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Abstract
Biodiversity is decreasing at an alarming rate, and there is an urgent need to understand the demographic drivers behind 
population declines. Therefore, it is important to study the different stages of a species’ life cycle, including adult survival 
and productivity. It is still poorly understood whether adult survival or productivity has a stronger role in population change, 
and how the role of adult survival and productivity varies spatially in relation to species’ traits. We used bird ringing data 
from the European Constant Effort Sites (EuroCES) project from the years 2000 to 2021, with 1.2 million captures of 33 
songbird species from ten European countries. We investigated the role of productivity and adult survival in annual popu-
lation change and how it was affected by spatio-climatic gradient (measured as average breeding season temperature per 
country), migratory strategy (long- vs. short-distance and sedentary birds), and breeding habitat (forest vs. reeds) using linear 
mixed effect models. Overall, our results show that adult survival is a more important driver of annual population change 
than productivity within European songbirds. The importance of adult survival and productivity varied spatially, both hav-
ing a weaker influence in warmer regions. Furthermore, the role of adult survival was stronger for long-distance migrants 
compared to short-distance migrants. Acknowledging that adult survival has a stronger role in annual population change 
than productivity can help design more robust conservation actions, especially regarding long-distance migratory songbirds.
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Introduction

Earth's biodiversity is facing excessive anthropogenic pres-
sures, which have led to declines and even extinctions in 
numerous species and populations (IPBES 2019). To miti-
gate the effects of these pressures, it is important to under-
stand the underlying demographic drivers of population 
trends (e.g., Anderson et al. 2009; Selwood et al. 2015). A 
population can be influenced by demographic parameters, 

such as survival, productivity, immigration, and emigration, 
and among them, survival and productivity are often the 
easiest to measure (e.g., Begon and Townsend 2020). How-
ever, it is still widely unknown whether populations are more 
affected by survival or productivity (but see Sæther et al. 
2016; Nater et al. 2023) and how the location of populations 
influences these demographic parameters, as population 
trends of species are known to differ within their range along 
the spatio-climatic gradient (Jiguet et al. 2010; Lehikoinen 
et al. 2016). Different demographic mechanisms may drive 
regional variations in population changes as populations 
situated on the cold edge of a species’ occurrence can be 
more limited by climatic variables, whereas populations on 
the warm edge can be more affected by species interactions 
(Pearce-Higgins and Green 2014; Paquette and Hargreaves 
2021). Population change can also be strongly impacted 
by species traits, for example, through migratory behavior 
(e.g., Zylstra et al. 2022; Newton 2024) or habitat preference 
(e.g., Bowler et al. 2019; Reif and Hanzelka 2020). It is thus 
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additionally important to understand how species’ demog-
raphy and the importance of survival and productivity on 
population trends may be affected by species’ traits.

When studying demographics, birds are widely recog-
nized as an excellent study group as their ecology is well 
known, there are high-quality, long-term datasets, and they 
react to environmental changes at reasonable spatial and 
temporal scales (Morrison 1986; EEA 2005; Gregory et al. 
2005). Hence, bird demography has been a widely studied 
subject; yet, especially in the case of survival, such studies 
have been focusing mostly on single species or restricted 
geographic areas (e.g., Siriwardena et al. 1998; Bijlsma 
et al. 2012; Fay et al. 2020). However, in recent years, demo-
graphic studies with a broader, cross-continent, and multi-
species view have been conducted using bird ringing and 
survey data (e.g., Johnston et al. 2016; Hanzelka et al. 2019, 
2024; Morrison et al. 2021, 2022; Youngflesh et al. 2023). 
Johnston et al. (2016) demonstrated that there is a relation-
ship between seasonal weather conditions, adult survival, 
and changes in abundance of eight species of Western Euro-
pean warblers. Furthermore, Hanzelka et al. (2019) analyzed 
how population trends of European birds are related to traits 
that mirror the influence of major environmental drivers and 
demonstrated that these drivers have different impacts across 
Europe, whereas Hanzelka et al. (2024) showed how cli-
mate influences the breeding productivity of long-distance 
migratory passerines of Europe and how their responses to 
different climatic variables were not linear. Additionally, 
in their studies of the demography of European breeding 
passerine birds, Morrison et al. (2021, 2022) showed that 
productivity varies more spatially while survival varies more 
between years and between species with different migra-
tory strategies. In addition, the species breeding in the same 
areas tend to have similar trends in productivity independent 
of their migratory behavior. Similar studies have also been 
conducted in North America, where Youngflesh et al. (2023) 
demonstrated how asynchrony in breeding bird phenology 
has affected the productivity of 41 breeding North Ameri-
can bird species. However, as these studies either focus on 
long-term demographic trends or are limited in the spatial 
or temporal scale of their datasets, we are currently unaware 
of how survival and productivity influence annual popula-
tion change on a continental scale. Especially linking these 
effects with the spatio-climatic gradient and species traits 
offers an important avenue for a deeper understanding of the 
drives of species demography.

