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Abstract
Predation is the leading cause of avian reproductive failure and theory predicts clutch size reduction under high nest predation 
risk. However, the impact of nest predation on population dynamics is debated, and spatiotemporal variation in reproductive 
output is poorly understood due to the predominance of short-term, single-site studies. To this end, we investigated how island 
geography (size, forest cover, isolation), predation risk (White-tailed Eagle Haliaeetus albicilla abundance), climate (migra-
tion phenology, winter severity) and time trends affected early breeding success (inverse of early predation rate) and clutch 
size of endangered Baltic Common Eiders (Somateria mollissima). The study was conducted at two close sites (Tvärminne, 
Velkua) during 1991–2020. Local breeding numbers showed a similar annual decline. Interestingly, fecundity components 
were negatively correlated across sites: early breeding success was higher in Velkua and clutch size in Tvärminne. Island 
forest cover and exposure were the best determinants of early breeding success and clutch size (with only weak explana-
tory power for clutch size), but their effects were mediated by differential susceptibility to eagle predation risk. Clutch size 
increased in Tvärminne but decreased in Velkua. The former finding likely reflects increased breeder phenotypic quality 
due to selective disappearance at this high-predation site, whereas the latter finding may indicate increasingly compromised 
food intake. Only at the high-risk site did clutch size show the expected decline with increasing eagle predation risk, and the 
expected increase with increasing overhead protection (forest cover). We identify the least exposed forested islands, associ-
ated with the highest productivity, as prime targets of conservation.

Keywords Nest predation · Population dynamics · Long-term study · Island geography · Clutch size · Early breeding 
success

Zuammenfassung
Prädationsrisiko und Eigenschaften Landschaft prägen die Fortpflanzungsrate einer gefährdeten Meeresente: zwei 
Teilpopulationen mit unterschiedlichen Nesträuber-Risiken
Prädation ist die Hauptursache für Misserfolge in der Fortpflanzung von Vögeln, und eine Theorie sagt, dass unter starker 
Nestprädation die Gelege immer kleiner werden. Die Auswirkungen der Nestprädation auf die Populationsdynamik sind 
jedoch umstritten, und die räumlich-zeitlichen Schwankungen der Fortpflanzungsleistung sind wegen der überwiegenden Zahl 
von Kurzzeitstudien an nur einzelnen Standorten kaum bekannt. Deshalb untersuchten wir, wie sich die geographische Lage 
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einer Insel (Größe, Bewaldung, Isolation), das Prädationsrisiko (Vorhandensein des Seeadlers Haliaeetus albicilla), das Klima 
(Zugphänologie, Strenge des Winters) und die zeitlichen Abläufe auf den frühen Bruterfolg (invers zu früher Prädationsrate) 
und die Gelegegröße der in der Ostsee gefährdeten Eiderente (Somateria mollissima) auswirken. Die Studie wurde zwischen 
1991 und 2020 an zwei nahe gelegenen Standorten (Tvärminne, Velkua; Finnland) durchgeführt. Die örtlichen Brutzahlen 
zeigten einen ähnlichen jährlichen Rückgang. Interessanterweise waren einzelne Faktoren des Fortpflanzungserfolgs 
zwischen den Standorten negativ korreliert: der frühe Bruterfolg war in Velkua höher und die Gelegegröße in Tvärminne. 
Die Bewaldung der Insel und ihre Exponiertheit waren die besten Bestimmungsgrößen für den frühen Bruterfolg und 
die Gelegegröße (mit nur schwacher Erklärungskraft für die Gelegegröße), aber ihre Auswirkungen wurden durch die 
unterschiedliche Gefährdung durch Seeadler beeinflusst. Die Gelegegröße nahm in Tvärminne zu, in Velkua dagegen 
ab. Der erste Befund spiegelt wahrscheinlich die erhöhte phänotypische Qualität der Brutvögel auf Grund der selektiven 
Auslese an diesem Ort mit hohem Prädationsrisiko wider, während der zweite Befund auf eine zunehmend schlechtere 
Nahrungsaufnahme hinweisen könnte. Nur am Hochrisikostandort zeigte sich der erwartete Rückgang der Gelegegröße mit 
zunehmendem Prädationsrisiko durch die Seeadler und der erwartete Anstieg der Gelegegrößen mit zunehmendem Schutz 
nach oben hin durch Bäume. Wir sehen die am wenigsten exponierten, bewaldeten Inseln mit der höchsten Produktivität 
als vorrangige Ziele für den Schutz.

Introduction

Nest predation is the most important factor causing repro-
ductive failure in birds (Ricklefs 1969). Particularly, the 
effects of nest concealment (Götmark et al. 1995) and nest 
location (e.g. edge effects; Donovan et al. 1997) on nest pre-
dation rates have been extensively studied. Nevertheless, a 
long-held view is that spatiotemporal variation in nest pre-
dation has only limited impact on population dynamics in 
iteroparous animals, because adult survival is considered 
to have the greatest impact on population growth rate (Sae-
ther and Bakke 2000). However, some studies have chal-
lenged this view by showing that experimental removal of 
egg predators—or their risk cues—may have large effects 
on population growth (Zanette et al. 2011; Hanssen et al. 
2013). Thus, nest predation may directly and indirectly have 
long-term consequences on future fecundity (Doligez and 
Clobert 2003; Zanette et al. 2011), breeding propensity (Öst 
et al. 2018), and lead to adaptive avoidance of the dangerous 
breeding site (Hanssen and Erikstad 2013).

