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Abstract: Since about 2000, we observed the decline in the numbers of Goldcrests and increase in the numbers 
of Firecrests caught during autumn migration at two bird ringing stations, Bukowo-Kopań and Mierzeja 
Wiślana, on the Polish coast of the Baltic Sea over 1976–2023 . These two closely related forest bird species share 
similar biotopes but differ in foraging behavior and migration strategy. The changes in migrating bird 
abundance in autumn we observed at both ringing stations were correlated with the Pan-European breeding 
population trends over 1982–2022 from PECBMS project. This suggested that some Europe-wide factors are 
responsible for these changes. The snow cover in October decreased abundance and delayed autumn migration 
of Goldcrests on the Baltic coast, probably by exposing them to cold and impeding their feeding and fueling 
for migration. In Firecrests, the response to October snow was similar but much weaker. Firecrests, in turn, 
have shifted their migration earlier since late 1980’s, alleviating the effect of early winter. The warmer was 
October, the larger were the numbers of Firecrests on autumn migration at both stations, which suggest their 
good breeding success likely due to improved survival of chicks from late broods during warm autumns. 
Additionally, the increased number of broadleaf trees at the breeding grounds in Fennoscandia can favor the 
population of Firecrest, which prefers mixed forests and larger prey like spiders, over Goldcrest, which are 
bound to more coniferous forests, where they feed on smaller insects. If this trend continues, we expect a 
decline in the number of the currently numerous Goldcrest, but farther expansion of the breeding range to 
north-east and increase in numbers of the Firecrest, the less abundant of the two species. The change of forest 
management policy in Scandinavia by planting more broadleaf trees, is aimed at increasing biodiversity and 
can have a large impact on the forest environment, thus it is imperative to have methods for early detection of 
such changes. The results we presented show that monitoring the number of migrating birds can serve as a 
good indicator of environmental changes. 

Keywords: autumn migration; passerine birds; population indexes; migrant’s abundance; breeding 
population; climate change; Baltic region 

 

1. Introduction 
Climate change has a major influence on populations of birds worldwide [1], by influencing their 

migration [2], breeding success [3] and winter survival [4]. Birds quickly adjust to environmental 
conditions [5], thus assessment of bird numbers has been considered good bioindicators for 
monitoring the environmental changes [6]. Different bird species, depending on their biology and 
migration strategy, may be used to monitor different components of the environment. Therefore, 
most European countries (30) participate in the Pan-European Common Bird Monitoring Scheme 
(PECBMS), with 8 more countries performing bird census counts but not participating in this scheme 
[7]. Although the European tradition of monitoring numbers of breeding birds is extremely long for 
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such countries as the United Kingdom [8], other countries have joined the surveys only recently, like 
Croatia in 2015 [9]. Counts of breeding birds are not the only method of bird population assessment 
[10]. Birds can be counted during the breeding season at constant effort sites [11], during wintering 
season along transects or by point-counts [12], and at sites of their concentrations on migration by 
visual observation or catching for ringing [13]. The indices of bird numbers calculated from the 
numbers of birds captured during migration [14] can serve as good measure of the population 
abundance for short-distance migrant species [14]. Migrants’ numbers are a good indicator of the 
population size of a species if the breeding monitoring scheme is missing, and high year-to-year 
variance in numbers can be attributed to the high mortality of young birds during their first migration 
[15]. In Poland, the common breeding birds survey has been conducted only since 2000, thus 
estimates of the population size before this time have to be based on some other schemes. Fortunately, 
the monitoring of bird populations by their ringing on migration has been conducted on the Polish 
coast of the Baltic Sea since the 1960’s by the Operation Baltic project [16]. In recent years, we have 
observed a decrease in the number of Goldcrests (Regulus regulus) and an increase in the numbers 
Fircrests (Regulus ignicapilla) caught during autumn migration at two bird ringing stations of the 
Operation Baltic. In the absence of long-term surveys of breeding populations in Poland, we 
investigated the contrasting long-term trends in numbers of these two species observed at the two 
coastal stations during several decades of the Operation Baltic project against the recent changes in 
the numbers of breeding birds, monitored across Europe since 1982.  