In this study, we investigated how changes in adult sur-
vival and productivity influence the annual population 
change of European songbirds using a cross-continental, 
multispecies, and long-term dataset. We used bird ringing 
data from the European Constant Effort Sites (EuroCES) 
project (Robinson 2023), covering 33 species of songbirds, 
1.2 million captures, and ten countries spanning from North 

Europe to the Mediterranean during the years 2000–2021. 
All our study species are small-bodied songbirds of which 
adults, despite being relatively short-lived, can live up 
to 5–15 years (Valkama et al. 2014), which makes them 
a good taxon to study annual population change and its 
demographic drivers. More specifically, we asked: (1) Are 
there differences between adult survival and productivity 
in explaining the annual population change of European 
songbirds? (2) Does the role of adult survival or produc-
tivity vary along the spatio-climatic gradient? (3) Is the 
role of adult survival or productivity affected by species 
traits such as migration strategy or breeding habitat? It is 
important to test if among songbirds there are differences 
between adult survival and productivity regarding their role 
for annual population change, as earlier studies have shown 
differences in their spatial and temporal roles in shaping bird 
species demographics (e.g., Morrison et al. 2021, 2022). 
Understanding these differences has important conserva-
tion implications as it provides knowledge on where and 
when to implement conservation actions for which species 
groups. We hypothesized that the role of adult survival and 
productivity in explaining annual population change varies 
along a spatial gradient, in accordance with earlier studies 
investigating long-term population trends (e.g., Jiguet et al. 
2010; Lehikoinen et al. 2016). We further predicted that the 
role of adult survival or productivity in population change 
varies between species’ migratory strategy and breeding 
habitat, because of the different population change between 
migratory (e.g., Sanderson et al. 2006; Vickery et al. 2014; 
Howard et al. 2020) and breeding habitat species groups 
(e.g., Bowler et al. 2019; Reif and Hanzelka 2020). For 
instance, long-distance migrants typically have less time to 
breed than short-distance migrants or residents (Hedenström 
2007), and long migration journeys increase adult mortality 
(Alerstam et al. 2003; Newton 2024). Hence, long-distance 
migrants likely have less possible variability in their produc-
tivity, whereas adult survival has more apparent potential to 
increase, and thus it may be more important for their popu-
lation change. Furthermore, as there are differences in bird 
species trends regarding their main breeding habitats (e.g., 
PECBMS 2024), we predict that the role of adult survival 
and productivity on population change might differ between 
breeding habitats.

Materials and methods

Bird ringing data

The Constant Effort Site project (CES) follows a standard-
ized bird ringing protocol, in which birds are captured with 
mist nets throughout the breeding season. When captured, 
birds are either marked by placing a metal ring with a unique 
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alphanumeric code on their leg, or if a bird is already ringed, 
its code will be checked and recorded as a recapture. Addi-
tionally, the bird’s species, sex, and age are determined and 
noted. Most of the species captured with mist nets are small-
bodied songbirds (EURING—CES in Europe 2023). Bird 
ringing in Europe is done by licensed, voluntary bird ringers, 
and it does not need additional ethical approval. The proce-
dure to obtain a ringing license differs between countries, 
and they are coordinated by each country's ringing schemes 
individually (for scheme-specific information, see EUR-
ING—EURING Articles 2024).

A single CES season usually includes 7–12 mist-netting 
visits, which are done at regular intervals and aim to cover 
the whole breeding season while excluding the periods of 
peak passage. The trapping is typically done in the early 
morning hours for the same length of time between years. 
The length and timing of the trapping season differ between 
latitudes and range from April to August. Typically, CES 
sites are situated in scrub, reedbeds, or deciduous wood-
lands. While the number and position of mist nets differ 
between sites, they mainly remain the same on a given site 
between years. We obtained our data in February 2023 
through EURING, the European Union for Bird Ringing, 
which gathers and coordinates CES data from national ring-
ing schemes in a European-level project called EuroCES 
(Robinson et al. 2023). Overall, the data consist of 2070 
CES sites within 19 ringing schemes, expanding across 15 
European countries, including 309 bird species and 4.5 mil-
lion captures since the 1980s.

