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Summary
1. There are a number of models describing population structure, many of which have the capacity
to incorporate spatial habitat effects. One such model is the source–sink model, that describes a
system where some habitats have a natality that is higher than mortality (source) and others have a
mortality that exceeds natality (sink). A source can be maintained in the absence of migration,
whereas a sink will go extinct.
2. However, the interaction between population dynamics and habitat quality is complex, and
concerns have been raised about the validity of published empirical studies addressing source–sink
dynamics. In particular, some of these studies fail to provide data on survival, a signiﬁcant component in disentangling a sink from a low quality source. Moreover, failing to account for a densitydependent increase in mortality, or decrease in fecundity, can result in a territory being falsely
assigned as a sink, when in fact, this density-dependent suppression only decreases the population
size to a lower level, hence indicating a ‘pseudo-sink’.
3. In this study, we investigate a long-term data set for key components of territory-speciﬁc
demography (mortality and reproduction) and their relationship to habitat characteristics in the
territorial, group-living Siberian jay (Perisoreus infaustus). We also assess territory-speciﬁc population growth rates (r), to test whether spatial population dynamics are consistent with the ideas of
source–sink dynamics.
4. Although average mortality did not differ between sexes, habitat-speciﬁc mortality did. Female
mortality was higher in older forests, a pattern not observed in males. Male mortality only
increased with an increasing amount of open areas. Moreover, reproductive success was higher further away from human settlement, indicating a strong effect of human-associated nest predators.
5. Averaged over all years, 76% of the territories were sources. These territories generally consisted of less open areas, and were located further away from human settlement.
6. The source–sink model provides a tool for modelling demography in distinct habitat patches of
different quality, which can aid in identifying key habitats within the landscape, and thus, reduce
the risk of implementing unsound management decisions.
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Introduction
The dynamics of natural populations can be inﬂuenced by a
variety of factors, ranging from density-independent processes such as weather or catastrophic events, to densitydependent factors such as competition over resources or
mates (Allee et al. 1949; Barnard 1980; Sutherland 1996).
The majority of these factors are affected by characteristics
*Correspondence author. E-mail: magdalena.nystrand@sci.monash.
edu.au

of the habitat in which an individual resides. Despite this,
surprisingly many studies of population dynamics do not
account for habitat heterogeneity (Pulliam 1996). Fortunately, this trend is turning, and a great amount of current
research incorporates spatial aspects in the estimation of
population dynamics (Hanski 1999). One of the most established of such spatial models is the source–sink model, in
which a source is deﬁned as a habitat where natality exceeds
mortality whereas a sink is deﬁned as a habitat in which
natality is lower than mortality. If a population is at equilibrium, a source habitat has an emigration that exceeds
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immigration whereas a sink habitat will show the reverse
pattern (Holt 1985; Pulliam 1988; Pulliam & Danielson
1991). A deﬁning feature of source–sink models is that they
are deterministic and as such, the differences between sources
and sinks are intrinsic; hence, extinction in a sink is inevitable
in the absence of immigration (Dias 1996).
Source–sink dynamics are generally applied at a between
population level, but the model can also be applied within
populations, at the level of the territory. At this scale, a
source is a territory where the production of ﬂedglings
exceeds breeder mortality in the absence of migration,
whereas a sink has a reproduction that is insufﬁcient to
replace the breeders (Breininger & Carter 2003). This relationship can be translated into territory-speciﬁc population
growth rates, where a source will have a positive population
growth rate (r > 0 or k > 1), and a sink will display a negative population growth rate (r < 0 or k < 1). The features
of source–sink dynamics make them particularly suitable for
modelling demography in distinct habitat patches of different
quality and, hence, source–sink dynamics have gained considerable popularity in conservation biology (Harrison &
Bruna 1999). The large interest in the model has generated
many studies that claim to provide empirical support for
source–sink dynamics (Pulliam 1996). However, the majority
of these studies lack sufﬁcient data to separate a source and a
sink from simply a good or a bad quality habitat (Diffendorfer 1998; Runge, Runge & Nichols 2006). In particular, there
is a widespread lack of survival estimates, which are vital in
deciding whether a habitat is a true sink or just a low quality
territory. Moreover, many studies have failed to assess density dependence hence precluding a distinction between a
‘true sink’ and a ‘pseudo-sink’ (Watkinson & Sutherland
1995). A ‘pseudo-sink’ arises when density-dependent immigration into a source causes an increase in total mortality or a
depression in fecundity. Thus, in the absence of migration, a
population in a pseudo-sink will only decline to a lower level,
whereas in a true sink, the population will go extinct
(Watkinson & Sutherland 1995; Pulliam 1996).
In this study, we use long-term population data to investigate key components of population demography (nesting
success, offspring production, and adult mortality) and
assess the spatial population dynamics at the level of the territory, in a sedentary population of Siberian jay (Perisoreus infaustus). We also investigate environmental factors that are
likely to affect the different components of population
demography and spatial dynamics. Our study population is
well suited for the study of habitat-speciﬁc demography and
spatial dynamics in many respects. First, annual data on survival and reproductive success in this population have been
collected since 1990. This long-term data will reduce the risk
of any observed demographic pattern being an artefact of
temporary effects. Secondly, annual estimates of population
sizes and territory-speciﬁc group sizes allow us to assess density-dependent effects on demographic parameters. Thirdly,
the study site contains a range of different habitats, largely
due to changes induced by humans. In particular, extensive
forest management has created forests of different openness