Nest predation shows large variation both spatially (Rick-
lefs 1969; Martin 1995) and temporally (Thompson 2007; 
Cox et al. 2012), due to the combined influence of multiple 
ecological factors, such as variation in protective vegeta-
tion and predator community structure, which themselves 
may show synchrony among sites. As a broad generalization, 
variation in the macro- and microhabitat of nests tends to be 
associated with spatial variation in nest predation risk (Hol-
lander et al. 2015). In fact, a substantial proportion (even 
exceeding 60%; Bulla et al. 2019) of the variation in nest 
predation may be explained by study site alone. In contrast, 
factors such as variation in predator abundance and commu-
nity structure (Hoset and Husby 2018) and climate forcing 
(Ims et al. 2019) are more likely to induce temporal fluctua-
tions in nest predation risk. However, these generalizations 
ignore the complex ways in which the breeding habitat may 

interact with predator–prey dynamics. For example, the 
habitat preferences of egg and adult predators may differ, 
which may force parents to trade off their own safety against 
that of their offspring when selecting nest sites (Götmark 
et al. 1995; Öst and Steele 2010). This may lead to a situa-
tion of elevated nest predation risk in the preferred nesting 
habitat—consistent with an ecological trap (Hollander et al. 
2015).

Nest predation is closely linked to the evolution of clutch 
size, as life-history theory predicts that increased predation 
risk should reduce the value of current reproduction and 
thus favour reduced clutch size (Skutch 1949; Dillon and 
Conway 2018). However, adaptive predation risk-induced 
adjustments of clutch size may be confounded by undetected 
partial clutch predation (Öst et al. 2008), and predators of 
adults and eggs may further vary in their ability to inflict 
such partial loss. Given this complexity, a better understand-
ing of the drivers of spatiotemporal variation in nest pre-
dation risk and the association between nest predation and 
clutch size requires long-term data collected from multiple 
breeding sites, but such data are rare.

Heeding this call, we investigate spatiotemporal variation 
in early breeding success and clutch size in the Common 
Eider (hereafter, Eider) (Somateria mollissima). The long-
lived Eider is an excellent study species, because incubating 
ground-nesting female Eiders strongly rely on crypsis rather 
than flight, rendering them more susceptible to predation 
during breeding (e.g. Ramula et al. 2018). Furthermore, the 
focal Eider population in the northern Baltic Sea is currently 
facing intensified predation pressure from the White-tailed 
Eagle (Haliaeetus albicilla), the main native predator on 
adults, as well as from invasive mammalian predators, the 
American Mink (Neovison vison) and the Raccoon Dog 
(Nyctereutes procyonoides) (Öst et al. 2018; Jaatinen et al. 
2022). Although predation is believed to be one of the main 
causes of the population decline of Eiders in the northern 
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Baltic Sea (Tjørnløv et al. 2020; Öst et al. 2022), the sig-
nificance of this factor has been debated (Sonne et al. 2012; 
Mörner et al. 2017). Variable fecundity may also constitute 
a major driver of population dynamics (Hario et al. 2009). 
Furthermore, because there is considerable variation in pre-
dation risk across the Baltic Sea (Tjørnløv et al. 2020), the 
drivers of decline may differ even between adjacent regions 
(Öst et al. 2016), particularly because colony-specific factors 
may largely determine local population dynamics (Jónsson 
et al. 2013). Adding interesting complexity is the fact that 
Eiders inhabit diverse breeding habitats, from small open 
skerries to slightly larger forested islands, which are inter-
spersed close to each other (Kilpi and Lindström 1997; Öst 
et al. 2008). Not only do these habitats differ in average 
predation rates on nesting females and eggs (Ekroos et al. 
2012), but they also attract different types of predators (Öst 
and Steele 2010). Open islands are preferred hunting areas 
for visually oriented eagles due to reduced opportunities 
for nest concealment, whereas forest cover may not afford 
significant protection from mammalian predators primarily 
hunting by scent.

We investigated the factors affecting early breeding 
success and clutch size, their spatiotemporal trends and 
synchrony in two close, but geographically separated (ca 
120 km apart) subpopulations of Eiders (Tvärminne and 
Velkua) over the past 30 years (1991–2020). We further 
assessed long-term trends in breeding numbers at both sites, 
to explore whether these trends mirrored the local long-term 
variation in the observed fecundity components. Individual 
islands were used as the sampling unit, and we set out to 
explore the effects of habitat characteristics (island size, 
forest cover and geographical isolation) and predation risk 
(annual abundance of White-tailed Eagles) on the fecundity 
components, while also examining the presence of temporal 
trends. We also explored other possible drivers of nest preda-
tion and fecundity, i.e. annual spring migration phenology 
and previous winter severity. We expected a general increase 
in nest predation and a concomitant decrease in clutch size 
over time, the magnitude of which, however, should be site-
specific and depend on the abundance of local predators.

Materials and methods

Study area and predator community composition

Fieldwork was conducted in two subpopulations in the 
south-western Finnish archipelago during 1991–2020 
(Fig. 1). However, nest census data were missing from the 
year 1992. The study areas are located in the Velkua area 
(60.45°N, 21.60°E) in the Archipelago Sea, and outside 
Tvärminne (59.50°N, 23.15°E), western Gulf of Finland, 
ca. 120 km south-east of the Velkua area. The study sites 

in Velkua and Tvärminne consist of 27 and 35 islands, 
respectively, of varying size (Velkua: range 0.04–9.00 ha, 
mean = 1.30 ha ± 2.00 (SD), Tvärminne range 0.13–10.22 ha, 
mean = 1.70 ha ± 2.40 (SD)) and forest cover (Velkua range 
0–65%, mean = 17.5% ± 22 (SD), Tvärminne range 0–53%, 
mean = 16% ± 20.20 (SD)). Both areas contain 13 skerries 
with no forest cover. A notable difference with respect to 
anthropogenic disturbance is that the islands in Tvärminne 
are protected as a nature conservation area, with access only 
allowed to researchers. In contrast, four of the islands in 
Velkua have summer cottages, although these are rarely vis-
ited during the Eider breeding season.

Eiders on the Finnish coast suffer from egg predation, 
primarily by Hooded Crows (Corvus corone cornix) and 
Ravens (Corvus corax). Adult Eiders are depredated by 
White-tailed Eagles, Eagle Owls (Bubo bubo), Minks and 
Raccoon Dogs (Öst et al. 2018), the last two of which also 
eat eggs. Minks and Raccoon Dogs have been removed from 
the Tvärminne study site within an invasive predator control 
scheme since 2011 (Jaatinen et al. 2022).