Data selection

We limited our analysis to the years 2000–2021, as only 
a few national CES schemes were established before that 
period, and our data did not expand beyond the year 2021. 
We chose only those schemes where most of the sites had 
been visited 7–12 times per year, to make the schemes more 
comparable. Every chosen scheme had its maximum visit 
number, which was used for site selection, and was defined 
by the modal number of visits that were done during a year 
within that scheme’s sites, throughout all the years the 
scheme had been active. If a scheme had periods of differ-
ent activity, the years with higher maximum visit numbers 
were selected. Chosen years among schemes ranged from 7 
to 22 (for scheme-specific values, see Supplementary mate-
rial, Table S1).

For six of the schemes, the maximum visit number was 
12, but for five of the schemes, it ranged from seven to 10. 
We combined different schemes for the analysis within a 
country, except in Spain, since the methodology of the 
four Spanish schemes differed (from the four schemes, 
two were combined, resulting in three Spanish schemes 

in the analysis; for details, see Supplementary material, 
Table S1). In addition, two countries were considered 
as one scheme in the analysis as the Republic of Ireland 
is participating in the British ringing scheme. For the 
scheme-specific site selection, we followed the criteria of 
Morrison et al. (2022) with small modifications:

Our analysis included only sites that

(1)	 had been running for five or more years, and from those 
years, only the years that

(2)	 were visited at least 2/3 times of the maximum visit 
number per year, including at least 1/4 times of the 
maximum visit number in each of the first and second 
halves of the breeding season, and,

(3)	 for each species, at least two adults (older than first 
calendar-year birds) and two young (first calendar-year 
birds) were captured every year.

In the end, ten countries, 11 schemes, and 583 sites 
were selected for the productivity analysis, and 562 sites 
were selected for the survival analysis. The number of 
sites selected varied between species as the third crite-
rion mentioned above excluded sites only at the species-
specific level, i.e., not every site had to include all the 
study species included in our dataset. The excluded coun-
tries, schemes, and sites were those with a maximum visit 
number of less than seven or with sites unmatching our 
selection criteria (for the selected schemes and sites, see 
Supplementary material, Table S1; for the scheme-specific 
numbers of sites before and after applying selection crite-
ria in productivity and survival analysis, see Supplemen-
tary material, Figs. S2 and S3; for the map of the chosen 
sites, see Fig. 1).

For species selection, we included in the analyses only 
those species within a scheme that had on average at least 
50 individuals captured per year (after DeSante et  al. 
2009) from all sites and all years of the scheme during the 
period 2000–2021. Overall, 33 species of passerines were 
selected, ranging from 3 to 21 species per scheme (for the 
selected species, see Supplementary material, Table S2; 
for the scheme-specific numbers of species before and 
after applying selection criteria, see Supplementary mate-
rial, Fig. S4). The final number of species and sites also 
depended on the criteria used later in the analyses (see 
data analyses for details). All the species were small-
bodied passerines with relatively short generation times 
as they reached the breeding age already in their second 
calendar year; therefore, they are considered young only 
in their first calendar year.

The threshold to include only species that had on aver-
age 50 trapped individuals per year was compared to other 
threshold values in the sensitivity analysis (see below).
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Data of spatio‑climatic gradient, species’ traits, 
and phylogeny

To study the potential differences in the responses of spe-
cies along a spatio-climatic gradient, we used the country-
specific mean breeding season temperature across the years 
2000–2021 as a proxy. Temperature data were extracted as a 
gridded monthly average temperature from April to August 
from the CRU TS dataset at 0.5° spatial resolution (Harris 
et al. 2020) and averaged across the entire study period. In 
the analysis, country-specific means were treated as scheme-
specific, as for most of the countries, there was only one 
scheme. For all three Spanish schemes, we used the average 
temperature of Spain as the temperature differences inside 
the country were minimal. For the scheme combining Brit-
ain and the Republic of Ireland, we used temperature data 
from Britain as the majority of sites were situated there. We 

chose the average temperature as it captures both latitudi-
nal and longitudinal differences in the European climatic 
conditions.

For species traits, we used migratory strategy and 
breeding habitat. For both traits, we divided the species 
into two groups following the trait information obtained 
from the AVONET database (Tobias et  al. 2022). For 
migratory strategies, we distinguished between the group 
of long-distance migrants (where the majority of the popu-
lations within a species’ range are long-distance migrants; 
n = 14 species; 48 populations from 11 schemes) and the 
group of short-distance migrants and sedentary birds 
(where all the populations are short-distance migrants or 
resident birds; n = 19 species; 72 populations).

For breeding habitats, the first group represented for-
est breeding birds (where at least part of the population 
breeds in forest habitat, n = 25 species; 96 populations) 

Fig. 1   Map of the spatial distribution of the constant effort ringing 
sites (CES) chosen for the analysis, colored by the ringing scheme. 
Acronyms of countries belonging to the same scheme are listed. 
The three schemes of Spain are separated with letters A, B, and C. 