Since the 1980s, the European population of Goldcrest has declined, but the population of the 
Firecrest has increased, despite the latter species being scarcer; such trends were first reported in the 
United Kingdom [17,18], but are now observed in continental Europe [19]. The situation when the 
population of a more common and resident species (Goldcrest) is in decline, while the population of 
its scarcer but more migratory counterpart (Firecrest) increases is rare [20]. Thus, in this study, we 
aim to present the changes in the numbers of Goldcrests and Firecrest caught during autumn 
migrations over 1976–2023 on the southern coast of the Baltic Sea, in the context of the trends in the 
European breeding populations of both species over 1982–2022. We set out to investigate possible 
reasons for the recent changes in their numbers, in terms of changes in their forest habitats and the 
environment, caused by human management and climate change. 

2. Materials and Methods 
2.1. Study Species 

Both study species are the smallest passerine birds breeding in Europe, weighing only 5–8g and 
9 cm-long from bill to tail [21]. The breeding range of Goldcrest, a common forest bird, extends across 
most of Europe, except the Iberian Peninsula (Figure 1A). The Firecrest has a more southern breeding 
range, which extends from North Africa across most of Europe except Fenno-Scandia, with the 
northern limit of the species’ range mostly along the southern coast of the Baltic Sea, until the recent 
north-eastern expansion of the species (Figure 1B) [21,22]. These two species use similar habitats, 
including coniferous and mixed forests, but Firecrest has a slightly larger preference for broadleaved 
trees than Goldcrest, which prefers more coniferous forests, especially as breeding habitat [21]. Thus, 
Goldcrests occur up to 4800 m a.s.l., within the reach of the mountain coniferous forests, while 
Firecrests are confined more to lowlands up to ca 2800 a.s.l. [21].These two species also slightly differ 
in their preference for urban habitats, with Firecrests’ breeding population densities in parks and 
large gardens close to the maximum densities in natural habitats [22]. Goldcrests use parks and 
cemeteries only when they provide coniferous trees scarce in the area [23]. These species differ in 
feeding behavior and favored prey, reducing their food competition. Goldcrests prefer to feed in 
denser branches and often feed on the undersides of branches and leaves, hunting for small insect 
prey (Chemiptera, Collembola, and Lepidoptera larvae), while Firecrests feed on larger prey, mainly on 
Collembola spiders and aphids, usually collected from the top surface of branches or leaves [24]. 
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Figure 1. The geographical range of Goldcrest (A) and Firecrest (B), and the location of the two bird 
ringing stations of the Operation Baltic project in Poland, which provided data analyzed in this paper 
(maps after Trepte 2024 [25] modified). 

Goldcrest is considered a partial migrant, as only a part of its breeding population from northern 
Europe migrates south for winter [16]. Goldcrests that occur in autumn on the southern coast of the 
Baltic originate from the breeding grounds in Scandinavia, the Baltic countries, and north-western 
Russia (Figure 1A), as indicated by the recoveries of birds ringed at the bird stations at the Polish 
coast [26,27]. Firecrest is a resident in southern Europe, but in northern and central Europe its entire 
breeding populations are obligatory migrants to the south for winter (Figure 1A) [21]. Firecrests 
caught in autumn at the ringing stations on the Polish coast likely originate from the local populations 
and the more eastern part of the species’ breeding range (Figure 1B) [28]. 

