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Abstract Knowledge of species’ habitat requirements
can be gained from studying individual variation in home
range size, under the assumption that larger home ranges
reflect increased resource needs or decreased habitat
quality. We used satellite telemetry to delineate home
ranges of South Scandinavian Common Cuckoos (Cuculus
canorus) throughout their annual cycle. Annual stage
(breeding or non-breeding period) and percentage of forest
cover were good predictors of home range size. Average
breeding season home ranges were ten times as large as
those of non-breeding home ranges, suggesting strong
temporal variation in the birds’ resource needs, and perhaps
lower habitat quality in the breeding range compared to the
African part of their annual range. Furthermore, although
the Cuckoos rarely chose a home range with complete
forest cover, we found a significant negative relationship
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between forest cover and home range area. This suggests
that heterogeneous landscapes which include some dense
forest cover constitute important habitat for Cuckoos, and
that the continuing trend of forest loss in tropical Africa
could reduce habitat quality for the Cuckoo in the non-
breeding season.

Keywords Cuculus canorus - Common Cuckoo - Home
range - Migration - Forest loss - Satellite telemetry

Zusammenfassung

Die Streifgebiete von Kuckucken sind grofler zur
Brutzeit als auBBerhalb und in Regionen mit spirlicher
Waldbedeckung

Kenntnisse zu Habitatanspriichen von Arten konnen durch
Untersuchung individueller Variationen in den Revier-
groflen erlangt werden unter der Annahme, dass grofere
Reviere einen gesteigerten Ressourcenbedarf oder eine
verringerte Habitatqualitit widerspiegeln. Mit Hilfe der
Satellitentelemetrie ermittelten wir die ‘home ran-
ges‘siidskandinavischer Kuckucke (Cuculus canorus) im
Jahresverlauf. Jahresperiode (Brut- oder Nicht-Brutzeit)
und der Anteil der Waldbedeckung waren gute Pradiktoren
fir die Groe von Revieren. Die durchschnittlichen
ReviergroBen in der Brutzeit waren zehnmal groBer als die
Reviere auflerhalb der Brutzeit, was auf eine starke zeitli-
che Variation des Ressourcenbedarfs der Vogel hindeutet
und moglicherweise auch auf eine geringere Habitatqua-
litdt im Brutgebiet verglichen mit dem afrikanischen Teil
ihres Jahreslebensraumes. Dariiber hinaus, obwohl die
Kuckucke selten ein Revier mit kompletter Waldbede-
ckung besetzten, fanden wir einen signifikant negativen
Zusammenhang zwischen Waldbedeckung und ‘home
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range’-Fliche. Dies ldsst vermuten, dass heterogene
Landschaften inklusive einiger dichter Waldbereiche ein
wichtiges Habitat fiir Kuckucke darstellen und dass der
anhaltende Trend des Waldverlustes im tropischen Afrika
die Habitatqualitit fiir Kuckucke auflerhalb der Brutzeit
verringern konnte.

Introduction

Populations of sub-Saharan migrant birds have declined
over the past 30 years, making them a conservation priority
(Sanderson et al. 2006). A recent review highlighted
human-induced habitat change as the leading cause of these
declines (Vickery et al. 2014). However, our limited
knowledge of the resource needs of migrant birds beyond
their European breeding grounds is hindering our ability to
pinpoint drivers of species decline and to make specific
suggestions for more effective conservation policy (Vick-
ery et al. 2014; Heldbjerg and Fox 2010). This study aims
to respond to this need by studying the spatial behaviour of
South Scandinavian Common Cuckoos (Cuculus canorus)
(henceforth ‘Cuckoos’) to better understand what consti-
tutes habitat quality throughout their complete annual
range.

Home range size is predicted to correlate with resource
availability, with animals occupying the smallest area
which meets their resource needs (Harestad and Bunnell
1979). This prediction has been confirmed empirically in
many taxa [e.g. Tufto et al. (1996) in Roe Deer (Capreolus
capreolus); Stenger (1958) in Ovenbirds (Seiurus auro-
capillus); Holmes (1967) in Dunlin (Calidris alpine);
Simon (1975) in the Mountain Spiny Lizard (Sceloporus
jarrovi)]. As resource availability essentially determines
habitat quality, home range size is considered predictive of
habitat quality. Under this assumption, we use satellite-
tracking data of the Common Cuckoo (Willemoes et al.
2014) to test the effect of environmental and biological
variables on Cuckoo spatial behaviour throughout their
entire annual range.