CZE = Czechia, DEU = Germany, ESP A = Spain Aranzadi, ESP 
B = Spain, ESP C = Spain Catalonia, FIN = Finland, GBR = Britain, 
IRL = Republic of Ireland, HUN = Hungary, ITA = Italy, NLD = Neth-
erlands, SWE = Sweden
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and the second group included birds that mostly breed in 
reed habitats (n = 8 species; 24 populations). As all species 
in the second group except for one species (Sylvia melano-
cephala, a scrubland breeding bird) breed in reed habitats, 
the second group is referred to hereafter as reed breeders.

As species with similar ancestors may show similar 
responses in their population change and trait relation-
ships, we obtained species phylogeny data from the Bird-
Tree.org database (Jetz et al. 2012) to account for the 
relatedness of species in a sensitivity analysis (see below).

Data analysis

Our analyses were done in three steps. First, we used the 
constant effort ringing site data to calculate the annual adult 
survival, productivity, and population abundance (number 
of adults in the population) estimates for each species and 
scheme. We merged the site-level data per scheme when 
calculating the three estimates mentioned above because 
the uncertainty of the estimates would be higher in local 
estimates due to smaller sample sizes. Second, we used 
these values obtained in the first step to estimate the coef-
ficients for how annual changes in population abundance 
are explained by changes in adult survival and productivity 
across all years for each species and schemes using a lin-
ear model. Third, we used the coefficients from step two to 
answer our three study questions using linear mixed models 
(for the workflow, see Supplementary Material, Fig. S1).

Step 1—For the first step of the analyses, we used the 
Cesr-package (Robinson 2023) in R (R Core Team 2022) to 
calculate the annual adult survival, productivity, and popu-
lation abundance for each species in each scheme (Supple-
mentary Material, Fig. S1, step 1). The package has been 
built for analyzing CES data specifically (Robinson 2023), 
and it has been used before to analyze demographic drivers 
(Arizaga et al. 2023). For the survival analysis (function 
mark.ces), the package uses the MARK program (White and 
Burnham 1999) through the Rmark-package (Laake 2013) 
and fits a modified CJS model (Cormack-Jolly-Seber; Leb-
reton et al. 1992), which also accounts for transient birds. 
From MARK, we gained two values: estimates for adult sur-
vival and estimates for recapture probability. In the model, 
survival is estimated annually but is assumed to be the same 
across all sites within a scheme. Recapture probability is the 
probability of the marked bird being captured again at the 
site. In the model, recapture probability is estimated at the 
site level through all years; therefore, we decided to use it 
to filter out the sites with unrealistically low or high recap-
ture values (< 0.10 or > 0.90) for species-specific analysis. 
Overall, only capture histories of adult birds (older than the 
first calendar year) were used in the survival analysis. Adult 
survival was estimated for 427,227 individuals with 58,743 
recapture occasions.

In addition to this, the MARK program provides 
annual standard errors (SE) for each species for all sur-
vival estimates (value between 0 and 1). In some cases, 
the SEs of the annual survival estimates were very high 
or very low, making the estimates unreliable. We thus 
decided to use only those years where SEs of survival 
estimates were smaller than 0.25 but over 0.01 to ensure 
that survival estimates were robust. This was done at the 
species and scheme level; therefore, excluding a year from 
one species in a specific country did not influence the 
other species or schemes. Overall, unreliable SE values 
were found for 334 scheme–species–year combinations, 
resulting in a final number of 1,890 observations for each 
of our three parameters (adult survival, productivity, and 
adult abundance).

Productivity and population abundance are modeled in 
Cesr by fitting a generalized linear model (GLM) with a 
logit-link function. For productivity, Cesr uses an event-
trial framework as a response variable, where the trial is 
one capture, and the ‘success’ is one capture of a young 
bird. Explanatory variables are the site and the year, while 
the error distribution is quasi-binomial. Adult abundance is 
modeled by the number of individuals captured per site and 
year as a response variable. Explanatory variables are site 
and the year, while the error distribution is quasi-Poisson 
(function index, for details, see Robinson 2023). Through 
fitting the GLM models, we obtained a dispersion parameter 
for all productivity and adult abundance estimates, where 
less than four is a sign of good model fit (after Burnham and 
Anderson 2002), and we thus only included those species 
for which the dispersion parameter was under four. In the 
productivity analyses, both the captures of adult (older than 
the first calendar year) and young (first calendar year) birds 
were used, while in adult abundance estimates, only captures 
of adult birds were used. Adult abundance was estimated for 
485,970 individuals, whereas productivity was estimated for 
the same number of adult individuals, alongside 712,823 
juveniles.