2.2. Study Site and Sampling 
We used the numbers of Goldcrests and Firecrest caught at two bird ringing stations of the 

Operation Baltic project located on the southern Baltic coast in Poland (Figure 1A, 1B): Mierzeja 
Wiślana (54°21′10″-57″ N, 19°18′55″-23′30″ E), and Bukowo-Kopań (54°20′56″-27′46″ N, 16°15′54″-
24′38″ E) during 1976–2023. Birds were caught in mist nets according to the standard monitoring 
protocol between 14 August and 1 November each year [16]; this period covered the whole autumn 
migration period of both species in the Baltic region [21]. The number of 8 m-long nets was stable 
within each autumn, but ranged from 25 to 89 in different years (Table S1). In 2010 and 2011, ringing 
at Bukowo-Kopań did not cover the whole autumn season, thus we excluded these two years from 
the analysis for this station. Thus, for Bukowo-Kopań we analyzed data from 46 autumns, and for 
Mierzeja Wiślana from 48 autumns, during 1976–2023. Catching and ringing of birds at both stations 
was conducted based on the permit from the General Directorate for Environmental Protection, 
Poland, with the annual approval of the Polish Bird Ringing Centra of the Polish Academy of 
Sciences. Field research at Bukowo-Kopań was approved annually by the Marine Office in Słupsk or 
Szczecin, and at Mierzeja Wiślana by the Marine Office in Gdynia and the Forestry Division in Elbląg, 
which were the relevant land managing authorities for the locations of the stations. 

2.3. Statistical Analysis 
The migrating bird abundance index (MBAi) (Eq.1) for each autumn at each station was 

calculated as the total number of birds caught each autumn, recalculated into 50 standard 8m-long 
nets, to adjust for the differences in capture effort between the years (Tables S1-S4). ሺ𝑬𝒒. 𝟏ሻ 𝑀𝐵𝐴𝑖 ൌ  𝐷𝑎𝑖𝑙𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓  𝑏𝑖𝑟𝑑𝑠 𝑐𝑎𝑢𝑔ℎ𝑡𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑡𝑠 𝑢𝑠𝑒𝑑 ൈ 50 𝑛𝑒𝑡 (1)
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Small gaps in data caused by suspending catching effort for 1–2 days during storms were 
imputed for each species with bird numbers extrapolated from the catches of that species on that day 
in other years at that station, as in other studies using data from bird ringing stations [29,30]. For the 
missing date, in 6 preceding and 6 following years we calculated the proportion of birds caught on 
that date in relation to the total number of birds caught during the whole autumn except that day. 
Then, we used the mean of these proportions from these 12 years, to calculate the number of birds 
that would be caught on the “gap day” in relation to the total number of birds caught in the year in 
question; the obtained number of birds was the imputed value for the “gap day” [31]. 

We used the migrating bird abundance index (MBAi) to draw population trends over 1976–2023 
using Generalized Additive Models (GAM) [32] in the package ‘gam’ in R 4.3.1. software [33] (Table 
S5). 

Additionally, for each species, we analyzed the dates of the passage of 50% (median) of the birds 
at each station in subsequent years (Tables S6-S9), to establish any changes in their autumn migration 
timing over the years. We checked for any long-term changes in the median date of passage using 
GAMs. 

To compare the abundance of both species on autumn migration with the breeding population 
trends, we downloaded and reanalyzed the data from the Pan-European Common Bird Monitoring 
Scheme (PECBMS) [6], which presents the European population trends of common breeding species 
based on data from 30 countries . We downloaded the available PECBMS data between 1982 and 2022 
and analysed their trends using GAMs, as for the migrants’ abundance (Table S10). For each species, 
we compared the Pan-European breeding population (PECBMS) trends with the trends in the 
numbers of migrants at both stations (MBAi) over 1982–2022. To visualize these comparisons, we 
recalculated MBAi at each station in each year as a proportion to the migrants’ numbers in the first 
analyzed year (1982), analogously as the breeding birds population index is calculated by PECBMS 
(Table S11). For each species, we then correlated the European breeding birds abundance index with 
the migratory bird abundance at the southern Baltic coast, using Kendall’s rank correlation coefficient 
tau calculated by the ‘cor.matrix’ function implemented in the ‘misty’ package [34] (Table S12). 
Analogously, for comparisons with the PECBMS index the median autumn migration date in each 
year was subtracted from the median migration date in 1982 for each species at each station (Table 
S13). 