As Cuckoos are dietary specialists, feeding primarily on
forest caterpillars (Payne 2005), we predict a negative
relationship between forest cover and home range area.
Similarly, as studies have previously found that the Nor-
malised Difference Vegetation Index (NDVI) and precipi-
tation rate correlate with invertebrate abundance (Pettorelli
et al. 2011; Frampton et al. 2000; Ockendon et al. 2014),
we will test the effect of these parameters on home range,
with the expectation of a negative relationship. Home
range may also vary due to different individual resource
needs. As home range size is known to vary by sex in some
avian species (Weaving et al. 2014; Small et al. 2007,
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Cardador et al. 2009), we will also test for a gender dif-
ference. Finally, we expect Cuckoo spatial behaviour to
change during the breeding season, when Cuckoos must
not only forage and find shelter but must also locate host
species to support their brood parasitic life history. For this
reason, we will also test for an effect of annual stage
(breeding vs. non-breeding) on home range area.

Methods
Satellite telemetry

This study uses the dataset described by Willemoes et al.
(2014) of seven satellite-tracked South Scandinavian
Cuckoos (four males, three females). Birds were caught in
mist nets and tagged with satellite transmitters (5-g solar
PTT-100, Microwave Telemetry, Inc., Columbia, MD,
USA) using backpack harnesses. Transmitters functioned
on a 10-h on/48-h off duty cycle, with multiple location
points sometimes recorded within a single duty cycle. Data
were collected between May 2010 and June 2013. Previous
analysis of satellite tracks highlighted eight major sta-
tionary periods in the Cuckoo annual cycle (breeding area
in South Scandinavia, stopover in Central Europe, stopover
in South-east Europe, stopover in East Sahel, first wintering
area in South-west-central Africa, second wintering area in
North-west-central Africa, stopover in West Africa and
stopover in Italy), where at least half of the tracked
Cuckoos spent a minimum of 5 days (Willemoes et al.
2014).

Calculation of home range areas

The full dataset included Argos location quality classes
between 3-0 and A-B, where 3 denotes the highest loca-
tion accuracy (<250 m), and A and B are of lower quality
(Argos 2011). This dataset was pruned by deleting all
lower Argos location quality classes (A, B, and 0), leaving
the remaining data points accurate to within 1.5 km (Argos
2011). Data points obtained during migration steps
between major stop locations were also removed from the
data set. Latitude and longitude were plotted over time to
manually determine home ranges as a series of points
showing relative locational stability and a lack of direc-
tionality. Home ranges consisting of fewer than ten points
were removed from the analysis, as were home ranges with
a minimum duration of less than 48 h. Finally, a small
number of data points (<5 %) were deleted due to a lack of
corresponding environmental data. Unfortunately, this
process left insufficient data to analyse home ranges from
Central Europe, South-east Europe or Italy. Data pruning
resulted in a remaining dataset of 74 home ranges spread
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between the South Scandinavian breeding range and four
stopover locations in the non-breeding range (East Sahel,
South-west-central Africa, North-west-central Africa and
West Africa), each with between 10 and 115 data points
(Table S1).

We defined three different home range area estimates—
100 % minimum convex polygon (MCP100), kernel den-
sity 95 % utilisation (KD95), and kernel density 50 %
utilisation (KD50)—using the adehabitatHR package
(Calenge 2006). As a least-squares cross-validation func-
tion did not converge on an error, we used the ad hoc
method to estimate the smoothing parameter for each
kernel density estimate (Worton 1989). We also calculated
the average distance between points and the MCP100
centre of mass (DCoM) using the SDMTools package
(VanDerWal et al. 2014). The use of multiple measures of
home range area provides an opportunity to check the
robustness of models across each methodology and to
assess how predictor variables affect core-range (KD50)
and full-range (KD95 and MCP100) spatial behaviours
differently.