Finally, we excluded all those species where the Cesr 
was not able to calculate estimates for the indices for all 
the years, resulting in the final number of 33 species used 
in analyses (for the species- and scheme-specific numbers 
of individuals in the survival analysis, see Supplementary 
material, Table S3; for the species- and scheme-specific 
numbers of adults and young birds in productivity and pop-
ulation abundance analysis, see Supplementary material, 
Tables S4 and S5).

Step 2—For the second step of the analysis, we calculated 
the annual population change as the growth rate in the popu-
lation abundance using the annual estimates of population 
abundance from step one (Fig. S1): r = log(1 +

x
i+1−xi

x
i

)
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where r is the annual population growth rate, x is the adult 
abundance per year–species–scheme combination, and i refers 
to the respective year. We then ran a simple linear model, 
with the response variable being the annual change in popu-
lation abundance from year x to year x + 1, and the response 
variables were annual adult survival (year x to x + 1) and 
productivity (year x; both obtained in step 1, Supplementary 
Material, Fig. S1). Annual estimates for adult survival and 
productivity were obtained in step one (Fig. S1). As the adult 
survival and productivity estimates are on different scales, 
we scaled them before modeling to make them more compa-
rable. Using the scale function in R, both were scaled so that 
they had a mean of zero and a standard deviation of one. To 
take the different levels of uncertainty in our estimates into 
account, we used weights in all our models to adjust the influ-
ence each value in the response variable should have in the 
analysis based on its uncertainty. As model weight, we used 
the standard errors of adult survival, productivity, and adult 
abundance estimates produced by cesr (step 1, Fig. S1). We 
merged the standard errors of the three variables by taking 
their mean value per year, species, and scheme and used the 
inverse square of this averaged standard error (i.e., weight = 1/
mean(SE)2). As a result, those year–species–scheme values 
with lower uncertainty in their predicted parameters had 
more power in the analyses. This model in step two (Fig. S1) 
produced coefficients for survival and productivity (n = 240), 
explaining the variation in population change for each species 
in each scheme across all years.

Step 3—In the third step, we built three final linear mixed 
models (LMMs) with a Gaussian error distribution to answer 
our study questions. In the models, the response variable 
was the coefficient of either survival or productivity from 
step two (lm-model estimates, step 2 in Fig. S1). This means 
that the species- and scheme-specific coefficients of survival 
and productivity were combined into one dataset, where 
each row corresponded to either the survival or productiv-
ity coefficient. The basic structure of the final models was: 
coefficient of demographic measure ~ demographic measure 
type + random effects + model weights (for detailed model 
structure, see Supplementary Material, Table S10).

To run the models, we used the functions lmer and lmerT-
est from the R package lme4 (Bates et al. 2015; Kuznetsova 
et al. 2017). To answer our first study question, whether adult 
survival or productivity was more important in explaining 
population change, the type of demographic measure (cat-
egorical variable: productivity or survival) was included as 
the explanatory variable, and scheme and species were set 
as random effects (model A). To answer our second study 
question, on the influence of the spatio-climatic gradient 
(continuous variable), we added an interaction between the 
demographic measure and average temperature per country 
to capture potential spatial differences (model B). Here, only 
the species was included as a random factor in the model as 

temperatures were already scheme-specific. To answer our 
third question about the role of species traits, we included 
the interaction between the type of demographic measure 
and migratory strategy (categorical variable: long-distance 
migrant vs. short-distance or resident species) and the type 
of demographic measure and breeding habitat (categorical 
variable: forest or reed habitats), with species and scheme 
included as random effect variables (model C). In all three 
models, the uncertainty of the survival and productiv-
ity coefficients was taken into account using their stand-
ard errors estimated in the model from step two as model 
weights (i.e., weight = 1/SE2). As a result, those coefficients 
with a lower uncertainty had more power in the analyses. 
We checked that the tested variables were not collinear using 
the Pearson correlation coefficient, with no strong pairwise 
correlations found (see Supplementary Material, Fig. S5).

Last, we performed four types of sensitivity analyses to 
test the robustness of our results related to data selection 
criteria, spatial, and phylogenetic autocorrelation. First, we 
tested the robustness of our selection criteria by comparing 
the results of three different selection criteria for study spe-
cies: the strict criteria, moderate criteria (our chosen criteria 
above), and relaxed criteria. The results of these three options 
are shown in the Supplementary material, Table S6. Second, 
we tested our survival estimates filtering criteria by com-
paring the results from three different upper limits for the 
SE filter: 0.20, 0.25 (our chosen upper limit), and 0.30. The 
results of these three options are shown in the Supplementary 
material, Table S7. Third, we tested the spatial autocorrela-
tion of the residuals using Moran’s I test through the testSpa-
tialAutocorrelation—function from the DHARMa—package 
in R (Hartig 2024). The results of this last sensitivity analysis 
are shown in the Supplementary material, Table S8.

