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ABSTRACT

Aim Over the past three decades, evidence has been growing that many Afro-
Palaearctic migratory bird populations have suffered sustained and severe
declines. As causes of these declines exist across both the breeding and non-
breeding season, identifying potential drivers of population change is complex. In
order to explore the roles of changes in regional and local environmental
conditions on population change, we examine spatial and temporal variation in
population trajectories of one of Europe’s most abundant Afro-Palaearctic
summer migrants, the willow warbler, Phylloscopus trochilus.

Location Britain and Ireland.

Methods We use national survey data from Britain and Ireland (BBS: BTO/
RSPB/JNCC Breeding Bird Survey and CBS: BWI/NPWS/Heritage Council
Countryside Breeding Survey) from 1994 to 2006 to model the spatial and
temporal variation in willow warbler population trends.

Results Across Britain and Ireland, population trends follow a gradient from
sharp declines in the south and east of England to shallow declines and/or slight
increases in parts of north and west England, across Scotland and Ireland.
Decreasing the spatial scale of analysis reveals variation in both the rate and
spatial extent of population change within central England and the majority of
Scotland. The rates of population change also vary temporally; declines in the
south of England are shallower now than at the start of the time series, whereas
populations further north in Britain have undergone periods of increase and
decline.

Main conclusion These patterns suggest that regional-scale drivers, such as
changing climatic conditions, and local-scale processes, such as habitat change,
are interacting to produce spatially variable population trends. We discuss the
potential mechanisms underlying these interactions and the challenges in
addressing such changes at scales relevant to migratory species.

Keywords
Habitat change, migratory connectivity, population dynamics, sub-Saharan
Africa, willow warbler.

INTRODUCTION

Saharan) than short-distance migrants (Sanderson et al,
2006; Hewson & Noble, 2009). Consequently, attention has

Across Europe, population declines are currently being
reported in a wide range of Afro-Palaearctic bird species
(Burfield & van Bommel, 2004; Maller et al., 2008). While the
causes of these declines are not yet fully understood, the impact
appears to be greater in long-distance (particularly sub-
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focussed on changes occurring on winter and passage sites or
in timing of migration, including changing patterns of rainfall
over the Sahel (Moller, 1989; Peach et al., 1991; Szep, 1995;
Robinson et al., 2003) and the loss and degradation of key
winter habitats through expansion of human populations
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(Newton, 2008). However, recent changes in breeding numbers
and fecundity of migratory species have also been linked to
habitat changes on breeding areas (Browne & Aebischer, 2001)
and larger-scale factors such as climate change (Both & Visser,
2001; Huppop & Huppop, 2003). Identifying the causes of
population change in migratory birds is thus likely to require
an unravelling of the effects and the relative importance of
local- and regional-scale processes and the potentially complex
manner in which they may interact (Mustin et al., 2007).

In general, regional-scale processes operating in the breeding
season, such as large-scale variation in climatic conditions,
may be expected to lead to large-scale spatial gradients of
population change, whereas local-scale environmental pro-
cesses, such as habitat change, may tend to create spatially
variable population trends. Local-scale changes operating in
regional synchrony (e.g. the spread of a new pathogen or
predator) could also result in a large-scale spatial gradient of
population change. In migratory birds, however, connectivity
between breeding grounds and wintering grounds can poten-
tially result in drivers in one season influencing population
trends in another season (Marra et al., 1998; Gill et al., 2001;
Gunnarsson et al., 2005). When migratory connectivity is
strong, such that individuals from different breeding locations
also winter in geographically distinct areas, changes within the
wintering grounds have the potential to result in large-scale
spatial gradients of population change in the breeding grounds.
However, when there is weak or no migratory connectivity,
non-breeding season environmental changes could result in
small-scale variation in breeding season population trends, for
example as reduced survival on passage or in winter results in
fewer birds returning across the breeding range. The extent to
which conditions in the non-breeding season influence pop-
ulation trends will also depend on their interaction with
processes operating during the breeding season. Synergistic
interactions (e.g. through individuals experiencing either the
best or the worst conditions in both seasons, termed seasonal
matching by Gunnarsson et al, 2005), could exacerbate
population declines, while opposing interactions (individuals
experiencing good conditions in one season and poor condi-
tions in the other) could buffer population declines. Exploring
patterns of spatial variation in population trends can therefore
highlight the most likely sources of environmental changes
driving these patterns.