Home ranges (MCP100) from each major stop location
were overlaid with maps showing land cover categories
(Global Land Cover 2000 database 2003). The area of each
land cover category was calculated per home range, then
summed within each major stop region (Table S2), to
provide a quantification of changes in land cover over the
Cuckoo’s migration. Home ranges from each major stop
location were also plotted in Google Earth (v. 7.1.2.2041)
and visually examined to assess changes in habitat type and
structure (Fig. Sla—f).

R version 3.1.2 software (R Core Team 2014) was used
in all analyses, and Pearson’s r was used in all correlation
tests.

Explanatory variables

Six explanatory variables were selected following a priori
hypotheses (Table 1). All possible pairs of these parame-
ters were tested for collinearity, but as all combinations
showed only weak correlations (Il <0.3, n = 74,
p > 0.05), all parameters were retained for further analysis.

Argos location quality was found to be significantly
correlated with home range size, with higher-quality data
consistently resulting in smaller home range estimates in
both the breeding and non-breeding seasons and across all
home range metrics (Fig. S2a) (Argos location quality—
MCP100 r=-0.62, n=74, p<0.001; KD95
r=—0.68, n =74, p <0.001; KD50 r = —0.68, n = 74,
p < 0.001; DCoM r = —0.75, n = 74, p < 0.001). Simi-
larly, a significant correlation was found between sample
size and MCP100 home range measures, in which a larger
sample size was linked with a larger home range area

(Sample size—MCP100 r = 0.46, n =74, p <0.001;
KD95 r=0.20, n =74, p = 0.084; KD50 r = —0.12,
n =74, p =0.283; DCoM r = 0.22, n = 74, p = 0.053)
(Fig. S2b). Argos location quality and sample size were
thus included as nuisance parameters in all models.

To rule out the possibility that the nuisance parameters
interacted with the other explanatory variables in an
unforeseen way, the full dataset was randomly sampled to
produce a secondary dataset of 62 home ranges of equal
sample size (n = 15) and equal average Argos location
score (2). As the two datasets produced qualitatively sim-
ilar results (Table S3), analysis was based on the full
dataset due to its larger sample size and lack of repeated
points.

Model fitting

As the dataset included repeated measures for some of the
individuals, data were analysed using a general linear
mixed model (GLMM) with ID as a random intercept.
Response variables were log-transformed (natural loga-
rithm) to improve their adherence to the normal
distribution.

All possible subsets of the explanatory variables in
Table 1 and the four interaction terms between annual
stage and NDVI, precipitation rate, forest cover and sex
were fitted to the data and ranked with AICc (second-order
Akaike information criterion) using the Ime4 (Bates et al.
2014) and MuMIn (Barton 2014) packages. AICc is a
suitable measurement for this analysis, as it ranks the fit of
multiple models whilst including penalties for use of
additional parameters and low sample size relative to
parameter number (Burnham and Anderson 2002). The
nuisance parameters ‘Argos location quality’ and ‘Sample
size’ were included in all models to reduce the potential for
bias, and a null model was evaluated which considered
only the effect of Argos location quality, sample size and
Cuckoo ID. Averaging of all subset models was used to
produce a ranking of the relative importance of parameters
independent of Argos location quality and sample size
(Table 2).

This process was repeated with breeding season data
excluded to check for an effect of major stop region (East
Sahel, South-west-central Africa, North-west-central
Africa or West Africa) within the African non-breeding
season (Table S4). As major stop region was not a well-
supported parameter in this model, the non-breeding season
data were grouped for all subsequent analyses.

Inference from the sum of weights can be misleading, as
even predictor variables totally uncorrelated to the
response variable can assume a wide distribution of
expected values (Galipaud et al. 2014). To aid inference, a
baseline sum-of-weights distribution for each predictor

@ Springer
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Table 1 Definitions of parameters tested in analysis

Parameter Data description

Data source Prediction

Annual stage Either ‘breeding’ (in South Scandinavia) or ‘non-
breeding’ (in E. Sahel, South-west-central Africa,
North-west-central Africa or West Africa)

NDVI Normalised Difference Vegetation Index (NDVI) of
each occurrence point, averaged per home range

Precipitation ~Maximum precipitation rate (kg/m?/s) at occurrence
rate points per home range

Forest cover  Percentage of tree cover (vegetation >5 m height)

for each occurrence point, averaged per home
range

Sex Cuckoo gender

ID Individual Cuckoo identity

Sample size  Number of occurrence points per home range

Argos quality Mean Argos location quality score per home range
(‘3 is accurate to within 250 m, ‘2’ to within
500 m and ‘1’ to within 1.5 km)