and structure. Previous studies on this population have found
a pronounced effect of forest structure on reproductive success (Eggers et al. 2005; Griesser et al. 2007) and juvenile
mortality (Griesser, Nystrand & Ekman 2006), demonstrating that an open forest containing less understorey provides a
lower quality habitat. Moreover, predation is the main cause
of reproductive failure (Eggers et al. 2005) and mortality in
this population (Griesser et al. 2006). The main nest predators are different species of corvids, and the main predator on
adults and juveniles is the goshawk, Accipiter gentilis (Eggers
et al. 2005; Griesser et al. 2006). All these predators use
visual cues to locate their prey, and thus, an open and fragmented forest facilitates hunting success in these species
(Griesser et al. 2007). Hence, this study system not only
allows us to efﬁciently address aspects of population dynamics per se, but it also facilitates a deeper understanding of
these demographic patterns by enabling us to harness a broad
existing data base on the species’ ecology.

Materials and methods
STUDY SITE AND SPECIES

The study was conducted between 1990 and 2004 on a population of
individually colour-banded Siberian jays near Arvidsjaur, northern
Sweden (6540¢ N, 190¢ E). Individual territories (N = 21) were
located within different forest structures, ranging from forest plantations (age < 50 years) and heavily managed forest consisting mainly
of young pine, (Pinus sylvestris), to more diverse forest stands consisting of a mixture of spruce (Picea abies), pine, birch (Betula pubescens) and aspen (Populus tremula). The managed forests have been
subject to commercial forestry, which involves thinning, harvesting
and re-planting, a cycle that takes about 80–120 years in this area
(Loman 2005). Thinning involves removing most of the understorey
in the forest (after around 25, 40 and 60–80 years), whereas re-planting usually involves the plantation of pine trees. Territories within
the study site were contiguous with the exception of four territories
that bordered unsuitable habitat.
Siberian jays live in social groups of two to seven individuals that,
in addition to the breeding pair, may contain retained offspring
and ⁄ or unrelated immigrants (Ekman, Sklepkovych & Tegelström
1994). The breeding pair forms life-long relationships, and there are
no recorded cases of extra-pair paternity (H. Tegelström, pers.
comm., 2001; Lillandt, Bensch & von Schantz 2001). They produce
one brood per season with clutch sizes ranging from 1 to 5 (average
3Æ9 ± 0Æ1; Eggers et al. 2006). Approximately one-third of all ﬂedglings delay dispersal and remain in their natal territories for up to
3 years (Ekman et al. 2001; Griesser et al. 2008). The ﬂedglings that
remain at home are the dominant brood members, and they actively
expel the subordinate brood mates from the parental territory 3–
6 weeks after ﬂedging. These expelled individuals disperse and immigrate into other groups (Griesser et al. 2008). Breeders are nepotistic
towards their retained offspring, providing them with access to
resources and predator protection, beneﬁts that are withheld from
immigrant group members (Ekman et al. 1994; Griesser 2003, 2008;
Griesser & Ekman 2004, 2005). Neither retained offspring, nor immigrants, engage in allofeeding (i.e. bringing food to others; Ekman
et al. 1994), participate in anti-predator activities (Griesser 2008), or
augment reproductive success or survival of the breeding pair
(Ekman et al. 1994; Griesser et al. 2006). Furthermore, retained
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offspring rarely inherit the natal territory at the death of a parent
(Ekman et al. 2001; Ekman & Griesser 2002; Kokko & Ekman
2002), probably a result of inbreeding avoidance or reproductive conﬂicts (Griesser et al. 2008). Rather, breeding vacancies are quickly
ﬁlled by non-related immigrants (Ekman & Griesser 2002). Furthermore, there are no records of a breeder being evicted from a territory
by a kin or an immigrant, and breeders rarely divorce their partners
and disperse (n = 5 out of 220 recorded pairs; J. Ekman, unpublished data). Thus, territory-acquisition almost exclusively occurs
following the death of a breeder.