To assess the influence of the climate change on the abundance and autumn migration timing at 
the Baltic coast for both species, we used monthly values of the North Atlantic Oscillation Index 
(NAO) downloaded from US National Ocean and Atmospheric Administration (NOAA) Climate 
Prediction Centre (https://www.cpc.ncep.noaa.gov/ accessed 25 Jan 2024) [35], European 
Temperature Anomaly (ETA) downloaded from NOAA National Centers for Environmental 
Information (https://www.ncei.noaa.gov/ accessed 08 Feb 2024) [36], and Eurasian Snow Cover (ESC) 
downloaded from Rutgers University Global Snow Lab (https://snowcover.org accessed 02 Jan 2024) 
[37]. The unit of ESC is the averaged weekly number of land squares covered by snow in at least 50% 
[37]. We then averaged each climate index for the months corresponding to the life stages of both 
species we analyzed, i.e. March–April for spring migration, May–July for the breeding period, and 
October for autumn migration [21] (Table S14). We used the climate indices as explanatory variables 
in four multiple regression models for each species, using as a response variables subsequently: 
migrant birds abundance index for Bukowo-Kopań (BK_MBAi) and Mierzeja Wiślana stations 
(MW_MBAi), and the median dates of passage for each station as the Julian date (day number since 
1 January). In these models we analyzed 40 years during 1982–2023, excluding 2010 and 2011. 
Analogously, for each species, we run one additional model, to analyze the relationships between the 
PECBMS breeding bird abundance index (response variable) and these climate indices (explanatory 
variables), excluding those in October, after the breeding season. These models included all 41 years 
(1982–2022) for which PECMBS results were available. Thus, for each species, we obtained the results 
from five models, explaining the relationships between the climate factors and four parameters of 
their autumn migration, and one parameter of breeding abundance. Before running the multiple 
regression models, we standardized all used variables, which were in different scales, so that each 
had a mean of 0 and a standard deviation of 1. Then we checked for any correlations between the 
climate variables using Pearson’s correlation coefficient. All correlation coefficients except one were 
|r| < 0.61 (Table S15), allowing for including these variables in one model [38]. The one strongest 
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correlation between ETA and ESC in March–April was r < -0.75 (Table S15), higher than the threshold 
of |r| = 0.70 recommended to avoid a potential bias of the results by multicollinearity [38]. Thus, we 
run each of our models four times: 1) excluding ETA in March–April, 2) excluding ESC in March–
April, 3) combining climate factors selected in best models from both approaches, and 4) including 
both ETA and ESC in March–April. We then compared the best models selected in stages 3) and 4). 
In all cases, the finally selected best models were the same with both methods. Thus, we decided to 
present the results from method 4), including both correlated climate variables in one model, but 
carefully monitoring the effects of multicollinearity on the results. To assess the multicollinearity of 
all the explanatory variables in the full and the best models, we used the variance inflation factor 
(VIF) [38] in the R package “car 2.1-6” [39]. In all models and for all variables values of VIF < 5, much 
lower than the recommended threshold of VIF=10 [38], thus the potential bias from multicollinearity 
in our models was negligible. During each round of modeling, we selected the best model using “all 
subsets regression” by Akaike Information Criteria corrected for small sample size (AICc), using the 
package “MuMIn 1.43.6” [40]. We also estimated the proportion of variation explained by the best 
model using the adjusted coefficient of determination (AdjR2 ). For each climate index selected in each 
best model, we calculated the partial correlation coefficient (pR), which reflects the correlation 
between the response variable and each climate index while removing the effects of the remaining 
explanatory variables. using the package “ppcor 1.1” [41]. To visualize the effects of each climate 
variable on the indices of abundance for each species, we presented these partial correlation 
coefficients in bar graphs. These analyses follow the methods used in other studies [5,42]. All 
statistical analyses were conducted in R 4.3.1 [31]. 