Willemoes et al. (2014) Larger breeding than non-
breeding home ranges

TERRA MODIS 16-day (NASA LP  Higher NDVI results in smaller

DAAC) home ranges
NCEP Reanalysis dataset (Kalnay Higher precipitation rate results
et al. 1996; Kemp et al. 2012) in smaller home ranges
Global Forest Watch (Hansen et al. Greater forest cover results in
2013) smaller home ranges

Willemoes et al. (2014)

Willemoes et al. (2014) Included in all models as a
random factor

Argos User’s Manual, Argos (2011)

variable was calculated from 1000 random permutations of
the kernel density 95 % utilisation estimates (Fig. S3).
Where the distribution of baseline mean sum of weights is
wide-ranging (or has a relatively high median value),
interpretation of the GLMM sum of weights should be
treated with caution (Galipaud et al. 2014). As the ran-
domised permutation test showed a moderate spread of
possible sums of weights with a median value of up to 0.30
(Fig. S3), predictors with a relative importance of less than
0.5 were not interpreted so as to maintain a conservative
analysis.

Marginal and conditional R statistics were then calcu-
lated for each model with a AAICc <4 as an indicator of
goodness of fit (Nakagawa and Schielzeth 2013), and an
overall weighted average marginal R*> was calculated by
adjusting individual model R’ statistics by their AICc
weights. Best models (AAICc <4) resulted in a GLMM
explaining up to 86 % of home range size variation [Average
weighted marginal R> DCoM = 0.795; MCP100 = 0.861;
KD95 = 0.779; KD50 = 0.790 (Table 3, Table S5)].
Parameter estimates and their standard errors were obtained
for all variables with a relative importance greater than 0.5
and for the nuisance parameters (Table 4).

Results
Averaging of all subset models found strong support for a

relationship between home range size and annual stage
(relative parameter importance of 1 in all home range

@ Springer

metrics) and moderate support for a relationship with forest
cover (relative parameter importance of between 0.59 and
0.97 in all home range metrics) after accounting for the
effect of Argos location quality and sample size (Table 2).
The null model was not amongst the best-supported models
for any of the home range metrics (Table S5).

Mean home range area in the breeding season is
approximately ten times as large as that in the non-breeding
season for both male and female Cuckoos (Breeding season
mean home range area = 135 + 70 km?; Non-breeding
season mean home range area = 12 + 8 km?) (Fig. 1;
Table S6), and home range area decreases as forest cover
increases (Fig. 2). This relationship between forest and
home range size is consistent between the breeding and
non-breeding seasons. Negative trends were also consistent
within each of the four individual non-breeding major
stops, but reached statistical significance only in North-
west-central Africa (KD95—East Sahel r = —0.437,
n =19, p = 0.06; South-west-central Africa r = —0.335,
n = 31, p = 0.07; North-west-central Africa r = —0.816,
n==6, p=0.05 West Africa r=—-0.326, n=7,
p = 0.48).

As expected with a study of such large spatial scale,
there were significant differences in land cover among
the major stop regions (Fig. Sla—f). The breeding region
was dominated by cultivation and artificial surfaces, and
East Sahel was characterised as a mosaic of cropland,
shrubs and grasses. South-west-central Africa and North-
west-central Africa were both relatively forested,
whereas West Africa was relatively diverse in its land
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Table 2 Relative importance of parameters represented in GLMM after accounting for the effect of Argos location quality and sample size

Precipitation*annual stage

Sex*annual stage NDVI*annual stage

Forest*annual stage

NDVI

Precipitation

Sex

Forest

Annual stage

0.07
0.08
0.06
0.08

0.1

0.12
0.06
0.08
0.16

0.28

0.03 (4)

0.3 (=)

038 M > F)
028 M > F)
03 M >F)

0.6 (=)

1 (Br > NBr)
1 (Br > NBr)
1 (Br > NBr)
1 (Br > NBr)

DCoM

0.08
0.09

0.1

74
36
24

0.

0.33 (+)

0.28 (+)

0.97 (-)

MCP100
KD95

0.

0.31 (+)
0.30 (+)

0.27 (-)

0.76 (—)

0.