DATA COLLECTION OF SPECIES DATA

We only included territories where we had data on both reproductive
success and survival. Nine of these territories were vacated as a consequence of forestry during the course of the study, at which time calculations were terminated (mean number of years studied 5Æ1 ± 2Æ5
SD, range 3–10 years). Two territories were severely altered by forestry which resulted in them being vacated. They were later re-occupied by new breeders and thus treated as different territories in the
analyses.
Territories were visited at least twice per year to record group composition and reproductive success. Prior to breeding, the female breeder was ﬁtted with a radiotransmitter (Holohil, Canada,
weight = 1Æ76–1Æ85 g,  2Æ0% of the body weight), and monitored
until the nest was found. Nestlings were banded in the nest (n = 339)
in May. In the cases where the nest could not be located, individual
offspring were banded after ﬂedging (usually within 5 months,
n = 73; but in three cases offspring were banded in their second
year). Immigrants were mostly banded during summer and autumn
(n = 224). In 146 cases, origin of non-breeders was unknown. In
these cases, we assessed their relatedness to the breeders using
behavioural interactions. This method has proven reliable, both from
comparison with individuals of known origin (Griesser 2003) and by
veriﬁcation using genetic ﬁngerprinting (Ekman et al. 1994). The sex
of each bird was determined using the molecular technique described
by Grifﬁth et al. (1998).

DATA COLLECTION OF ENVIRONMENTAL PARAMETERS

Environmental parameters were extracted from vegetation maps and
aerial photographs, using ArcGis 9.1 (Geographical Information
System; ArcView/Arc GIS, GIS & mapping software, Redlands,
USA). We digitally applied a 30-ha circular buffer around the breeding area which allowed us to focus solely on the ‘nuclear’ territory.
The size of this buffer was based on previous data (from several
years) that indicated an average territory size of 66 ha (range:
41–108 ha, n = 12 territories; M. Nystrand, unpublished data). The
use of a buffer was motivated by insufﬁcient data on territory
borders. Siberian jays do not have strict outer territory borders, but
rather, they seem to concentrate the majority of time to a core area
around the breeding site. Thus, the buffer should adequately capture
essential environmental characteristics of the territory.
The environmental parameters were selected based on their
expected inﬂuence on mortality risk and reproductive success, either
by the way they illustrated the structure of the forest or by an
expected relationship to predator abundance. Speciﬁcally, the
selected parameters were volume of spruce and pine, forest age, tree
height, area of natural openings (e.g. mosses, meadows), distance to
the nearest human settlement, and the number of roads intersecting
the territory. After investigating patterns of multicollinearity, only
four parameters were suitable for further analysis: average age of the

forest (years), average volume spruce (m3 ha)1; only including forested areas), area of natural openings (m2), and distance to nearest
human settlement (m; measured from the central breeding area). The
age of the forest is related to the structure of the forest, where a
repeated thinning of the forest has resulted in an increasingly open
forest structure. In the study area, the forest was never more than
about 80–100 years old, suggesting that the territories containing
oldest forests also had a more open forest structure. The unit describing volume reﬂects how ‘dense’ the forest is, whereas the area of
natural openings is likely to illustrate the presence of edge zones
(hence, fragmentation) in the territory. Finally, the distance to nearest human settlement has previously been found to affect the risk of
nest predation (Eggers et al. 2005), most likely because other corvids
(e.g. common jay, crows) aggregate around human settlement
because of an increased access to food (e.g. bird feeders).

DATA ANALYSIS

Because of a continuous expansion of the study site over the years
(Table 1), we tested if the overall population was increasing or
decreasing over years by analysing changes in average group sizes
between years rather than total population size, using a linear regression. Areas surrounding the study site have frequently been sampled
for dispersers, and average dispersal distances have been recorded to
be no more than 2Æ3 territories away from the natal territory (Ekman,
Eggers & Griesser 2002; Kokko & Ekman 2002). Also, detection
probabilities demonstrate that the number of undetected individuals
is negligible (<1%: Ekman, Bylin & Tegelström 2000; Ekman et al.
2001). Thus, despite a lack of sufﬁcient data on dispersal out of the
study site, it is unlikely that a surplus production of young resulting
in a large-scale emigration out of the area would go undetected.