2.3. Analysis of the Change in the Firecrest Breeding Range 
To demonstrate the expected extension of the Firecrest breeding range we used observations 

downloaded from the Global Biodiversity Information Facility (GBIF). GBIF gathers data from 
multiple citizen science platforms such as: Artportalen, EBIRD, ICO-ornitho-cat, naturgucker, 
Observations, and so2-birds [43]. Firstly, we downloaded Firecrest observations from 1901–2023. The 
numbers of available records each year (Figure S1, Table S16) from 1955 onwards were sufficient to 
calculate the mean and standard deviation of the latitude and longitude of observations in 1955–2023 
(Table S17), and to analyze trends in their latitude and longitude over this period using linear 
regression. We plotted all the available observations for Firecrest observed in the breeding season 
from 1st May to 30th June of 2002, 2012, and 2022 (Table S18-20) [43] on the map of Europe, to visualize 
the change in range and abundance of Firecrest observations between these years, using QGis 3.34.1-
Prizren [44]. 

3. Results 
3.1. Abundance of Migrating Goldcrests and Firecrests 

The long-term trends in migrating bird abundance index (MBAi), obtained using GAM, at both 
stations showed a decrease in the numbers of Goldcrests migrating in autumn between 1980s and 
2000s, followed by a stabilization after about 2006 (Figure 2, Table S5). The high year-to-year variation 
in MBAi at both stations has decreased after 2000. In contrast, the trends in MBAi for Firecrests at 
both stations indicated a decline in migrants’ abundance in the late 1970s and early 1980s, followed 
by stabilization of the observed numbers. However, the number of Firecrests caught at both stations 
have rapidly increased since 2016 (Figure 2, Table S5). 
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Figure 2. Migrating bird abundance index (MBAi) for Goldcrest and Firecrest caught during autumn 
migration (14 August – 1 November) at ringing stations Bukowo-Kopań (BK) and Mierzeja Wiślana 
(MW) over 1976-2023. Black circles indicate MBAi in each year; the gray line is a trend calculated 
using GAM. The source data and statistics are presented in Table S5. 

3.2. Autumn Migration Timing of Goldcrests and Firecrests  
The average median date of autumn passage of the Goldcrest was 9th October at Mierzeja 

Wiślana and 11th October at the more western station Bukowo-Kopań (Figure 1). Despite some year-
to-year variation, the median date of Goldcrest’s passage showed no long-term trends at both stations 
(Figure 3, Table S13). 
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Figure 3. Median dates of autumn passage for Goldcrest and Firecrest caught during autumn 
migration (14 August – 1 November) at ringing stations Bukowo-Kopań (BK) and Mierzeja Wiślana 
(MW) over 1976-2023. Black circles indicate the median dates of passage in each year, the red line 
shows the trend calculated with GAM. The source data and statistics are presented in Table S13. 

For the Firecrest, the median date of autumn passage was on average October 6th at Mierzeja 
Wiślana and October 11th at Bukowo-Kopań (Table S13). Firecrests showed a trend for a gradually 
earlier passage since late 1980s at the more eastern Mierzeja Wiślana station, but no such trend 
occurred at Bukowo-Kopań (Figure 3, Table S13). 

3.3. Pan-European Breeding Population Trends for Goldcrest and Firecrest 
The Pan-European breeding population trends from PECBMS [7] showed a decrease in 

Goldcrests’ numbers and an increase in Firecrests’ numbers over 1982–2022, corresponding with 
trends in the numbers of these species caught during autumn migration at both Operation Baltic 
stations (Figure 4). For the Goldcrest, the migrating birds abundance index (MBAi) and the Pan-
European breeding population index (PECMBS), each recalculated in relation to the relevant index 
in 1982 (Figure 4), were significantly correlated for both Bukowo-Kopań (Kendall’s tau: τ=0.45) and 
Mierzeja Wiślana (τ=0.35) (Table S12). For the Firecrest, the correlations between MBAi and PECMBS 
index were weaker but still statistically significant for both stations (τ=0.31 and τ=0.24, respectively) 
(Table S12). 
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Figure 4. Goldcrest and Firecrest Migratory Bird Abundance index (MBAi) at ringing stations 
Bukowo-Kopań (BK) and Mierzeja Wiślana (MW) compared to breeding bird population index based 
on the Pan-European Common Bird Monitoring Scheme (PECBMS) over 1982-2022. The points 
represent the value of each index in relation to that index in 1982, and the lines in corresponding color 
represent the trend calculated with GAM: navy blue – PECBMS; orange – Migratory Bird Abundance 
index at Bukowo-Kopań (BK_MBAi%); gray – Migratory Bird Abundance index at Mierzeja Wiślana 
(MW_MBAi%). Source data and statistics are presented in Table S12. 