Fourth, we controlled for the phylogeny in the three 
above-mentioned LMM analyses (step three) by fitting phy-
logenetic generalized linear mixed models (PGLMMs) using 
the pglmm-function from the Phyr-package (Li et al. 2020). 
However, the PGLMM was not able to include weights to 
account for the uncertainty in estimated indices and thus dif-
fered from the lmer model in this regard. Therefore, we also 
tested for a phylogenetic signal in the LMM model residu-
als from step three using the phylosig-function from the 
Phytools-package in R (Revell 2024) (for the results of phy-
logenetic analyses, see Supplementary material, Table S9).

Results

Importance of adult survival and productivity 
for population change

The results from calculating the estimates of adult sur-
vival, productivity, and adult abundance (step 1) and the 
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Table 1   Parameter estimates and their standard errors, as well as test values of the LMMs explaining the role of survival, productivity, and other 
factors in the annual population change of songbirds

A, B, and C are the models to answer our three study questions from step 3 of the analyses (Fig. S1). Demographic measure (‘Demog.measure’) 
is adult survival or productivity, where productivity is the reference level. MeanTemp is the spatio-climatic gradient measured as a country-
specific mean temperature across the years 2000–2021. Migration is the migratory strategy (long-distance migration vs. short-distance migration 
or resident species), where long-distance migration is the reference level. Habitat is the breeding habitat (forest habitat vs. reed habitats), where 
forest habitat is the reference level. Bolded values are significant (P < 0.05)

Parameter Estimate ± SE df t P

(A) Survival vs. productivity-model (n = 240, where n is species and country-specific coefficients)
Intercept 0.061 ± 0.007 25.310 9.290  < 0.001
Demog. measure (survival) 0.019 ± 0.007 218.600 2.612 0.010
(B) Spatio-climatic gradient-model (n = 240, where n is species and country-specific coefficients)
Intercept 0.058 ± 0.006 58.612 9.436  < 0.001
MeanTemp − 0.005 ± 0.002 226.256 − 2.474 0.014
Demog. measure (survival) 0.023 ± 0.008 218.614 2.915 0.004
Demog. measure (survival) x MeanTemp 0.004 ± 0.003 219.208 1.326 0.186
(C) Species traits-model (n = 240, where n is species and country-specific coefficients)
Intercept 0.051 ± 0.010 56.275 4.980  < 0.001
Demog. measure (survival) 0.036 ± 0.013 215.893 2.876 0.004
Migration 0.024 ± 0.012 43.335 1.894 0.065
Habitat − 0.023 ± 0.016 45.151 − 1.450 0.154
Demog. measure (survival) × Migration − 0.038 ± 0.015 215.656 − 2.494 0.013
Demog. measure (survival) × Habitat 0.029 ± 0.019 214.624 1.533 0.127

Fig. 2   a The importance (coefficient) of productivity and survival on 
the population change of songbirds (n = 240, P = 0.010, model A in 
Table 1) and b how this connection varies along the spatio-climatic 
gradient (n = 240, P = 0.186 for the difference between productivity 
and survival in their response to average temperature of the coun-

try, model B in Table  1). The mean estimates and their confidence 
intervals are shown, along with the raw data points. The size of the 
datapoints indicates how much weight they have in the model, e.g., 
greater point size means a smaller standard error of the estimate and 
thus larger weight. Red = productivity, blue = adult survival
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coefficients of adult survival and productivity produced by 
the lm-model (step 2) are found in the Zenodo repository 
(see section Code Availability).

Model A—Significantly positive estimates for both the 
intercept (i.e., productivity) and slope coefficient (i.e., sur-
vival) suggest that both adult survival and productivity had 
a positive connection with the population change of the 
studied European passerines (Table 1A, Fig. 2a). However, 
because the slope coefficient, which represents the demo-
graphic measure of survival, had a significant effect, adult 
survival had a stronger contribution to the annual population 
change than productivity (productivity as a reference level; 
Table 1A, Fig. 2a).

The role of the spatio‑climatic gradient

Model B—The mean temperature of a country (i.e., spatio-
climatic gradient) did not have a significant interaction with 
the demographic measure (Table 1B, Fig. 2b), whereas the 
importance of both demographic measures increased toward 
the colder countries (Table 1B, Fig. 2b).