Island geographical properties

Island area was measured in ArcMap, using a vector-based 
standard shoreline map from the National Land Survey. 
Island forest cover was measured using Google Earth sat-
ellite maps (version 7.3.3). The geographical isolation 
of the breeding habitat from the surrounding islands (i.e. 
exposure) can affect predation pressure on Eiders, because 
more exposed islands may limit access to terrestrial preda-
tors (Kurvinen et al. 2016). To quantify island exposure, 
we used the Buffer Wizzard tool in ArcMap (version 10.8) 
to create buffer zones with 0.5, 1 and 2 km radius around 
each island (von Numers 2015) and measured the percent-
age of sea inside each buffer area. An examination of the 
means and variances of these island geographical character-
istics revealed only two statistically significant differences 
between study sites. Thus, island exposure within a 0.5 km 
radius was significantly smaller in Tvärminne compared to 
Velkua (independent samples test: t60 = 2.4, P = 0.02), and 
exposure within a 2 km radius showed higher between-island 
variability in Velkua compared to Tvärminne (Levene’s test: 
P = 0.004). Neither the mean island size nor forest cover dif-
fered between localities.

Monitoring nest success and fecundity

Field work was conducted in both study areas from early 
May to mid-June, during the incubation period of female 
Eiders. The annual median date of monitoring was sig-
nificantly later in Velkua (23 May) than in Tvärminne (18 
May) (Wilcoxon signed-ranks test: z30 = − 3.51, p < 0.001). 
Island visits were timed to the latter half of incubation, as 
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the tendency to abandon the nest decreases towards the end 
of incubation (Bolduc and Guillemette 2003). Each of the 
islands were searched systematically for all Eider nests. The 
clutch sizes in the active nests and the nest fate of non-active 
nests were recorded (Velkua: Ntotal = 6240 nesting attempts, 
range = 167–320, mean ± SD = 223 ± 54.7, Tvärminne: 
N total = 13,631 nesting attempts, range = 237–638, 
mean ± SD = 470 ± 103.0). Active nests at the time of the 
census contained an incubating female or hatched egg-
shells, characterised by a leathery membrane. Depredated 
nests were characterized by the presence of shells broken 
into pieces with a thin bloody membrane or the complete 
absence of eggshells and hatched membranes (Öst and 
Steele 2010). The annual island-specific nest predation pres-
sure was quantified by dividing the number of depredated 
nests on an island with the total number of nesting attempts 
(active, hatched, abandoned and depredated nests) on that 
island in each year (Öst et al. 2011), yielding the proportion 
of depredated nests at the time of census. Correspondingly, 

annual island-specific breeding success at the time of cen-
sus (‘early breeding success’) was calculated as (1—annual 
island-specific nest predation risk) to be used in further 
analysis. Please note that we use the qualifier ‘early’ merely 
to distinguish it from final nest fate at hatching, which was 
unavailable in our study.

Incubation stage was estimated using an egg floatation 
test (Kilpi and Lindström 1997) in Tvärminne, but this 
method has not been used at Velkua. Instead, status as a 
full-laid clutch has been assigned based on presence of 
down in the nest. To verify that the presence of down is 
a reliable indicator of a completed clutch, egg floatation 
was carried out also at Velkua in 2016. Based on this pilot 
study, incubation in downy nests had progressed further 
(mean ± SD = 13.66 ± 5.75 days) than in nests lacking pro-
tective down (4.23 ± 6.10 days) (t187 = − 5.88, P < 0.001). 
Because Eiders complete their clutches within 5 days of 
starting incubation (Andersson and Waldeck 2006), it is thus 
legitimate to assume that downy nests represent completed 

Fig. 1  Map of the Archipelago Sea and the western Gulf of Finland, with the locations of the two study sites marked with rectangles. The dis-
tance between study sites measures about 120 kms
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clutches. In Tvärminne clutches were considered full-laid 
when the incubation stage was at least 8 days. This con-
servative threshold was applied to avoid any errors in clutch 
completion status even for the largest clutches (Öst et al. 
2008). Because nests containing more than seven eggs 
(1.12% of all nests) necessarily contain parasitic eggs (Wal-
deck et al. 2004), such nests were excluded from the clutch 
size analysis.

Site‑specific annual eagle abundance

For each study site, the abundance of White-tailed Eagles 
was estimated in each year. For Tvärminne, we used an eagle 
index based on the average number of eagles observed per 
day at Hanko Bird Observatory (HALIAS, ca 20 km west of 
Tvärminne) during the Eider breeding season, i.e. 1 April to 
15 June (Jaatinen et al. 2011; Öst et al. 2022). The benefit of 
this index is that it considers the presence of all eagles irre-
spective of their age or breeding status. For the Velkua area, 
such an index was not available. Instead, we used the annual 
number of active eagle nests inside a 20 km radius around 
the study area (20 km radius measured around all the study 
islands and merged together), with nest locations provided 
by courtesy of the working group in support of the White-
tailed Eagle in Finland (Stjernberg 1981). The annual eagle 
indices were standardized within each site (mean of 0, SD 
of 1), which reduces potential methodological bias caused 
by the use of different methods. Within-site standardization 
allowed us to investigate the effects of relative site-specific 
changes in eagle abundance, expressed on a common scale 
(standard deviations), on local nest success and fecundity 
of Eiders.