3.4. Changes in Firecrest’s Breeding Range 
To check if the increase of Firecrest numbers on migration was related to a change in their 

geographical range we analyzed observations of this species from 1901–2023 downloaded from the 
Global Biodiversity Information Facility (GBIF) (Table S16). We have observed high year-to-year 
variation in the numbers of recorded Firecrests, and consistent growth of the number of its 
observation since about 1960 (Figure S1, Table S17). Thus, 1960 was selected as the starting year to 
analyze the distribution of observations of the Firecrest. The average longitude of the observations in 
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each year has decreased over 1960–2023 (Figure S2, Table S17), including initial decrease in the 
average longitude during 1960–1990, followed by the increase in the average longitude in 1991–2023 
indicating an extension of the range to the east (Table S17). The average latitude of the observations 
in each year has slowly but steadily increased over the whole period 1960–2023 suggesting the 
extension of the Firecrest range to the north (Table S17). The comparison of the locations of all 
available observations of the Firecrest in the breeding season (1st May – 30th June) in 2002, 2012 and 
2022 (Table S18, S19 and S20) [43], shows the cluster of new (from 2022) records in southern Sweden 
and the Baltic countries (Figure 5), corresponding to the extension of the species range towards north-
east, which is in line with observed increased number of breeding Firecrests in Sweden [45]. 

 
Figure 5. Firecrest observations in the breeding season (1st May – 30th June) in 2002 (red), 2012 (purple), 
and 2022 (blue). Observations were downloaded from the Global Biodiversity Information Facility 
(GBIF) [26]. 

3.4. Influence of Climate Factors on Abundance and Autumn Migration Timing in Goldcrest and Firecrest 
The abundance of Goldcrests during autumn migration on the southern coast of the Baltic and 

the timing of that migration during 1982–2023 were related to the European Temperature Anomaly 
(ETA) and North Atlantic Oscillation (NAO) in spring (March–April), ETA in summer (May–July) 
and Euroasian Snow Cover (ESC) in summer and autumn (October) (Figure 6A). 
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Figure 6. Coefficients of partial correlation between climate variables and abundance indices for 
Goldcrest and Firecrest during 1982-2023, from the best multiple regression models. A) Relationships 
for migrating birds abundance index (MBAi) at Bukowo-Kopań (BK) and Mierzeja Wiślana (MW) 
during autumn migration in 1982–2023 (excluding 2010 and 2011); B) Relationships for the median 
date of autumn migration at these stations in 1982–2023; C) Relationships for the breeding population 
indices based on the Pan-European Common Bird Monitoring Scheme (PECBMS) in 1982–2022. 
Climate indices: NAO – North Atlantic Oscillation index, ETA – European Temperature Anomaly, 
ESC – Euroasian Snow Cover, abbreviations of months show the periods for which these indices were 
averaged. The details of the models and the model selection procedure by AICc are presented in 
Tables S21-S28. 

The best-fitted models explained 18–27% of the variation in Goldcrest migration abundance and 
timing by the effects of climate variables (Tables S21–S25). For the Firecrest the best models explained 
21–26% of variation in their autumn abundance (Figure 6A; Tables S21– S25). The effects of ETA and 
ESC in May–July jointly explained as much as 41% of variation in Firecrest’s migration timing at 
Mierzeja Wiślana (Figure 6B, Table S2), but the analyzed climate variables explained only 8% at most 
of the analogous variation at Bukowo (Table S25). This suggests that migration timing at the second, 
more western station is influenced by other factors, which we did not analyze. 