The role of species traits

Model C—The relative importance of adult survival and 
productivity on the annual population change differed sig-
nificantly between the two migratory strategies, but not 
between breeding habitats (Table 1C, Fig. 3). Adult survival 
was almost twice as important as productivity for the popu-
lation change in long-distance migratory birds, while adult 
survival and productivity were equally important among spe-
cies of short-distance and resident birds (Table 1C, Fig. 3a). 
In both breeding habitats (forests and reeds), adult survival 
appeared to have a slightly stronger effect than productiv-
ity, whereas differences between breeding habitats were not 
found (Table 1C, Fig. 3b).

Sensitivity analyses

The sensitivity analyses with the three different selection 
criteria and the three different SE-filtering values support 
the robustness of our results as the results did not dif-
fer in terms of direction (positive or negative estimate) 

Fig. 3   a The importance (coefficient) of productivity and survival on 
the population change of songbirds in different species traits groups: 
a) migratory strategy (n = 240, P = 0.013) and b breeding habitat 
(n = 240, P = 0.127). Figures are based on model C, species traits 
-model (Table 1), where a) the interaction between the demographic 
measures (productivity vs. adult survival) and the migration strategy 
(long-distance migrants (LDM) vs. short-distance migrants (SMD) 

and residents), and b) the interaction between the demographic meas-
ures (productivity vs. adult survival) and the breeding habitat (for-
est vs. reed habitats) is shown. Mean estimates and their confidence 
intervals are shown, along with the raw data points. The size of the 
datapoints indicates how much weight they have in the model, e.g., 
greater point size means smaller standard error of the estimate and 
thus larger weight
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or strength of the relationships between the three selec-
tion criteria models (Supplementary material Tables S6 
and S7). The spatial autocorrelation test did not find any 
significant spatial autocorrelation in the model residu-
als (Supplementary material Table S8). The inclusion of 
the phylogeny in PGLMMs did not change the modeling 
results as compared to the LMMs and revealed that the 
modeled relationships were not dependent on the related-
ness of the species (Supplementary Material Table S9). 
In addition, we did not detect a phylogenetic signal in the 
model residuals (very low variance explained by phyloge-
netic covariance, see Supplementary Material Table S9).

Discussion

Using long-term, multispecies, and continental-scale data, 
our study reveals that adult survival was more important 
than productivity for short-term annual population change 
of European songbirds. The roles of these demographic 
measures explaining annual population change did not dif-
fer along the spatio-climatic gradient. However, both adult 
survival and productivity were found to be more important 
in colder climates. We also show that adult survival had an 
even stronger impact on population change than produc-
tivity in long-distance migratory birds compared to short-
distance migrants, whereas the role of the demographic 
measures did not differ between breeding habitat groups.

The role of adult survival and productivity

In our results, both adult survival and productivity were 
positively associated with annual population change, yet 
adult survival had a stronger effect, which shows that 
there are differences in the roles of the two demographic 
parameters. As the adult survival and productivity esti-
mates were scaled and in our final models, we compare 
the importance of those estimates; hence, these values 
cannot be directly interpreted as biologically applicable 
values. However, in relative terms, our results show that 
adult survival explained around 30% more variation in 
annual population change than productivity. While our 
data only included adult survival, results might be even 
more pronounced when considering also the survival of 
young first-year birds as survival of young is typically 
lower than adult survival in songbirds (e.g., Bonney et al. 
2004). In addition, our measure of productivity was based 
on the number of young birds captured during summer, 
which does not tell how many will survive in the coming 
winter and be thereafter recruited to the breeding popu-
lation. The first-winter survival of young birds is much 
more difficult to study compared to adults due to the low 

site fidelity of young birds. However, the same factors 
may affect the survival of both adults and young birds 
in the non-breeding grounds, and thus our adult survival 
estimates may also reflect the currently unknown survival 
rates of young birds. This could emphasize the role of 
survival overall compared to productivity. Future studies 
could try to investigate the importance of the role of sur-
vival of both adult and young birds, as well as the role of 
productivity for annual population change, from those spe-
cies where the survival estimates for young birds are possi-
ble to estimate. Furthermore, we wish to acknowledge that 
the role of survival and productivity for population growth 
rate may not be the same throughout the study period, but 
their relative importance may change annually. Such inter-
annual variation of demographic drivers would require 
more detailed investigations than in our study; however, 
earlier studies have already shown that survival is more 
strongly linked to annual variation in species abundance, 
whereas productivity is driving the trends over time (Rob-
inson et al. 2014; Morrison et al. 2016).