Climate indices and migration phenology

Winter climate has been shown to affect the migration, body 
condition and breeding phenology of Eiders (Lehikoinen 
et al. 2006). We used the extended annual PC-based winter 
(December–March) North Atlantic Oscillation (NAO) index 
(Hurrell 1995) and the maximum sea ice cover of the Baltic 
Sea (Seinä and Palosuo 1996) as integrated measures of win-
ter climate. Annual Eider migration phenology was measured 
at HALIAS, where daily observations were conducted by 1–6 
observers during a 4 h period starting at sunrise (Lehikoinen 
et al. 2008). The dates when 5% and 50% of the annual cumu-
lative number of Eiders had migrated past HALIAS in spring 
were defined as the early and median phase of migration, 
respectively (Lehikoinen et al. 2006). Early annual migra-
tion phenology may correlate with early breeding phenology, 
which in turn is associated with larger clutches (Öst et al. 
2022), but annual phenology may also be related to the level 
of nest predation risk (Öst and Jaatinen 2015).

Statistical analysis

First, we analysed the temporal trend in breeding numbers 
in both subpopulations, using a linear regression of the log-
transformed total number of nesting attempts (response vari-
able) as a function of year, calculated separately for each 
island at both sites. An island-by-island approach was neces-
sitated by the fact that total annual breeding numbers con-
tained gaps for individual islands and island-specific trends 
in breeding numbers show large variability within sites. 
Log-transformation permitted interpretation of the regres-
sion coefficient as an average annual percentage change. The 
absolute change in breeding numbers is tightly linked to the 
initial absolute numbers of breeders, and thus inappropriate 
for assessing temporal trends in breeding numbers.

Next, we used correlation analysis to explore the between-
site temporal correlation in the mean annual early breeding 
success (for definition, see above) and mean annual clutch 
size. To test if any potential correlations between sites were 
a consequence of the study sites sharing a common time 
trend rather than truly matching the interannual variability in 
the variables of interest, we performed a partial correlation 
test, where mean annual early breeding success and clutch 
size were detrended by controlling for year.

To investigate the impact of island geography, eagle pre-
dation risk, winter climate and annual migration phenol-
ogy on spatiotemporal variation in early breeding success 
and clutch size, we used generalized linear mixed models 
(GLMMs) and linear mixed models (LMMs), respectively. 
The random effect of island identity was added to models 
to account for repeated samples from the same islands. All 
explanatory variables were standardized (mean = 0, SD = 1) 
to facilitate comparison of effect sizes and model conver-
gence; however, eagle abundance indices were standardized 
within study sites (see above). We then tested the explana-
tory variables used in each model for multicollinearity by 
calculating variance inflation factors (VIFs). We found four 
pairs of collinear variables: island size and forest cover, the 
winter NAO index and ice cover, the different levels of expo-
sure and the two migration variables (VIF > 2). We therefore 
chose the variables that had the lower Akaike information 
criterion corrected for small sample size (AICc), when com-
paring the fit of univariate models. The following variables 
were discarded at this point: exposure within 1 km (both 
breeding success and clutch size analysis), exposure within 
2 km for breeding success analysis, exposure within 0.5 km 
for clutch size analysis, island size, early migration (5% of 
the eiders) and NAO index. Model selection was then per-
formed with the ‘dredge’ function in the R package MuMIn 
(Bartoń 2020), using AICc to find the most parsimonious 
model among the set of candidate models. If several equally 
plausible top-ranked models (ΔAICc < 2; Burnham and 
Anderson 2002) were identified, the one with the smallest 
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number of parameters was chosen to avoid overfitting, given 
the known leniency of the AIC based approach in retaining 
model terms (Aho et al. 2014). The full model included the 
following candidate fixed effects: subpopulation, year, for-
est cover, exposure within 0.5 km (early breeding success 
analysis) and 2 km (clutch size analysis), eagle abundance, 
nest predation pressure, median laying date and a priori 
selected two-way interactions terms (Table S1). Potential 
subpopulation-specific three-way interactions were con-
sidered only if visual illustration of the final model led us 
to suspect such additional complexity; if so, such models 
were compared against the top-ranked model with lower 
order terms. We calculated the marginal R2 (R2m, the vari-
ance explained by fixed effects) and conditional R2 (R2c, 
the variance explained by both fixed and random effects) 
using the ‘r.squaredGLMM’ function in MuMIn. The vari-
ance explained by the random effect was calculated using 
the ‘var.random’ function (insight package; (Lüdecke 2019).

To analyse the influence of candidate explanatory vari-
ables on spatiotemporal variation in early breeding success, 
we used GLMMs with a binomial error distribution and 
Laplace estimation. The GLMM was fitted using maximum 
likelihood. The dependent variable comprised the total num-
ber of undepredated and depredated nests on each island 
during the nest census, combined with the ‘cbind’ func-
tion in R. The fixed effects for the model selection included 
subpopulation, year, forest cover, exposure at 0.5 km level, 
eagle abundance and the a priori selected two-way interac-
tions. To elucidate the factors affecting spatiotemporal vari-
ation in clutch size at the two study sites, we constructed 
LMMs, assuming a normal error distribution and restricted 
maximum likelihood estimation. The following candidate 
explanatory variables were included in the full model: sub-
population, year, forest cover, exposure at 2 km level, eagle 
abundance, and median laying date, as well as the a priori 
selected two-way interactions. Early island-specific nest 
predation risk was included as an additional explanatory 
variable. This was done to account for any within-colony 
correlation between complete and partial clutch predation 
(e.g. Ackerman and Eadie 2003), the latter phenomenon of 
which is intricately connected to documented clutch sizes 
(Öst et al. 2008). All statistical analyses were performed 
using R 4.0.3 (R Core Team 2020).

Results

Subpopulation‑specific trends

The mean annual island-specific trend in breeding num-
bers was significantly negative in both Tvärminne 
(b = − 0.032 ± 0.0098 (SE); one-sample t-test: t34 = −3.22, 
P = 0.003) and Velkua (b = − 0.014 ± 0.0066 (SE); 

t26 = − 2.16, P = 0.04). The mean annual trend in breeding 
numbers was numerically, although not statistically signifi-
cantly, more negative in Tvärminne compared to Velkua 
(two-sample t-test: t60 = − 1.38, P = 0.17). Expressed as 
percentage change, the mean annual island-specific decline 
in Tvärminne was 3.11% [Bootstrap BCa 95% CI (− 5.11%, 
− 1.32%)], and 1.4% in Velkua [Bootstrap BCa 95% CI 
(− 2.60%, − 0.20%)].