Goldcrests were more abundant and migrated on average earlier in autumn at Bukowo-Kopań 
after warm springs with high ETA in March–April, than after cold ones (Figure 6A, Table S25). At 
Mierzeja Wiślana they were more abundant after springs with positive NAO, which also reflects 
warm and wet springs in northwestern Europe. Goldcrests were less abundant at Bukowo-Kopań, 
and at Mierzeja Wiślana, and they migrated on average later after warm summers, with high ETA in 
May-July, than after cold ones (Figure 6A, Figure 6B, Table S25). At both stations they occurred in 
greater numbers and, on average, later during autumn with more extensive snow cover (ETA) in 
October, (Figure 6A, Figure 6B). These relationships correspond well with the effect of climate 
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variables on Goldcrest breeding abundance, reflected by the PECBMS index during 1982–2022 
(Figure 6C). The best models, showing these relationships, explained 44% of the variation in PECBMS 
index during 1982–2022 (Tables S26–S28). Goldcrests were more abundantly breeding in Europe after 
springs with less extensive snow cover (ESC March-April) (Figure 6C, Table S28). Interestingly, they 
were also breeding more abundantly in Europe during cold summers (ETA May–July) and with more 
extensive snow cover over Eurasia in summer (ESC May–July), than during warmer summers with 
less snow (Figure 6C ,Table S28).  

Firecrest abundance and timing of autumn migration at both stations at the southern Baltic coast 
were related mostly to conditions in October (Figure 6A, Figure 6B, Table S25). They were more 
abundant on autumn passage during warm October (ETA in October), and also with negative NAO 
in October, which is related to winds from east and northeast in Europe (Figure 6A, Table S25). Their 
autumn passage was on average later at Mierzeja Wiślana after more extensive snow cover in summer 
(ESC in May-July), and at Bukowo-Kopań with larger ESC in October (Figure 6B, Table S25). 
Additionally, their passage, on average, was later at Mierzeja Wiślana after cold summers (ETA in 
May-July), than after warm ones. Temperatures in spring (ETA in March–April) positively affected 
Firecrests’ breeding abundance in Europe (Figure 6C, Table S28). 

 
Figure 7. Goldcrest and Firecrest Migrant Birds Abundance index (MBAi) and migration timing 
during autumn migration at two ringing stations at the southern Baltic coast (Bukowo-Kopań: BK, 
orange lines, and Mierzeja Wiślana: MW, gray lines), and the breeding bird population index based 
on the Pan-European Common Bird Monitoring Scheme (PECBMS, navy blue lines), against the 
Eurasian Snow Cover (ESC) in October (blue area) during 1982–2023. A) Goldcrest abundance during 
autumn migration at Bukowo-Kopań (BK MBAi) and Mierzeja Wiślana (MW_MBAi) and during 
breeding (PECMBS) against the October ESC, B) Firecrest abundance during autumn migration at 
Bukowo-Kopań (BK MBAi) and Mierzeja Wiślana (MW_MBAi) and during breeding (PECMBS) 
against the October ESC; C) Goldcrest median date of autumn migration at Bukowo-Kopań (BK) and 
Mierzeja Wiślana (MW) against the October ESC; D) Firecrest median date of autumn migration at 
Bukowo-Kopań (BK) and Mierzeja Wiślana (MW) against the October ESC. All abundance indices 
were calculated as a proportion of the index from 1982. ESC is expressed as the number of land 
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squares covered with snow in at least 50% in October [37]. The source data and statistics are presented 
in (Table S14). 

4. Discussion 
Our results showed that the long-term changes in abundance of Goldcrests and Firecrests 

observed during autumn migration at the southern Baltic coast correspond well with the trends of 
their breeding populations across Europe. We discuss the observed decreasing abundance of the 
Goldcrest and increasing abundance of the Firecrest in Europe, in the context of differences in their 
responses to climate change in Europe and the related changes of the species ranges over the last few 
decades.  