Table 1. Population sizes in different subsamples. Estimates of group
and population sizes consist of values averaged over the focal year,
since group composition may ﬂuctuate within a given territory and
year. Only occupied territories are included in these values. Total
average bird density per territory is measured over the same
territories and years, thus including both occupied and abandoned
territories

Year

Number
of
territories

Average
bird
density
per territory

Average
population
sizea

Total average
bird density per
territory
(n = 15 territories)

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003

5
10
13
8
12
9
9
12
9
15
11
17
22
18

2Æ2
2Æ6
3Æ0
3Æ5
3Æ7
3Æ3
2Æ2
2Æ1
3Æ0
3Æ4
2Æ9
2Æ9
2Æ7
3Æ3

11Æ0
22Æ0
37Æ0
28Æ0
40Æ5
30Æ0
18Æ0
24Æ0
27Æ0
50Æ5
31Æ5
49Æ0
58Æ5
60Æ0

–
–
2Æ6
2Æ7
2Æ9
2Æ9
1Æ7
2Æ1
2Æ3
2Æ6
3Æ4
2Æ1
1Æ7
1Æ2

a
Because of an increased sampling effort, the average population size
increases with year. Hence, this increase does not describe an increase
in population size per se.
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Rather, we expect that a substantial increase in population size will,
at least partly, result in an increase in group sizes within the area.
Data on adult breeder mortality (henceforth referred to only as
‘female or male mortality’), nesting success and offspring production
was extracted for each territory. Only data from territories that had
not been subject to prior experiments (e.g. supplementary feeding,
removal of breeders) that could have affected any of these factors
was included. Adult mortality was measured by monitoring the
group composition of each territory each year, assuming that breeders that had disappeared were dead. The high detection probabilities
(see above), and the fact that breeders rarely change territories
(Griesser et al. 2007), support this assumption. Nesting success was
measured as the probability of producing at least one successful
ﬂedgling (failure or success), whereas offspring production was estimated as annual ﬂedgling productivity.
We tested if breeder mortality differed according to sex, group
size and year (class variable), using a Generalized Linear Mixed
Model (GLMM) with binary error distribution and logit link.
Territories were ﬁtted as random effects, and ‘time’ (with territory ID as the subject) as a repeated effect to control for
repeated observations from within the same territory being more
dependent when closer in time. A similar statistical model was
used to test for the environmental inﬂuence on sex-speciﬁc mortality and nesting success, where the independent variables were
year, average age of the forest, average volume of spruce, total
area of natural openings and distance to nearest human settlement. We also tested for density-dependent mortality by analysing whether population size had a negative effect on breeder
mortality, using a GLMM (binary distribution and logit link). A
similar test was used to investigate if there was a territory-speciﬁc density-effect of general population size on ﬂedgling production, and of spring group size (i.e. breeding season) on ﬂedgling
production (GLMM, Poisson error and logarithm link). A negative relationship with population size would indicate that a larger
population suppressed the production of young. The data in the
study were slightly unbalanced because values of the number of
ﬂedglings and environmental parameters were not available for
all territories in all years.

Territory-speciﬁc dynamics
Spatial population dynamics was measured by assessing annual territory-speciﬁc population growth rates (r), where the estimations of r
were based on a discrete growth model. Speciﬁcally, annual birth and
death rates were calculated for each territory. From these values, we
estimated k (i.e. 1 + b ) d), which was later transformed (thus
achieving a normal distribution) to r (ln k). Population growth rates
(r) were tested against the selected environmental parameters. We
also tested if there was a difference in the number of related individuals and immigrants between the territory-speciﬁc classes of sources
(r > 0) and sinks (r < 0) (averaged over years because many years
displayed a stable population growth, thus not strictly conﬁrming to
a source or a sink; GLMM, normal error, identity link). We expected
source territories to have a higher ﬂedgling production than a sink
territory. In addition, a source may also contain more offspring that
have delayed dispersal and remained in the natal territory because of
the beneﬁcial conditions associated with home (Griesser et al. 2006).
Thus, in a social system such as that of the Siberian jay, a sink might
not contain more immigrants than a source simply because offspring
from high producing territories temporarily forego breeding and
remain at home, rather than disperse into a poor quality territory.
Hence, in this system, a source should contain more related birds

than a sink, and less, or equally many, immigrants compared to a
sink.