Island‑specific early breeding success

The annual proportion of early successful nests showed 
a significantly positive correlation between study sites 
(r29 = 0.54, P < 0.01). After controlling for year, the posi-
tive correlation between sites was no longer significant 
(rp29 = 0.18, P = 0.36). This indicates that a shared temporal 
trend in nest depredation risk is the most likely explanation 
for the positive correlation in the proportion of early suc-
cessful nests between sites.

The final top-ranked model explaining spatiotemporal 
variation in early breeding success accounted for a high pro-
portion of the variation (marginal R2

m = 0.53 and R2
c = 0.64). 

Early breeding success was explained by significant two-
way interactions between subpopulation and forest cover, 
year and forest cover, year and exposure, forest cover and 
eagle abundance, as well as exposure and eagle abundance, 
respectively (Table 1). The random effect of island identity 
explained 5.7% of the variation in early breeding success. 
Early breeding success was generally lower in Tvärminne 
than in Velkua, but this difference tended to level off at 
high levels of forest cover (subpopulation × forest cover 
interaction; Fig. 2; Table 1). While early breeding suc-
cess decreased over the years in both subpopulations, the 
decrease was strongest on islands with high forest cover 
(year × forest cover interaction; Fig. 3a, 3b; Table 1) and 
low exposure (year × island exposure interaction; Fig. 3c, 
3d; Table 1). The relationship between annual eagle abun-
dance and early breeding success was generally negative, 
but positive for islands with the highest forest cover (eagle 
abundance × forest cover interaction; Fig. 4a, 4b; Table 1) 
and lowest exposure (eagle abundance × island exposure 
interaction; Fig. 4c, 4d; Table 1).

Clutch size

The annual mean clutch sizes between the two study sites 
were not significantly correlated (r29 = 0.09, P = 0.63), with 
this correlation remaining non-significant after controlling 
for year (rp29 = 0.08, P = 0.68), indicating a lack of temporal 
trend between sites.

The final top-ranked model explained a small fraction of 
the variation in clutch size (R2

m = 0.047 and R2
c = 0.069). 

The final model included the main effects of early nest 
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depredation risk and median laying date, and the significant 
two-way interactions between subpopulation and eagle abun-
dance, exposure and eagle abundance, subpopulation and 
year, exposure and year and subpopulation and forest cover, 
respectively (Table 1). The random effect of island identity 
explained 6.4% of the variation in clutch size.

Smaller clutch sizes were associated with elevated early 
nest depredation risk (Fig. 5a, 5b; Table 1) and later breed-
ing phenology (Fig. 5c, 5d; Table 1). Clutch size declined 
with eagle abundance in Tvärminne, but increased in Velkua 
(subpopulation × eagle abundance interaction; Fig.  6a; 
Table 1). Subpopulation-specific visual inspection revealed 
a poor fit of the two-way interactive effect of island exposure 
and eagle abundance on clutch size (Fig. 6b, 6c; Table 1). 
Thus, clutch size tended to decline with eagle abundance 
at Tvärminne, and more so for islands with higher expo-
sure. Clutch size at Velkua was, however, positively asso-
ciated with eagle abundance, particularly on islands with 
low exposure. Indeed, adding a three-way interaction (sub-
population × eagle abundance × island exposure, P < 0.05) to 
the original best-performing model significantly improved 
model fit (ΔAICc = 2).

Clutch size slightly increased over time in Tvärminne, 
while clearly decreasing in Velkua (subpopulation × year 

interaction; Fig.  7a; Table  1). Furthermore, graphical 
inspection suggested a subpopulation-specific response 
of island exposure and year on clutch size (Fig. 7b, c; 

Table 1  The final models 
explaining spatiotemporal 
variation in early breeding 
success and clutch size in the 
two subpopulations of Eiders

*  0.5 km level, ** 2 km level
Shown are the response and independent variables, estimates and their corresponding standard errors, the 
test statistics (z scores for early breeding success, t values for clutch size). Significant variables and interac-
tions are shown in bold

Response variable Independent variable Estimate SE z / t P

Early breeding Subpopulation 1.23 0.15 8.37  < 0.001
success Year − 0.55 0.08 − 7.25  < 0.001

Forest cover 0.15 0.08 1.82 0.07
Exposure* 0.14 0.07 1.86 0.06
Eagle abundance 0.03 0.08 0.37 0.71
Subpopulation × Forest cover − 0.60 0.14 − 4.27  < 0.001
Year × Forest cover − 0.48 0.07 − 7.12  < 0.001
Year × Exposure* 0.24 0.10 2.45 0.02
Forest cover × Eagle abundance 0.48 0.07 7.24  < 0.001
Eagle abundance × Exposure* − 0.30 0.09 − 3.14 0.002

Clutch size Population − 0.26 0.06 − 4.36  < 0.001
Year 0.06 0.05 1.30 0.20
Forest cover 0.22 0.04 6.30  < 0.001
Exposure** 0.01 0.02 0.72 0.47
Eagle abundance − 0.12 0.05 − 2.56 0.01
Proportion depredated nests − 0.08 0.01 − 6.41  < 0.001
Median laying date − 0.06 0.01 − 4.33  < 0.001
Subpopulation × Forest cover − 0.19 0.06 − 3.50 0.001
Subpopulation × Year − 0.41 0.10 − 4.15  < 0.001
Year × Exposure** 0.26 0.06 4.63  < 0.001
Subpopulation × Eagle abundance 0.41 0.10 3.97  < 0.001
Eagle abundance × Exposure** − 0.27 0.06 − 4.57  < 0.001

Fig. 2  Island-specific early breeding success was lower in Tvärminne 
(TVZ) than in Velkua (VELK), except for islands with the highest 
forest cover. (Color figure online)
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Table 1). Indeed, adding a three-way interaction (subpopu-
lation × year × island exposure, P < 0.05) to the final lower 
order model improved model fit (ΔAICc = 3.4), and add-
ing both three-way interaction terms (see above) further 
improved model fit (ΔAICc = 2.1). Clutch size in Tvärminne 
showed an increasing trend, exept for the lowest expo-
sure islands (Fig. 7b). In contrast, clutch sizes decreased 
over time in Velkua, particularly on low-exposure islands 
(Fig. 7c). Finally, clutch size was unrelated to forest cover in 
Velkua, but showed a clear positive association with increas-
ing forest cover in Tvärminne (subpopulation × forest cover 
interaction; Fig. 7d; Table 1).