One long-distance Afro-Palaearctic migrant, the willow
warbler (Phylloscopus trochilus), provides an opportunity to
explore many of these issues. The willow warbler is one of
Europe’s most abundant summer migrants, with population
levels estimated at more than 56 million pairs (Burfield & van
Bommel, 2004), of which the UK population comprises 2.6
million pairs (Newson & Noble, 2008). From late-March to
mid-July, willow warblers are on their breeding grounds
throughout Europe, most frequently in scrub and woodland
(Cramp, 1992). Willow warblers depart from their breeding
grounds in the latter part of the summer to arrive in Africa in
late August and September. Within Africa, willow warblers
tend to stay in the Sahel-Sudan zone, just south of the Sahara
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desert, for 1-2 months before travelling further south in late
October or November (Salewski et al., 2002; Newton, 2008).
The limited evidence available from reports of ringed birds
suggests that British-breeding willow warblers winter in the
Gulf of Guinea, principally around the Ivory Coast and Ghana
(Norman & Norman, 2002). Evidence of geographic variation
in population trends of breeding willow warblers first became
apparent in the 1990s, when numbers in farmland and
woodland Common Bird Census (CBC) plots in Britain
suggested a decline in southern Britain which appeared to
coincide with declining survival rates (Peach et al., 1995). By
contrast, no evidence for any changes in population size or
survival in the north of Britain was apparent at that time.

Since 1994 in the UK and 1998 in the Republic of Ireland,
willow warbler abundance has been monitored as part of the
British Trust for Ornithology (BTO)/Royal Society for Pro-
tection of birds (RSPB)/Joint Nature Conservation Committee
(JNCC) Breeding Bird Survey (BBS) and the Bird Watch
Ireland (BWI)/National Parks and Wildlife Service (NPWS)/
Heritage Council Countryside Bird Survey (CBS), respectively
(Coombes et al., 2006 and Risely et al., 2009). We use these
large-scale datasets to present a comprehensive account of (1)
large-and small-scale spatial variation in willow warbler
population trends in Britain and Ireland over the last 13 years,
(2) the extent to which these spatial trends vary across different
time periods. We discuss these findings in the context of the
variety of ecological drivers and interactions which may
underlie the observed patterns.

METHODS

Data collection

An index of the abundance of widespread bird species has been
provided by the BBS since 1994 and by the CBS since 1998. In
the BBS, 1 km? survey sites are allocated to volunteers
following a stratified random sampling procedure and cover-
age is representative of habitats throughout the UK. Within
each of 83 regions (roughly equating to UK counties), the
number of BBS sites reflects the number of potential volunteers
in the region while the location of sites is selected at random.
Between 1994 and 2006, the BBS covered an average of 2178
sites each year, ranging from 1569 in 1994 to 3287 in 2006,
providing comprehensive coverage of the majority of Britain &
Northern Ireland. Coverage is greatest in lowland areas and in
the south-east of England and lower in the north of Scotland.
Consequently, confidence in population trends estimated
across the Highlands and Islands of Scotland, where fewer
sampling points are available, is likely to be lower than in areas
of greater coverage. Overall, willow warblers were detected in
2400 BBS squares over this time period (Fig. 1).

In the CBS, the Republic of Ireland is divided into eight
regions within which 10 km squares are randomly selected and
allocated to volunteers in sequence. In order to ensure
sufficient spatial coverage, the 1 km square at the extreme
south-west corner of each 10 km of square is surveyed.
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Figure 1 The distribution of all Breeding Bird Survey and
Countryside Bird Survey sites in which willow warblers were
recorded between 1994 and 2006, with the 50 km grid overlain.

Between 1998 and 2006, an average of 300 sites was surveyed
each year, with coverage being greatest in the north and east of
the country and less frequent in the south-west. Overall, willow
warblers were detected in 328 CBS squares over this time
period (Fig. 1).

BBS and CBS use very similar methodologies. Each 1 km
square is visited three times a year. In the first visit, two parallel
1-km transects lines are chosen and the habitats of each 200-m
section along both transects are recorded using an hierarchical
coding system (Crick, 1992). Two subsequent early morning
visits to the square are then carried out, a minimum of 4 weeks
apart; the first between early-April and mid-May and the
second between mid-May and late-June. Transect counts
typically start between 6 and 7 am, and bird count visits last
around 90 min; days with poor weather are avoided as this can
influence the number of birds recorded. Observers record all
birds seen or heard within 100 m of the transect line, excluding
birds that can be identified as juveniles, separately for each
200-m transect section.

Estimation of population trends

Using the maximum of the two counts (early- and late-
breeding season), the total number of willow warblers detected
across all transect sections within each 1 km square was
calculated for each year. In addition, the majority habitat of
each survey square was defined as the most frequent primary
habitat across all transect sections within each square. Habitats
were grouped into one of six broad categories; grass, mixed,

scrub, human, wood and wetland (see Crick 1992 for details of
habitats).