Correlating factors
A linear regression was used to test if the distance to human settlement was related to nest predator abundance, a relationship that has
been found in previous studies (Ekman et al. 2001; Eggers et al.
2005). Data of corvid activity was collected during the breeding season around nest sites by counting the number of corvids (i.e. Eurasian
jay Garrulus glandarius, hooded crow, Corvus corone and raven Corvus corax) for 30 min in 5-min intervals on daily, randomly timed,
visits to the nest sites (for more details, see Eggers et al. 2005; Eggers,
Griesser & Ekman 2008).

General statistics
All statistical analyses in this study were performed in sas v. 9.1 (SAS
Institute Inc., Cary, NC, USA). Models were checked for violations
against model assumptions and models containing outliers were run
both with the full data set and with the outliers deleted to investigate
how they affected the results. We selected the ﬁnal model by including the subset of parameters that generated the best adjusted r2
(Quinn & Keough 2002), or Akaike Information Criteria, (AIC or
AICc; for the GLMMs). In the cases where only pseudo-AIC were
given (i.e. GLMMs with non-normal distribution), we assessed the
residuals of each model and compared the random model (producing
pseudo-likelihood values, which cannot be used to estimate model ﬁt;
The glimmix procedure, June 2006. SAS/Stat (R) 9.2 User’s guide,
http://www.support.sas.com) to the equivalent ﬁxed effect model
(that did not contain the random effects, hence producing maximum
likelihood values which generate comparable AIC values).

Results
POPULATION DYNAMICS

The average number of birds per territory (density) showed
no consistent trend over the study period (Table 1; linear
regression, r2 = 0Æ02, F1,12 = 0Æ20, P = 0Æ66). However,
this analysis only included territories that were occupied and
that had not been subject to intense forestry. In comparison,
including empty and ⁄ or severely altered territories in the
analysis over population growth (ﬁxed number of 15 territories, ranging over 12 years) demonstrated a signiﬁcant
decrease in population size (Table 1; linear regression,
r2 = 0Æ50, F1,11 = 10Æ01, P = 0Æ010).
BREEDER MORTALITY

Average breeder mortality in the entire population and over
the whole study period was 0Æ24 ± 0Æ03 (absolute
mean ± SE; 0Æ25 ± 0Æ04, n = 106 individuals, for females
and males respectively). Breeder mortality was not related to
population size (GLMM, binary error, logit link: n = 230,
F1,129 = 0Æ12, P = 0Æ73). Moreover, there was no difference
in mortality between sexes (GLMM, binary error, logit link:
n = 212, F1,90 = 0Æ24, P = 0Æ63), year (F13,106 = 0Æ93,
P = 0Æ53) or group sizes (F1,106 = 0Æ51, P = 0Æ48).
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Correlation with environmental parameters

(a)

Female and male mortality showed different relationships to
environmental parameters. Female mortality was positively
related to the age of the forest (Table 2, Fig. 1a), but was not
affected by any of the other parameters. Male mortality
increased with larger areas of natural openings in the territory (Table 2, Fig. 1b), but showed no relationship to any
other variables.

Average mortality

270 M. Nystrand et al.

1·00
0·80
0·60
0·40
0·20
0·00
40

REPRODUCTIVE SUCCESS

50

60

70

80

90

100

110

Age of forest (years)

Correlation with environmental parameters
Nesting success was not associated with the average age of
the forest, volume of spruce, year, or area of natural openings. However, nesting success did increase with an increased
distance to human settlement (Table 3).

TERRITORY-SPECIFIC DYNAMICS

Out of a total of 21 territories, 16 had an overall positive population growth (r), suggesting that they were source territories. As expected, the number of retained offspring was
higher in the average source than in the average sink
(GLMM, normal error distribution, identity link: mean source ± SE = 0Æ57 ± 0Æ10 vs. sink = 0Æ05 ± 0Æ18, n = 21,
F1,19 = 6Æ37, P = 0Æ020). However, the number of immigrants did not signiﬁcantly differ between sources and sinks