Discussion

The nest predation hypothesis postulates clutch size reduc-
tion under high nest predation risk (Law 1979; Slagsvold 
1982), and therefore clutch size should be inversely related 
to rates of nest predation. However, we show here that fecun-
dity components may show negative rather than positive cor-
relations across geographically proximate sites, as island-
specific early nest predation risk was generally lower in 
Velkua, yet clutch size was higher in Tvärminne. The lower 
nest predation risk at Velkua is a conservative and hence 
robust finding, because the later timing of nest monitoring 
at Velkua (see Materials and methods) implies longer expo-
sure to predation prior to monitoring. Nevertheless, excep-
tions to the nest-predation hypothesis are common, but the 
reason for the inconsistent relationship between clutch size 
and nest predation risk is unclear and appears species- and 

Fig. 3  Island-specific early breeding success decreased with time in both subpopulations (TVZ Tvärminne, VELK Velkua), especially on islands 
with high forest cover (panels a and b) and low exposure (panels c and d). Blue low, yellow medium, orange high (Color figure online)
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context-specific (Samaš et  al. 2013). Our study shows 
that the expected negative correlation between fecundity 
and predation risk may be difficult or impossible to detect 
when extending the spatial scale beyond a single study site. 
Another noteworthy finding was the general lack of effect 
of preceding winter climate on breeding success and clutch 
size. This finding agrees with the conclusions of Öst et al. 
(2022), who suggest a three-decade-long shift from climate 
forcing to a system dominated by direct and indirect preda-
tion effects on vital rates of Baltic eiders.

Interestingly, differential subpopulation-specific early 
breeding success and fecundity translated into similar 
mean annual declines in local breeding numbers. The 
conventional explanation for this is that the population 

trend in long-lived species may primarily depend on adult 
survival rather than fecundity (Goodman 1974; Lebreton 
and Clobert 1991; Saether and Bakke 2000; Ekroos et al. 
2012; Öst et al. 2016). Alternatively, however, the con-
trasting site-specific variation in fecundity components 
may serve to equalize trends in breeding numbers across 
sites. Although the Tvärminne subpopulation should 
experience a more negative trend in breeding numbers 
due to higher predation-induced nest failure (Figs. 1–3), 
this trend may at least in part be compensated for by 
increased fecundity (Fig. 7). Consequently, the net effect 
may be a smoothing out of differences in population 
growth between sites, as observed here.

Fig. 4  Island-specific early breeding success decreased with eagle abundance, except on the most forested (panels a and b) and least exposed 
(panels c and d) islands. TVZ Tvärminne, VELK Velkuam, Blue low, yellow medium, orange high (Color figure online)
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Predictive performance of models of breeding 
success and clutch size

Our set of explanatory variables captured a substantial 
proportion (> 50%) of the variation in early breeding suc-
cess, but only a minor fraction (ca. 5%) of the variation in 
clutch size. This disparity is consistent with empirical evi-
dence suggesting that the habitat in the broad sense, that 
is, considering predation risk as a habitat component, often 
explains the majority of the variation in nest predation rates 
(Hollander et al. 2015; Bulla et al. 2019). The low explana-
tory power for predicting clutch size variation may reflect 
the presence of confounding factors associated with preda-
tion risk, but not accounted for. Such factors include the 
occurrence of breeding larids and corvids. The presence 
of breeding larids on islands positively affects breeding 
numbers of Eiders (Erwin 1979; Burger 1984; von Num-
ers 1995; Väänänen 2000; Kurvinen et al. 2016), by offer-
ing protection from nest predation (Gerell 1985), and may 
thereby positively influence clutch size. Most gull species 
have shown decreasing population trends over the course of 
the study (EIONET 2020). In contrast, a large local Hooded 
Crow population should negatively affect clutch sizes, as 
crows are potent predators of unguarded clutches (e.g. Stien 
2008), and partial clutch predation often eludes detection 

by human observers (Öst et al. 2008). However, the Hooded 
Crow has shown no change in annual nest numbers (log-
transformed) over the study period in Velkua (linear regres-
sion: b = − 0.003, bootstrap BCa 95% CI [− 0.012, 0.007], 
t = − 0.58, P = 0.57), and a similar lack of a population trend 
may also apply to Tvärminne (pers. comm.). We therefore 
believe that more likely explanations include the influence 
of intrinsic life-history traits on clutch size, as well as factors 
affecting food availability of breeding females (see ‘Varia-
tion in clutch size’ below). Older mothers (Baillie and Milne 
1982; Nisbet et al. 1984; Öst and Steele 2010) and those in 
good body condition (Daan et al. 1988; Erikstad et al. 1993) 
produce larger clutches, and clutch size is often individually 
repeatable (Batt and Prince 1979; Svensson 1997), indicat-
ing a link between individual quality and clutch size (Yoccoz 
et al. 2002). Furthermore, breeders are often non-randomly 
distributed in space: older individuals may prefer more con-
cealed nest sites (Hatchwell et al. 1999; Öst and Steele 2010) 
that tend to offer higher offspring survivorship (Figs. 4a, b, 
Fig. 7d; Baillie and Milne 1982). However, selecting a con-
cealed nest site—an adaptive life-history strategy if ageing 
mothers respond adaptively to their diminishing residual 
reproductive value (Stearns 1992; Roff 1992)—may incur 
a higher risk to the incubating parent once detected by the 
predator (Götmark et al. 1995; Wiebe and Martin 1998). 