04 M >F) 0.33 (—)

0.59 (-)

KD50

Direction of effect is shown in brackets

Br breeding season, NBr non-breeding season, M males, F females

* Denotes an interaction term

cover, with forested areas, crops, shrubs and grasses
(Table S2).

Discussion

We found a strong effect of annual stage on home range,
with breeding season home ranges being, on average, ten
times larger than in the non-breeding season. This could
suggest seasonal variation in the Cuckoos’ resource needs,
with larger areas required during the breeding season.
Although larger home ranges in breeding birds have been
demonstrated in previous studies (e.g. Anich et al. 2010;
Stenger 1958), these increases were linked to the
increased energy requirements associated with the incu-
bation and feeding of young—factors that do not apply to
the Cuckoo as an obligate brood parasite. Rather, it is
likely that the breeding season home ranges for the
Cuckoo are larger because they must encompass both
forested areas for foraging and reed-bed/open areas for
access to hosts, in this region primarily Reed Warblers
(Acrocephalus scirpaceus), but also Meadow Pipits (An-
thus pratensis) and Dunnocks (Prunella modularis). The
use of two distinct habitats during the breeding season has
previously been described in the Common Cuckoo, where
individual home ranges were structured into areas for
reproductive behaviours and for feeding/roosting beha-
viours (Vogl et al. 2004; Nakamura et al. 2005). Fur-
thermore, the breeding home range areas calculated here
are very large in comparison to other similarly sized
(partially or completely) insectivorous species such as the
Green Woodpecker (Picus viridis) (Rolstad et al. 2000) or
Song Thrush (Turdus philomelos) (Peach et al. 2004). As
the Cuckoo is known to lay up to 25 eggs per season
(Payne 2005), the female’s breeding home ranges should
ideally be large enough to encompass sufficient host ter-
ritories that they can lay just one egg per host nest, in
temporal synchrony with the female hosts’ own laying
schedules (Moskat et al. 2006). A wide-ranging ‘search-
ing’ habit needed to support this strategy could explain
the very large home ranges observed here, at least for
female Cuckoos. Those in male Cuckoos may be
explained by the need for their territories to encompass at
least part of several female territories.

Alternatively, the larger home ranges in the breeding
season could reflect lower habitat quality and resource
density relative to that in the non-breeding season. We
found substantial variation in land cover between the
breeding and non-breeding regions, and the ecology and
productivity of a tropical forest in the African wintering
grounds is clearly different from that of a human-managed
temperate woodland in the breeding zone. Indeed, habitat
type is known to affect home range area in other avian

@ Springer
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Table 3 Full data GLMM models with AAICc <4 for KD95

Model parameters df A AICc AICc weight R? marginal R? conditional

Kernel density 95 % utilisation
Forest + annual stage 7 0 0.136 0.778 0.778
Forest + annual stage + forest*annual stage 8 0.190 0.124 0.785 0.785
Annual stage 6 0.965 0.084 0.768 0.768
Forest + annual stage + NDVI 8 2.002 0.050 0.780 0.780
Forest — annual stage + sex 8 2.225 0.045 0.779 0.779
Forest + annual stage + sex + forest*annual stage 9 2.263 0.044 0.787 0.787
Forest + annual stage + NDVI + forest*annual stage 9 2.290 0.043 0.787 0.787
Forest + annual stage + precipitation 8 2.449 0.040 0.779 0.779
Forest + annual stage 4 precipitation 4 forest*annual stage 9 2.786 0.034 0.785 0.785
Annual stage + precipitation 7 3.237 0.027 0.768 0.768
Annual stage + sex 7 3.239 0.027 0.768 0.768
Annual stage + NDVI 7 3.386 0.025 0.768 0.768
Forest + annual stage + NDVI + annual stage*NDVI 9 3.708 0.021 0.783 0.783
Weighted average marginal R* 0.779