In order to examine the variation in willow warbler
abundance over time across Britain & Ireland, survey data
were aggregated over 50 km grid squares and a Poisson general
linear model with a log link was fitted in SAS 9.1 (SAS Institute
Inc., Cary, NC, USA). To explore the influence of spatial scale
on this variation, counts were summed over three spatial scales
(100, 50 and 10 km?). While patterns of population trends at
the larger spatial scales (100 and 50 km?) may indicate broad
regional shifts in population trajectories, aggregating the data
at these scales may also mask important and informative local
variability in population trends. In particular, large-scale
patterns within areas where data are sparse or not available
may be heavily influenced by trends in surrounding squares.
The survey data were therefore also aggregated within 10 km
grid squares. In order to explore the effect of the location of the
boundaries of data aggregation on estimated population
trends, we carried out an additional analysis at the 50 km
scale with the 50 km grid offset by 25 km both latitudinally
and longitudinally.

At each scale, Poisson general linear mixed models with a log
link were fitted to describe changes in abundance over time.
Counts were modelled as a function of year X site, with site as
a random effect nested within habitat type. This allowed sites
with the same habitat types to be treated as more similar by the
model, thus accounting for some of the variation introduced
by habitat differences. The model was also offset by the
number of squares in each spatial unit per year to account for
differences in survey effort. Squares with fewer than two
observations were excluded from all analyses. For the 100 and
50 km analyses, all squares encompassing fewer than five BBS
or CBS sites were removed, as these were unlikely to cover
enough of the square to give a true representation of
population trend over the whole area.

Using these predicted rates of change for survey squares at
all three spatial levels, kriging was then applied to produce
smoothed prediction surfaces of annual population change
across the whole of Britain & Ireland. Suitability of this
technique for use with BBS data is discussed in Newson &
Noble (2008). To explore temporal variation in these spatial
patterns, the trends were calculated for three equal time
periods (1994-97, 1998-2001, 2002-06) at the 50 km scale.

RESULTS

The direction and magnitude of abundance trends varies
greatly with geographical location (Table 1). Across Britain &
Ireland, there was significant latitudinal and longitudinal
variation in population trends, from negative trends in the
south and east to more positive trends in the north and west.
There was also a significant interaction between latitude and
longitude, indicating that populations in the east of the
country are declining faster than average for their latitude,
while trends in the west tend to be higher than average for their
latitude (Table 1).
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Table 1 Parameter estimates from a general linear model of
variation in willow warbler population trends in Britain and Ire-
land between 1994 and 2006, in relation to latitude and longitude
of the 15,750 km? containing BBS and CBS data (see Fig. 1 for
distribution of squares). Also given are the Wald y? values and
associated significance values for each term.

Variable Estimate (SE) 7 P

Latitude 0.020 (0.006) 11.29 0.0008
Longitude —0.227 (0.074) 9.46 0.0021
Latitude x longitude 0.004 (0.001) 8.48 0.0036

BBS, Breeding Bird Survey; CBS, Countryside Bird Survey.

The spatial variation in population trends at the 100 km
scale highlights the broad patterns of latitudinal and longitu-
dinal variation in abundance trends, with both north/south
and east/west gradients of population change apparent (Fig. 2).
The greatest declines in willow warbler abundance have
occurred in the south-east of England, from which a gradient
of population change is apparent in zones running from the
south-east to the north-west throughout England, Wales and
into Scotland. A zone in which willow warblers have slightly
increased in number is apparent in the north-west of Scotland.
Slight population increases are also apparent across the
majority of the Republic of Ireland at the 100 km scale
(Fig. 2a). When the trends are aggregated within 50 km grid
squares, trends throughout much of Ireland, England and
southern Scotland are similar to the 100 km scale, but zones of
apparent increase in Wales and north-west England are
indicated, and the location of the increasing populations in
Scotland appears to be more easterly (Fig. 2b). When the
50 km grid was offset by 25 km latitudinally and longitudi-
nally, population trends were found to be consistent in areas
with high coverage (e.g. south-east England) and there were
only slight changes in the estimated population trends in areas
with lower coverage (e.g. north-west Scotland).

Population trends in a long-distance migratory bird

At the 10 km scale, more spatial variability is apparent but,
across the majority of England, the overall pattern of
widespread declines is consistent with the larger scales
(Fig. 2¢). In both Scotland and Ireland, however, aggregating
the data at the 10 km scale suggests the presence of local
patches of declines and increases. In Scotland, patches of
decline in the far-north coincide with areas of relatively sparse
data (Fig. 1) which may cause over-estimation of the true
spatial extent of these declines.