Fig. 5  Clutch size showed a 
common negative relationship 
with the proportion of early 
depredated nests (panels a and 
b) and late breeding phenol-
ogy (panels c and d). TVZ 
Tvärminne, VELK Velkua
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Such state-dependent individual heterogeneity in clutch size 
decisions suggests that external environmental factors, such 
as those studied here, may only explain a limited portion of 
the variance in clutch size.

Variation in early breeding success

Island forest cover and exposure were the main factors 
affecting the variation in early breeding success. However, 
these habitat features did not affect breeding success directly 
(i.e. as main effects); rather their influence was mediated 
by differential susceptibility to eagle-induced predation risk 
(Fig. 4). Furthermore, as Tvärminne is an area of high preda-
tion risk (Figs. 2–4; Ekroos et al. 2012; Tjørnløv et al. 2020), 
also the finding that the differences in early breeding success 
between sites levelled off at the highest forest cover (Fig. 2), 
is likely to be linked to predator-avoidance. Thus, mean pro-
portional nest cover has increased over time in Tvärminne 
(Mohring et al. 2022), presumably as an adaptive response 
to the increased predation threat by visually hunting eagles.

Intriguingly, while the relationship between annual eagle 
abundance and early breeding success was generally nega-
tive, as expected, it was positive on islands with the densest 
forest cover (Fig. 4a, b) and the lowest exposure (Fig. 4c, 
d). This seemingly counterintuitive finding clearly warrants 

further investigation. At this point, we may speculate that 
this result may arise as a by-product of variable nesting den-
sity. It is conceivable that high annual eagle predation risk 
may strengthen the tendency of female Eiders to increasingly 
nest on larger forested islands—also characterized by low 
exposure—as such a gradual large-scale change in nest-site 
selection patterns has been ongoing for the past decades 
(Ekroos et al. 2012). If so, per capita early nest depredation 
risk may be reduced simply due to the risk dilution afforded 
by breeding in denser aggregations (Inman and Krebs 1987). 
Current breeding densities are relatively low in a historical 
context, but it is noteworthy that island-specific nest success 
in Eiders tends to increase from low to intermediate nesting 
density (Åhlén and Andersson 1970; Öst et al. 2011; Pratte 
et al. 2016).

Variation in clutch size

The two sites showed strikingly different clutch size 
trends, with clutch size decreasing over time in Velkua 
but increasing in Tvärminne (Fig. 7a). Apart from poten-
tial predator-induced selective disappearance effects (see 
below), these differences may reflect different food avail-
ability at the breeding sites prior to breeding. In contrast 
to the conventional view that capital-breeding Eiders 

Fig. 6  Clutch size declined with 
eagle abundance in Tvärminne 
(TVZ), but increased in Velkua 
(VELK) (panel a). The decline 
in TVZ was most pronounced 
on islands with the highest 
exposure (panel b), while the 
positive association between 
clutch size and eagle abundance 
in VELK was most pronounced 
on low-exposure islands (panel 
c). Blue low, yellow medium, 
orange high (color figure 
online)
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rely almost exclusively on stored reserves acquired prior 
to spring migration for producing their eggs (Meijer and 
Drent 1999), female Eiders utilize a considerable amount 
of local food resources to produce eggs, both in the north-
ern Baltic (Hobson et al. 2015; Jaatinen et al. 2016) and 
in Arctic Canada (Sénéchal et al. 2011). Furthermore, this 
reliance on local food resources is likely to have become 
ever more important under the prevailing intense predation 
risk regime. This is because the delay between spring arrival 
and onset of breeding has increased over the past decades, 
a shift best explained by the increasing abundance of eagles 
(Öst et al. 2022). Velkua in the Archipelago Sea is increas-
ingly affected by large-scale eutrophication. This promotes 
periodic hypoxia and accumulation of drifting algal mats, 
with negative repercussions on benthic fauna (e.g. Vahteri 
et al. 2000; Karlson et al. 2002), including blue mussels 
(Mytilus trossulus), the staple food of Eiders. Consequently, 
pre-breeding food conditions for Eiders in Velkua may have 
deteriorated during the study, whereas Tvärminne still sup-
ports thriving populations of blue mussels (Jaatinen et al. 
2021), potentially contributing to the divergent temporal 
trends in clutch size between study areas.

Nevertheless, the decline in clutch size at the low pre-
dation site Velkua has been so dramatic (Figs. 7a, 7c) as 
to suggest the operation of additional unknown constraints. 
One potentially important but poorly understood factor is the 
recent invasion of the Mud Crab (Rhithropanopeus harrisii), 
which may negatively affect the availability of blue mus-
sels for Eiders. The Mud Crab has strongly increased in the 
whole Velkua area beginning from ca. 2010 (Fowler et al. 
2013). In contrast, the crab has not invaded the Tvärminne 
area during the study period (Mats Westerbom, pers. 
comm.). The Mud Crab is a potent predator of Blue mussels 
(Turoboyski 1973), potentially reducing the food base for 
breeding Eiders at Velkua (Forsström et al. 2015).