(b)
1·00

Average mortality

Average nesting success in the population over all years and
territories was 0Æ44 ± 0Æ04 (absolute means ± SE, n = 115
nests) and the associated average ﬂedgling output was
1Æ37 ± 0Æ15 (n = 117). The average ﬂedgling production
was similar over years, with no time-trend in any direction
(linear regression, r2 = 0Æ32, F2,11 = 2Æ53, P = 0Æ12). Moreover, the number of ﬂedglings in the population was not
related to population size (GLMM, Poisson error, logarithm
link: n = 115, F1,93 = 1Æ69, P = 0Æ20), suggesting that there
was no density-dependent effect on reproductive success.
Likewise, ﬂedgling production was unrelated to spring group
size (GLMM, Poisson error and logarithm link: n = 114,
F6,74 = 0Æ50, P = 0Æ80), which further conﬁrmed a lack of
density-dependent suppression of reproduction.
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Fig. 1. (a) Average female mortality (±SE) in relation to the age
of the forest (nterritories = 19). The displayed values are averages of
the binary values (i.e. alive or dead) over all years for each territory.
Also displayed is the number of years included in the calculations of
the average values. (b) Average male mortality (±SE) in relation
to the area of the territory consisting of natural openings
(nterritories = 19). The displayed values are averages of the binary
values (i.e. alive or dead) over all years for each territory. Also
displayed is the number of years included in the calculations of the
average values.

(GLMM, normal error distribution, identity link: mean source ± SE = 0Æ58 ± 0Æ11 vs. sink = 0Æ49 ± 0Æ20, n = 21,
F1,19 = 0Æ15, P = 0Æ70), further supporting the conclusion
that the designated sinks were true sinks and not pseudosinks.
Territory-speciﬁc population growth decreased with an
increase in natural openings in the territory (opposite pattern
to Fig. 1b: GLMM, normal error distribution, identity link:
F1,32Æ7 = 5Æ56, P = 0Æ025). Moreover, there was a trend
(close to signiﬁcant) towards higher territory-speciﬁc popula-

Table 2. Effects of environmental parameters on mortality in females and males (n = 19 territories, respectively, GLMM, binary error, logit
link). Emboldened text denotes the best ﬁtting model according to chosen model selection method (see Methods for more information). Normal
text denotes results of the full model
Females

Year
Average age of forest
Average volume spruce
Area natural openings
Distance settlement

Males

Num. d.f.

Den. d.f.

F

P-value

Num. d.f.

Den. d.f.

F

P-value

13
1
1
1
1

74
87
87
74
74

0Æ49
4Æ15
2Æ61
2Æ12
0Æ69

0Æ9247
0Æ0447
0Æ1101
0Æ1495
0Æ4083

13
1
1
1
1

74
87
74
87
74

0Æ75
1Æ19
0Æ06
4Æ71
0Æ39

0Æ7092
0Æ2775
0Æ8097
0Æ0327
0Æ5336
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Table 3. Effects of environmental parameters on nesting success
(n = 17 territories, GLMM, binary error, logit link). Emboldened
text denotes the best ﬁtting model according to chosen model
selection method (see Methods for more information)

Year
Average age of forest
Average volume spruce
Area natural openings
Distance settlement

Num. d.f.

Den. d.f.

F

P-value

13
1
1
1
1

69
69
81
81
81

1Æ02
0Æ12
1Æ10
1Æ10
6Æ08

0Æ4436
0Æ7340
0Æ2983
0Æ3921
0Æ0158

tion growth rates further away from human settlement
(Fig. 2: F1,43Æ6 = 3Æ52, P = 0Æ067). Distance to human settlement was strongly related to the abundance of nest predators, demonstrating that territories closer to human
settlement had a higher abundance of nest predators than territories further away (linear regression, r2 = 0Æ35,
F1,16 = 8Æ55, P = 0Æ01). Finally, there was a strong effect of
year (Table 4; F13,58Æ5 = 2Æ25, P = 0Æ018) on population
growth rates.

Discussion
The source–sink model is conceptually well-developed.
However, many of the empirical studies aspiring to demonstrate source–sink dynamics have failed to meet the
basic assumptions associated with the model (reviewed in
Diffendorfer 1998, and Runge et al. 2006; but see Breininger and Carter 2003, Breininger & Oddy 2004). In this
study, we applied the theory of source–sink dynamics to
a bird population, in which we had sufﬁcient demographic data to meet the requirements of the model. The
results indicate that our system is a true source–sink
system, but that the population dynamics of individual
territories ﬂuctuates between years.