The patterns of spatial variation in willow warbler popula-
tion trends across the UK have not been consistent throughout
the 13 years over which they have been recorded by the BBS. In
the south and east of England, populations experienced slight
declines from 1994 to 1997, followed by sharp declines in
1998-2001 and relative stability in 2002-06, with patches of
both slight declines and increases across the region (Fig. 3).
These trends represent a decline from already relatively small
population sizes below 54° N at the start of the survey period
to extremely low numbers which, from 2001 onwards,
fluctuate around 1.0-1.2 willow warblers per 1 km® survey
plot (Fig. 4). Above 54° N, willow warbler abundance is higher
(Fig. 4). In central England and southern Scotland, from 54° to
56° N, population trends are similar across all temporal
periods with widespread slight increases in abundance across
the region (Figs3 & 4). Above 56° N, willow warbler
abundance is high (Fig. 4) and there were increases across
much of the region from 1994 to 1997 (Fig. 3). As in the south
of England, this is by followed a period of decline from 1998 to
2001, with areas of modest increase and decrease apparent
from 2002 to 2006 (Fig. 3). This stability is, however, at a
much higher level of abundance than in the south (Fig. 4).

Impact of distribution of habitat types on population
trends

An array of habitat types were covered by the BBS squares that
contained willow warblers. However, throughout Britain &
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Figure 2 Spatial variation in the relative change in number of British and Irish willow warblers in 1 km? Breeding Bird Survey and
Countryside Bird Survey survey plots between 1994 and 2006 (UK) and 1998 and 2006 (Republic of Ireland) aggregated at (a) 100 km? (b)

50 km? (c) 10 km?.
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Figure 3 Spatial variation in the relative change in number of UK willow warblers in 1 km? Breeding Bird Survey sites between (a) 1994-97

(b) 1998-2001 (c) 2002—06. Data are aggregated to the 50 km scale.
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Figure 4 Latitudinal variation in the number of willow warblers
per 1 km? in Britain between 1994 and 2006.

Ireland, the coverage of different habitat types is relatively
even, with ¢. 70-90% of all squares containing willow warblers
comprising grass, which encompasses all semi-natural grass-
lands and marsh habitats. It is therefore unlikely that patterns
of population change are a result of uneven habitat distribu-
tion within the BBS and CBS, though this does not mean that
the population trends are not influenced by changes in habitat
quality or availability.

DISCUSSION

Willow warbler population trends are highly spatially variable
across Britain & Ireland, with the sharp declines in the south
and east of England, gradually increasing to shallow declines

and slight increases in areas of north and west England,
Scotland and Ireland. In addition to this large-scale gradient,
there are also patches of small-scale variation in areas of
central England and much of Scotland. While declines in the
south-east of England have been continuous throughout the
survey period, reducing the population from ~1.94 (+0.09 SE)
to ~1.2 (£0.04 SE) willow warblers per 1 km survey square,
populations in the north of Britain have experienced periods
of both increase and decrease in abundance, with abundance
now estimated at ~4.6 (+£0.24 SE) willow warblers per 1 km
survey square. The extent of spatial variation in population
trends and their consistency across different spatial scales help
to highlight possible drivers of population change and suggest
an influence of both regional-scale drivers, such as changing
climatic conditions, and local-scale processes, such as habitat
change.

Comparisons of spatial and temporal scales of
measurement

In the south of England, BBS coverage is high and widespread
declines in the populations of willow warblers are evident
across the region at all three spatial scales (100, 50 and 10 km).
Willow warbler populations in the south of England have been
declining since the mid 1980s (Peach et al., 1995), thus the BBS
survey captures the end of a sustained and widespread period
of decline across this region, with many areas being reduced to
one or fewer willow warbler pairs per km? In the south-east of
England, the rate of population change is also consistent across
spatial scales, which suggests the influence of either a regional-
scale environmental driver or local-scale drivers occurring
synchronously throughout the region. However, population
abundance in these areas is now so low that detecting
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population responses to current drivers could prove difficult.
By contrast, from central England northwards through Scot-
land and Ireland, the maximum rate of decline increases with
decreasing spatial scale, which may suggest that the influences
of local-scale drivers of change are masked at the larger spatial
scales by less-severe changes in neighbouring squares. How-
ever, in the far north and west of both Britain & Ireland,
inconsistencies between the three spatial scales (100, 50 and
10 km) may also reflect data limitations. The smaller number
of survey points in these areas can result in the precise location
of the boundaries of data aggregation exerting a strong
influence on the spatial patterns. Thus, while zones of
population increase in the north and west of Britain & Ireland
were clearly present during this time period, the boundaries of
these zones of increase are not clear.