Increasing predation risk is expected to decrease invest-
ment in current reproduction (Zanette et al. 2011), but we 
only observed a negative effect of increasing eagle abun-
dance on clutch size in Tvärminne (Fig. 5). However, it is 
noteworthy that we modelled the effects of relative within-
site abundance of eagles on fecundity of Eiders. It is highly 
likely that absolute predation pressure by eagles on Eiders 
differs considerably between areas. The survival of female 
Eiders from Tvärminne is exceptionally low, compared to 
Eiders from the Baltic Sea/Wadden Sea flyway population 

Fig. 7  Clutch size showed 
a slight increase over time 
in Tvärminne (TVZ), but 
decreased noticeably in Velkua 
(VELK) (panel a). Clutch size 
increased especially on the 
most exposed islands in TVZ 
(panel b), whereas the decrease 
in clutch size in VELK was 
most evident on low-exposure 
islands (panel c). Clutch size 
was unrelated to forest cover in 
Velkua (VELK), but showed a 
positive relationship with forest 
cover in Tvärminne (TVZ) 
(panel d). Blue low, yellow 
medium, orange high (color 
figure online)
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(Tjørnløv et  al. 2020) as well as in global comparison 
(Ekroos et al. 2012). In contrast, we still rarely find killed 
incubating females during nest monitoring in Velkua (M. 
Numers, pers. obs.). At Tvärminne, plumage characteristics 
indicate that non-breeding eagles may be responsible for 
the bulk of predation pressure on Eiders (pers. comm.). We 
may hypothesize that a threshold density of eagles exists, at 
which negative effects on fecundity become apparent, and 
that the density of resident breeding eagles alone may not be 
sufficient for reaching such a hypothetical threshold.

How can we reconcile the increasing predation pres-
sure by eagles on Eiders in Tvärminne with the fact that 
clutch size here showed a slightly increasing trend over 
time (Fig. 6a)? An alternative theoretical possibility is that 
reduced life expectancy may favour increased reproductive 
effort (Roff 1992; Stearns 1992). However, the evidence 
supporting this view mainly derives from semelparous and/
or short-lived species (Javoiš and Tammaru 2004; Kersch-
Becker and Thaler 2015), whereas the bulk of empirical evi-
dence in long-lived iteroparous organisms supports a nega-
tive relationship between predation risk and reproductive 
effort (Zanette et al. 2011 and references herein). However, 
several proximate mechanisms may be important in driving 
these patterns. One explanation could be that the propor-
tion of females nesting on forested islands has gradually 
increased over time, due to selection imposed by eagle pre-
dation (Ekroos et al. 2012). Island forest cover, in turn, had a 
strong positive association with clutch size (Fig. 7d), as also 
shown previously in this subpopulation (Kilpi and Lindström 
1997; Öst et al. 2008). However, this fact alone is unlikely to 
provide a satisfactory explanation. First, we statistically con-
trolled for the effect of forest cover on clutch size, and island 
forest cover did not differ between sites. Second, the trend 
towards breeding closer to mainland and on larger islands 
has also occurred elsewhere in the Finnish archipelago (Kur-
vinen et al. 2016), yet clutch size showed a decreasing time 
trend in Velkua (Fig. 7a). We can also dismiss the possi-
bility that the increasing clutch size in Tvärminne would 
be an artefact of predation-induced increase in conspecific 
brood parasitism. Conspecific brood parasitism is rare in this 
subpopulation (Waldeck et al. 2004), and based on empiri-
cal grounds, rates of conspecific brood parasitism should 
decrease, rather than increase, with progressively decreas-
ing densities of breeders over time (e.g. Hoi et al. 2010), an 
effect also observed in Eiders (Robertson et al. 1992; Bjørn 
and Erikstad 1994; Waldeck et al. 2004).

Instead, the most plausible explanation for reconciling 
the dilemma of how progressively increasing eagle preda-
tion in Tvärminne (Öst et al. 2022) can reduce clutch sizes 
(Fig. 6a) concomitant with a temporal increase in clutch size 
(Fig. 7a), is strong selective (dis)appearance effects under 
high-predation danger. First, female annual mean body con-
dition has increased over time in Tvärminne (Öst et al. 2018, 

2022). This may reflect that only good-condition females opt 
to breeding under current predation levels (Öst et al. 2018), 
and/or that poor-condition females are more likely to fail 
early, prior to our clutch size monitoring (Lehikoinen et al. 
2010; Mohring et al. 2021). Second, the proportion of first-
time breeders has gradually declined over the past 3 decades 
(Öst et al. 2022). Taken together, and all else being equal, 
these long-term changes—an increase in breeder mean body 
condition and age—should translate into a larger clutch size 
(Baillie and Milne 1982; Erikstad et al. 1993), evident at the 
subpopulation level.

Conclusions and future directions

Early breeding success showed a common decreasing trend, 
and among our candidate predictors, island forest cover and 
exposure were the most important factors affecting breeding 
success and clutch size, albeit with low explanatory power 
for clutch size. However, the effects of island geography 
were indirect and mediated by habitat-specific susceptibility 
to eagle predation risk. Intriguingly, we found an opposite 
time trend in clutch size between sites, potentially reflect-
ing differences in local food resources available to laying 
females and a progressive increase in the phenotypic qual-
ity of breeders under increased predation risk. Furthermore, 
several expected relationships between predation risk and 
fecundity components were only supported in the high-risk 
subpopulation. Thus, only in Tvärminne did clutch size 
decline with increasing eagle abundance, and, likewise, only 
there did breeding success and clutch size increase with for-
est cover, given that greater nest concealment should reduce 
nest discovery by visually hunting predators (Lima 2009).

Mitigating the impacts of increasing predation is par-
ticularly urgent in this endangered population (Ekroos et al. 
2012; BirdLife International 2015). The ongoing increase in 
predation risk on both adults and offspring (Öst et al. 2022) 
is likely to continue in the near future. Our findings help to 
identify habitat characteristics correlated with high breed-
ing success, which should therefore be targeted for future 
conservation. Thus, we advocate conservation measures par-
ticularly on the least exposed forested islands, associated 
with the highest early breeding success and clutch size in 
Tvärminne, the subpopulation subject to the highest preda-
tion pressure. Alarmingly, breeding success has shown the 
steepest temporal decline on islands with dense forest cover 
and low exposure (Figs. 3a-d), suggesting that predators 
are increasingly adjusting their distribution in response to 
changes in the distribution of their prey. This fact points to 
the urgency of conservation measures. Since such habitats 
occur close to mainland, inhabited by thriving populations of 
invasive mammalian predators, control of these alien preda-
tors may be the most cost-effective way to counter further 
population loss (Jaatinen et al. 2022).
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