds wintering at Wexford,
Ireland and Loch Ken, Scotland (Weegman
et al. 2017). Although Irish birds flew
significantly further than Scottish birds (but
did not expend significantly more energy
doing so), there were no significant
differences in their proportion of  time spent
feeding during spring migration (i.e. from
wintering to staging sites, staging to
breeding sites and overall). These findings
suggest plasticity in this species, whereby
similar energy stores accrued by Irish and
Scottish birds allow greater migration
distances (of  up to c. 300 km), if  necessary.
Nonetheless, that Scottish birds migrated
significantly shorter distances suggests that
they arrived in west Greenland with greater
energy stores than Irish birds (assuming that
Scottish birds were heavier than Irish 
birds on arrival in Greenland), which may
facilitate greater reproductive success, as in
other species (Ankney & MacInnes 1978;
Newton 2008). Additional GPS-ACC data
are needed to understand fully the extent to
which migration distance influences
reproductive success in Greenland White-
fronted Geese, both directly on arrival at the
breeding areas and as carry-over effects
from wintering or staging areas. 
One limitation of  this study is that the

majority of  the long-term data we used was
derived from one wintering site (Wexford).
Although population survey data exist for 
c. 70 other wintering flocks, no consistent
marking efforts have been conducted at
these sites. It is now clear that there is a need
to understand the dynamics of  other flocks,
particularly in the context of  Wexford’s
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function as a sink. The dynamics at the
second-largest wintering area (Islay) are 
of  greatest importance to understand in 
the short-term. Over our 27-year study
period, the Islay population increased and
subsequently decreased, mirroring global
population fluctuations (Fig. 1). It would 
be particularly useful to understand what
makes Wexford “more appealing” for
immigrants than Islay and why apparently
more families occur amongst birds
wintering on Islay. One hypothesis might be
that Islay does not function as a reserve like
Wexford, where croplands and grasslands
are managed for Greenland White-fronted
Geese. In fact, an increasing Barnacle
Goose Branta leucopsis population on Islay 
in recent years has led to shooting of  
those birds under license to decrease crop
damage. It is possible that Greenland 
White-fronted Geese are experiencing
increased disturbance resulting from
shooting activities, perhaps discouraging
immigration and encouraging emigration
there. Results exploring disturbance on 
Islay are forthcoming (E. Burrell, unpubl.
data). Furthermore, unlike Wexford, the
population on Islay does not function as a
single unit (i.e. one that roosts at one site)
because population surveys and telemetry
suggest there are over 50 separate roosts
associated with different feeding areas on
the island. Recent telemetry data suggests
these flocks remain separated throughout
winter. Thus, it might be more informative
to study the dynamics of  these flocks in the
context of  a geographical area with a
particularly high density of  small peripheral
populations. To better understand the
network of  flocks at Islay and their

relationship to the Wexford flock, consistent
CMR efforts are necessary to model site
demography in the IPM framework.

Diagnosis of  population decline and
future work

Using novel Bayesian IPMs, our diagnosis is
that declining productivity measured at
Wexford is the demographic mechanism for
Greenland White-fronted Goose population
change there, but immigration has masked
these effects (Fig. 3; Weegman et al. 2016a).
Declining productivity is possibly due to a
reduced frequency of  successful breeding,
which could be the result of  low breeding
propensity or high failure rates in early
incubation. Our work supports the
suggestion that the drivers of  low breeding
success are likely to occur on breeding areas
in west Greenland, perhaps related to
weather conditions rather than carry-over
effects from the preceding winter or spring.
A priority for future work is to understand
the processes occurring during the first 14
days after birds arrive in west Greenland,
when foraging is required for replenishing
energy stores prior to nesting (Fox &
Madsen 1981). It is critical to understand
whether increased snow cover is limiting
forage availability and hence, given habitat
requirements, the number of  potential
breeding territories (Fox & Stroud 1988).
Additional conservation and management
of  breeding areas to increase productivity
will be difficult because of  the remoteness
of  such sites and the extent to which
uncontrollable factors such as weather
explain variation in productivity. Nonetheless, 
modelling exercises that estimate the survival
rates required to match current low
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productivity rates would provide insight into
whether additional spring and winter
conservation efforts could mitigate poor
productivity, assuming that survival can be
increased further during these periods.
Environmental variability in Greenland could
also be included in such models in the IPM
framework to predict population responses 
in future years. Indeed, if  a warming climate
is causing increased snowfall, further
increases in temperatures will lead to rainfall
(not snowfall), which might allow geese to
arrive earlier, extend the breeding period 
and potentially improve habitat availability 
(Boyd & Fox 2008), as is currently the case
for arctic-nesting geese in Svalbard (Jensen 
et al. 2008). Finally, these data could be
incorporated into integrated metapopulation
models to understand how processes at
Wexford contribute to demography of  the
global population, to explain the consistent
overall decline in recent years.
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