Table 4. Yearly ﬂuctuations in population growth rates for each
territory. Territories below the hatched line have an overall negative
population growth (i.e. sinks)
Territory

Source (r > 0)

Sink (r < 0)

Stable (r = 0)

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q

1
3
2
5
4
2
4
4
3
1
2
2
4
3
3
3
1

0
1
1
5
1
1
0
3
0
1
1
1
0
3
0
0
1

3
2
0
0
0
0
3
2
1
1
0
2
4
4
0
0
1

R
S
T
U
V

1
0
0
0
1

4
2
2
4
1

2
1
2
4
3

POPULATION DYNAMICS AND INDIVIDUAL
DEMOGRAPHIC FACTORS (MORTALITY AND
REPRODUCTION)

The size of the study population did not show a consistent
trend of increase or decrease over the years of study. When
including territories that had been subject to intense forestry
(e.g. extensive logging or thinning) to the analysis, the population demonstrated a negative growth. Negative effects of
habitat loss and degradation can sometimes affect untargeted
neighbouring territories (i.e. edge effect; Wiens 1997). We
found no indications of such a ‘spill-over effect’ in our population, as indicated by the non-signiﬁcant change in the number of birds per monitored territory. However, altered
territories have at times been found to have a delayed
response to forestry (Griesser et al. 2007). Hence, it is possible that we will see a deferred decrease in population sizes in
the future, which is the result of past habitat alterations.
Breeder mortality

Fig. 2. Territory-speciﬁc growth rates (±SE) in relation to the distance to human settlement (n = 17). An average r-value above 0
indicates that a territory has been successful (i.e. a source) or stable
most or all years of sampling, whereas a value below 0 indicates that
a territory has repeatedly failed.

There was no difference between sexes in overall mortality
rates. However, there was a clear difference between sexes in
relation to environmental factors. Female mortality was
affected by the age of the forest (higher mortality in older forests), whereas male mortality was affected by the amount of
open areas in the territory (higher mortality in more open
areas). This discrepancy could be a result of sex-biased environmental sensitivity (Råberg, Stjernman & Nilsson 2005),
implying different mechanisms underlying sex-speciﬁc patterns of mortality in this species. Siberian jay females appear
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to be more sensitive to an overall more transparent, less dense
habitat (older forests are more open), which is related to
higher predation risks because it increases the hunting success
for predators of jays (not because of differences in predator
abundance since it is similar throughout the area; Griesser
et al. 2006). We contemplate that this potentially higher vulnerability among females to predation may be related to
reproductive costs (Liker & Székely 2005; Owens & Bennett
1994); because females carry additional reserves and eggs at
the onset of breeding (J. Ekman, unpublished data), they are
less likely to succeed in escaping a predator attack at this time.
In contrast, male mortality appears to be related to general
risk-taking behaviour. Siberian jay males spend a vast
amount of time feeding in open areas, in particular during
the breeding season when they have to provide for themselves
and the female (M. Nystrand, unpublished data). Based on
the hunting behaviour of the Siberian jay’s main predator,
the goshawk, these areas are likely to be associated with
higher risks. Goshawks show a strong preference for woodland edges (0–200 m from open habitat) and the majority of
successful kills are made within this zone (Kenward 1982).
Previous behavioural observations of Siberian jays demonstrate that open areas are perceived as more risky (Nystrand
2006, 2007; Griesser & Nystrand 2009), and that males take
greater risks than females when confronted with a predator
(Griesser 2003; Griesser & Ekman 2004, 2005).
Nesting success
The average probability of a nest to produce at least one offspring was only 0Æ44. Nest predation by corvids is intense and
it is the primary cause of nest failure in this population (Eggers et al. 2005). Many corvids beneﬁt from human-altered
habitats (Andrén 1992), which allow them to reach higher
abundances than they otherwise would. The positive relationship between corvid abundance and the distance to human
settlement in this study indicates such an association in our
study site. Thus, Siberian jays respond to altered habitat-conditions by preferring territories further away from human settlement, as indicated by the choice of territories made by high
quality individuals (Ekman et al. 2001; Eggers et al. 2005).
Our data showed no effect of forest structure per se on
nesting success, a result which deviates from previous studies
on this species (Ekman et al. 2001; Eggers et al. 2005). This
discrepancy is likely to be related to the scale of measurement. Here, forest structure was measured on 30-ha plots,
using remote sensing procedures. Previously, forest structure
has been measured in the ﬁeld, in the immediate surroundings
of nest sites (0Æ02–0Æ3 ha). Thus, forest cover at the smaller
scale appears to be more important in concealing the nest
than the large-scale territory habitat.