Annual stage = breeding or non-breeding. In addition to listed model parameters, all models include the effect of sample size and Argos location

quality and ID as a random factor

* Denotes an interaction term

Table 4 Full model averaged

parameter estimates with Intercept Annual stage Forest Argos Sample

shrinkage DCoM 9.96 (0.84) —0.91 (0.44) —0.01 (0.01) —0.80 (0.15) 0.00 (0.00)
MCP100 22.02 (1.58) —2.24 (0.84) —0.06 (0.04) —1.60 (0.33) 0.04 (0.00)
KD95 22.70 (1.61) —1.77 (0.85) —0.02 (0.03) —1.60 (0.33) 0.01 (0.00)
KD50 21.08 (1.73) —1.73 (0.90) —0.01 (0.02) —1.60 (0.29) 0.00 (0.00)

Standard error is shown in parentheses. Only parameters that were well supported by AIC rankings are

shown

species (e.g. Cardador et al. 2009). We do, however, con-
sider it very unlikely that a habitat quality difference alone
could cause the tenfold increase in home range area
between the non-breeding and breeding seasons that we
observed here.

This study also demonstrated a negative relationship
between forest cover and home range area which is con-
sistent between the breeding and non-breeding regions. The
Cuckoo is a dietary specialist, feeding on hairy caterpillars
in woodland (Payne 2005). As such, areas of high forest
cover provide increased density of food resources, allowing
Cuckoos to be supported by a smaller home range.
Increased forest cover is also considered to improve avian
habitat quality because of decreased predation risk in dense
cover (Anich et al. 2010). Therefore, the availability of
dense forest cover in the home range may reduce the need
for nightly movement to other areas for protected roosting
opportunities. However, even in the highly forested winter

@ Springer

range, the Cuckoos rarely select a home range with com-
plete forest cover, pointing to a possible preference for a
semi-open landscape. These two observations (high forest
cover indicating high habitat quality and potential avoid-
ance of complete forest cover) could be reconciled by
considering the Cuckoo as a possible forest edge specialist.
A high percentage of forest cover within a heterogeneous
landscape will most likely lead to a large amount of forest
edge. Thus, we may consider dense forest with a mosaic of
open patches to be the highest-quality habitat for the
Cuckoo.

Although we consider the decline in home range size
with increased percentage of forest cover to indicate that
forest cover is a good predictor of habitat quality, we are
unable to completely exclude other possible explana-
tions. In the breeding season, varying host density could
cause the observed negative correlation between home
range size and forest cover. At lower host density, the
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Fig. 1 Home range sizes (shown here by kernel density 95 %
utilisation) by major stop location

proportion of the relatively open habitat of the hosts
should increase within the home range, thus ‘diluting’
the percentage of forest cover. In the non-breeding
season, we cannot exclude the possible effect of
changing habitat type between different major stop
regions on home range area. These regions do have
different levels of forest cover, and it is possible that
other (unmeasured) parameters could both cause this
pattern with forest cover and independently affect habitat

quality. However, of the parameters we considered likely
to explain habitat quality, percentage of forest cover was
the only one that varied accordingly. Furthermore, cor-
relations between forest cover and home range size
within each major stop region showed consistently
negative trends, although these do not always reach
statistical significance in our limited dataset. Finer-scale
comparison of habitat types within each major stop
region may help to confirm this finding.

Between 1980 and 2009, populations of Common
Cuckoos in Europe declined by over 20 % (Vickery et al.
2014). This study has indicated different resource needs
and spatial behaviour in the Cuckoo between the breeding
and non-breeding ranges, implying the need for a dual-
aspect conservation strategy. In the breeding season, the
species’ success depends on easy access to both its hosts
and to woodland for foraging and cover. Ensuring con-
nectivity of these habitats and minimising urban fragmen-
tation could reduce commuting distance and, thus, energy
cost for the Cuckoo in the breeding season. Meanwhile,
deforestation is continuing at an alarming rate in West and
Central Africa (the Cuckoo’s main wintering regions), with
a net forest loss of 0.49 % per year between 2000 and 2010
(FAO 2010). As relatively dense forest cover constitutes
high habitat quality for the Cuckoo, the species appears to
be one of the many at risk from human-induced habitat
change in the non-breeding range (Vickery et al. 2014).
Conservation measures for the Cuckoo should include
maintaining relatively high forest cover density in its
known migratory stopover sites.
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Fig. 2 Relationship between home range area (measured here by
kernel density 95 % utilisation) and mean home range percentage of
forest cover. Trendlines show model predictions of the effect of forest

cover from the best-supported model (Annual stage + Forest
cover + Argos + Sample)
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