Potential drivers of spatial variation in population
trends

The clear large-scale spatial gradient in willow warbler
population trends may suggest the involvement of regional-
scale drivers operating within the breeding season, such as
regional-scale spatial variation in changes in mean spring
temperatures and the seasonality of rainfall. Mean spring
temperatures in the south and east of Britain are increasing
faster than in the north and west (Perry, 2006). Such
advancement of spring temperatures has been directly linked
to advancements in the period of peak insect abundance
(Visser & Both, 2005; Both et al., 2006). As well as rising
spring temperatures, some areas in the south of the UK are
also experiencing a greater volume of rainfall over shorter
time periods (Perry, 2006). High levels of rainfall can
influence the ability of birds to provide food for chicks
(Keller & van Nordwijk, 1994). Thus, in the south of the UK,
rising temperatures may increase the likelihood of mismatches
with key resources and increasing rainfall may reduce the
success of breeding attempts. By contrast, in the north and
west of Britain & Ireland the increases in rainfall have
primarily occurred during winter months (Perry, 2006) and
therefore the risk of rainfall increasing nest failure rates may
be lower.

Regional-scale variation in breeding season population
trends could also result from local-scale changes that are
occurring throughout these regions (2c). For example,
increases in the abundance and range of roe (Capreolus
capreolus) and muntjac (Muntiacus reevesi) deer in the south-
east of England (Ward, 2005; Corbet & Harris, 2008) have been
linked directly to the loss of woodland understorey and
declines of breeding songbirds (Gill & Fuller, 2007). Although
this habitat loss operates at a small scale, the rapid range
expansion of muntjac, in particular, may mean that these
changes are occurring in synchrony across large areas, and
could thus cause the type of large-scale population gradient
observed in willow warbler breeding trends. Conversely, in the
British uplands, there is potential for recent changes in
management practices to actively promote extensive scrub
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and woodland regeneration (Gillings ef al., 1998, 2000). The
rate and extent of this regeneration is, however, likely to be
limited, restricting its benefit to localized patches. This is
therefore an example of a process likely to result in high levels
of local variation in population trends such as those observed
in the north and west of Britain & Ireland.

The spatial structure of population trends in the breeding
season can also be greatly impacted by processes occurring
during the non-breeding season, depending on the extent of
migratory connectivity. On the wintering grounds in Africa,
willow warblers are relatively mobile and exploit a wide range
of habitats (Norman & Norman, 2002; Salewski & Jones,
2006; Newton, 2008), suggesting that any migratory connec-
tivity between the locations of breeding grounds and
wintering grounds is likely to be relatively weak. In Africa,
the effects of the recent increase in the frequency of drought
conditions in the Sahel region on migrant species have been
exacerbated by the substantial ecological impacts of increasing
human populations and associated farming practices (Hein,
2006; Hein & de Ridder, 2006). Overgrazing causes reduc-
tions in the quality of grasslands, removal of trees and shrubs
and the loss and degradation of wetlands which, coupled with
the increasing use of pesticides on farmlands (Mullie & Keith,
1993), has limited the availability of passage areas and the
food resources of long-distance migrants (Newton, 2008). In
systems without strong migratory connectivity, this type of
widespread habitat degradation would be expected to result
in a high level of local variation in breeding season
population trends, but not a large-scale spatial gradient in
trends. However, if willow warblers from the north of Britain
& Ireland tend to either migrate at different times, use
different passage sites or use the same sites for differing
periods of time, or winter in different areas than those from
the south of England, environmental changes in Africa could
lead to the regional-scale variation in breeding season
population trends.

CONCLUSION

The regional-scale gradient in breeding season population
trends of willow warblers in Britain & Ireland suggests
regional-scale drivers, such as changing climatic conditions,
across different parts of Britain & Ireland. However, if there is
migratory connectivity or variation in the timing of passage of
birds from different parts of Britain & Ireland, then regional-
scale environmental changes in Africa could also be creating
these patterns. In addition, the high level of local-scale
variation in the north and west suggests a potential interaction
between regional-scale drivers and spatially fragmented local-
scale drivers, although relatively low coverage in this part of the
UK could also influence these patterns. Thus, unravelling the
drivers requires the quantification of levels of migratory
connectivity and differences in the timing of migration, and
identification of the extent to which local-scale habitat change
and regional-scale climatic change overlap with the spatial
distribution of population change.
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