IDENTIFYING SPATIAL DYNAMICS – A COMBINATION OF
DEMOGRAPHIC FACTORS

We assessed territory quality based on territory-speciﬁc
growth rates. The subsample of territories in this study only

included territories that were unaffected by forestry during
the period of sampling, during which the overall population
growth did not decrease. Hence, we expected most territories
to be sources. When averaging the demographic values over
years for each territory, 16 territories fulﬁlled the assumptions of a source, representing 76% of all territories. The
overall growth rates varied between years however, with year
1996 and 2000 displaying lower growth rates than most other
years. Also, focal territories appeared to ﬂuctuate randomly
between being a source and a sink, and were frequently interspersed with years during which there was no change in population growth (i.e. stable, r = 0). This suggests that our
population conﬁrms to a temporally varying source–sink system, where potentially small changes in reproductive success
or mortality between years may be enough to change the state
of a territory. However, without more long-term data, it is
not possible to identify potential time-trends in these ﬂuctuations.
A larger area of natural openings within a territory had a
negative effect on territorial growth rates. This variable was
previously found to inﬂuence male mortality, suggesting that
male survival is crucial for the overall success of a territory.
This is likely to be a result of his important role in supplying
food to the female and the nestlings during nesting. The other
environmental variable that affected (approaching signiﬁcance) territory dynamics was the distance to human settlement, with increasing distances resulting in higher growth
rates. This was also the sole factor inﬂuencing nesting success. Hence, these results combined suggest that it is mainly
the performance during the actual breeding event that determines the overall state of a territory. Failure (e.g. female mortality) during the remaining year may be easier to
compensate for, and will thus have less impact on population
dynamics, than failure that ensues after the onset of breeding.
Many studies assessing source–sink dynamics in natural
systems have been criticized for not properly accounting for
factors that might confound demographic estimates (e.g. by
neglecting density dependence or not accounting for dispersal
(Dias 1996; Diffendorfer 1998; Watkinson & Sutherland
1995). For example, failing to account for density dependence can, despite sufﬁcient demographic data, falsely classify a source as a sink (a so called ‘pseudo-sink’; Watkinson
& Sutherland 1995). It is unlikely that we have falsely classiﬁed sources as sinks in this study. There was no effect of population size or group size on ﬂedgling production or on
breeder mortality, indicating a lack of a density-dependent
suppression on reproductive success and mortality. In addition, we did not ﬁnd any difference in the number of immigrants between sources and sinks, which indirectly supports a
lack of density-dependent (i.e. interference caused by immigrants). Our ﬁndings are congruent with previous studies that
found no evidence that non-breeding group members augment reproductive success (Ekman et al. 1994) or decrease
breeder survival (Griesser et al. 2006, 2008). Furthermore,
there is no evidence that interference with neighbours affects
reproduction or mortality and territory owners are never displaced once they have gained a territory (Ekman et al. 2001).

 2009 The Authors. Journal compilation  2009 British Ecological Society, Journal of Animal Ecology, 79, 266–274

Habitat-speciﬁc demography in Siberian jays 273
The high re-sighting score (>99%) of individuals in our
study population (Ekman et al. 2000, 2001) makes it highly
unlikely that a signiﬁcant number of individuals would have
escaped our censuses. Thus, the lack of dispersal data in this
study is unlikely to undermine the interpretation of the
results. In fact, since about 50% of Siberian jay offspring
delay dispersal for up to 3 years (Ekman et al. 2001), failing
to acquire consistent long-term data could falsely indicate
that a territory had low or no emigration (thus being a sink),
when in reality, the low emigration rate is a simple effect of
offspring delaying dispersal for a maximum time because the
territory is of high quality (hence, being a source).

CONSERVATION IMPLICATIONS

There can be substantial variation between different groups
of individuals in their response to habitat degradation,
depending on factors such as sex, mode of territory acquisition or territory choice. Hence, simply estimating population growth by numbers can give misleading results
(Pulliam 1988, 1996; Kokko, Sutherland & Johnstone
2001). The results of this study emphasize the signiﬁcance
of both choosing an adequate scale of sampling, and selecting the appropriate demographic parameters in the assessment of population dynamics. Furthermore, our data
demonstrates that territories can vary temporally between
being a source and a sink, which illustrates the signiﬁcance
of long-term data in the identiﬁcation of high quality areas.
By applying a source–sink framework to long-term data on
population dynamics, the risk of implementing unsound
management decisions based on estimates of populations
from homogenous habitats or on populations that are
unable to maintain themselves in the absence of immigration can be avoided.
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