Typically, adult survival has been considered more impor-
tant than productivity for large-sized, long-lived bird species 
as it takes several years for them to mature, and their annual 
productivity is low (e.g., Bonney et al. 2004). Yet, our results 
indicate that even for small-sized, relatively short-lived pas-
serines, which typically live only for a couple of years on 
average (e.g., Valkama et al. 2014), survival is more impor-
tant than productivity in explaining the annual variation in 
population change. However, as our results show only the 
average situation among species, and there is a rather large 
variation in our raw data (Figs. 2 and 3), species-specific dif-
ferences likely exist. Single-species case studies have shown 
such different roles between adult survival and productiv-
ity on population change (e.g., adult survival being more 
important, see Flint et al. 1998; Rangel-Salazar et al. 2008, 
productivity being more important, see Plard et al. 2020; 
Pfeiffer and Schaub 2023). Nevertheless, in addition to spe-
cies-specific evidence, it is valuable to understand general 
patterns across species from a conservation perspective as 
they can be used to guide more general conservation actions 
for entire species groups.

In addition to the general differences in the role of adult 
survival and productivity on population change, we found 
a spatial gradient in their importance, which is consistent 
with earlier studies considering survival (Scholer et al. 2020) 
and productivity (e.g., Eglington et al. 2015; Desante et al. 
2018; Morrison et al. 2022). When moving from warmer to 
colder climates, both adult survival and productivity became 
more important for the population change of songbirds. 
One explanation behind the greater importance of adult 
survival and productivity in colder regions could be due to 
the harsher and colder climatic conditions in the northern 
climates. The harsh conditions, as such, can cause increased 
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variation in the mortality, fertility, and abundance of species. 
Furthermore, for the species composition, this means that 
in the north, most of the species are migratory (Forsman 
and Mönkkönen 2002), and as survival during migration 
is known to be lower than during other stages of the life 
cycle (Alerstam et al. 2003; Newton 2024), this may explain 
the increased importance of adult survival in the population 
change of northern birds.

Considering productivity, a higher annual variation in the 
climatic conditions can cause birds from northern popula-
tions to have a higher likelihood of breeding multiple times 
during years with warm springs (McDermott and DeGroote 
2016; Morrison et al. 2019; Hoover and Schelsky 2020). In 
colder breeding years, there is an increase in nestling mor-
tality (Leech and Crick 2007). Meller et al. (2018) showed 
that increased temperature during spring and early sum-
mer improves the annual productivity of both short- and 
long-distance migrants in the northern boreal zone. Also, 
it is good to note that, in general, the abiotic drivers, as 
for example direct impacts of climate, are more important 
for northern species populations, while in the south, biotic 
factors, such as competition between species, may be more 
important (Paquette and Hargreaves 2021).

The role of species traits

Our results from the migratory strategy model show that 
adult survival is more important than productivity for popu-
lation change of long-distance migratory birds as compared 
to short-distance migratory or sedentary species. This 
is in accordance with earlier studies as they have shown 
that migratory behavior is often a risk for a bird; survival 
during migration is known to be low, especially for long-
distance migrants as they cross a wider range of habitats 
(Alerstam et al. 2003; Newton 2024). Besides the journey, 
the conditions on wintering sites can influence birds’ sur-
vival, for example, through climatic conditions, such as 
precipitation (Johnston et al. 2016; Rockwell et al. 2017). 
On the other hand, the coefficient of productivity for long-
distance migrants was low compared to short-distance and 
resident species, whereas the difference in survival coeffi-
cients between the migratory groups was small. Therefore, 
it could be that the significance of adult survival for annual 
population change is driven more by the low importance of 
productivity than by the higher importance of survival. The 
reason behind the lower importance of productivity might 
be that long-distance migrants are more constrained by their 
migration schedule and therefore less able to adjust their 
breeding effort between different years (Hedenström 2007), 
or that long-distance migrants have lower annual fecundity 
and fewer broods than short-distance migrants (Böhning-
Gaese et al. 2000; Bruderer and Salewski 2009).

Interestingly, the relative importance of adult survival or 
productivity for population change did not differ between the 
breeding habitats. However, our habitat classification was 
coarse, and the data were biased toward species that breed 
at least partly in forest habitats (25 out of 33 species were 
classified as forest breeders). Besides, previous studies have 
shown that, for example, some grassland breeding birds have 
low reproductive success through degradation in their breed-
ing habitats (Fay et al. 2020), and Siberian jays Perisoreus 
infaustus have both reduced reproductive success and adult 
survival in more open than dense forests (Nystrand 2006). 
Therefore, with more accurate habitat classification and an 
extended dataset, differences may be found in how the habi-
tat influences the role of adult survival and productivity on 
population change. Other species traits and environmental 
factors should be studied with the relative importance of 
the demographic measures for species population change, to 
further complement our current understanding and to give 
more instruments to halt the biodiversity decline.
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