A growing number of studies shows the deleterious effect of climate change on bird populations 
[1]. These studies suggest that long-distance migrants [46] and wetland species [47] are the birds most 
prone to the negative effects of climate change. However, population declines have also been 
observed in woodland species and in short-distance migrants or resident birds [43,48]. On the other 
hand, birds show a remarkable adaptability to the changing climate, such as decreasing migration 
distance [2] or adjusting migration timing to current conditions [49]. The best example of such 
adaptations are Blackcaps (Sylvia atricapilla), formerly long-distance migrants between Europe and 
Africa, in which some populations shortened migration distance, established a new wintering quarter 
in the UK, and showed corresponding shifts in spring and autumn migration timing and pre-
migratory fueling [50–53]. Another example is an increasing evidence of Robins (Erithacus rubecula) 
wintering in Northern and Central Europe, which they used to leave entirely for winter a few decades 
ago [54]. Such flexibility enables birds to adjust their biology to changing environmental conditions 
and survive these changes. In most cases, such adjustments benefit the populations, as proved by 
increasing abundance of Blackcaps and Robins in Europe [6]. Such adaptations can, however, lead to 
dramatic effects leading to a mismatch between the peak abundance of birds’ main food supply and 
the timing of their reproduction with its peak demand for food [55]. Such phenological mismatches 
which has caused drastic population declines in e.g. Pied Flycatcher (Ficedula hypoleuca) [46] or Red 
Knot (Calidris canutus) [56]. The multispecies analyses show that long-distance migrants usually 
advance their autumn migration, as e.g. Garden Warblers [57], but the short-distant migrants rather 
delay migration, in response to climate warming and changing conditions in their breeding and 
wintering grounds [49]. The data from Finland show that partial migrants, including the Goldcrest, 
delay their migration until the weather conditions drive them away [58]. This pattern is common 
among short-distance migrants, which in the effect gradually delay their autumn migration in 
response to longer and warmer autumns at the north caused by the climate change [59]. 

The Goldcrest and the Firecrest, which are the smallest passerine species in Europe, are similar 
in biology and appearance, although are easy to distinguish in the field by their head patterns 
[21,24,49]. The much larger European breeding population of Goldcrests has been slightly decreasing 
during the few recent decades, while the much smaller population of Firecrests has been on the rise 
[19]. Despite their common co-occurrence in mixed forests, these species differ in habitat and food 
preferences sufficiently to avoid competing for these resources [21]. Thus, it hardly any inter-specific 
competition, but rather some other differences in these species’ biology, which underlay their 
different population trends. We aim to unravel the mystery behind this unusual pattern, when in two 
so similar species, the population size increases in the more migratory species, the Firecrest, but 
declines in the more sedentary species, the Goldcrest [20]. 

4.1. Multi-Year Trends in Firecrest and Goldcrest Abundance during Breeding and on Autumn 
For Firecrests, the increase in their breeding abundance across Europe since the 1980s, as 

indicated by PECBMS, corresponds well with the increase in their numbers observed at both stations 
at the southern Baltic coast since the 1990s, which seemed to accelerate after about 2005 (Figure 4). 
The cluster of this species’ observations in southern Sweden in 2022 (Figure 5) is in line with the 
increased number of Firecrests breeding in Sweden [45]. The correlation of the trends between both 
Operation Baltic stations confirms that this increase is not a local phenomenon, but a wider pattern. 
The gradually earlier median date of Firecrests’ autumn passage observed at Mierzeja Wiślana since 
the 1980s, but not at Bukowo-Kopań (Figure 3), where ETA and ESC explain less variation in 
migration timing than at the first station (Figure 6B, Table S25), might reflect different proportions of 
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Firecrest populations passing through these stations. Firecrests arriving from the north-east along the 
coast, probably dominate at the more eastern station Mierzeja Wiślana, and those coming from 
southern Sweden likely dominate at Bukowo-Kopań, considering the locations of these stations 
(Figure 1). 

The decrease in Goldcrests’ breeding abundance across Europe since the 1980s, indicated by 
PECBMS, corresponds with the decrease in their numbers during autumn migration between the 
1980s and the 2000s at both stations on the southern Baltic coast (Figure 4). The numbers of Goldcrests 
caught in autumn showed large year-to-year variation in the early 1970s and 1980s at both stations 
(Figure 2), which might suggest that the numbers of birds caught during migration poorly reflect the 
breeding population size [60]. Such high variation in numbers might have been caused by a varied 
proportion of the population that migrates each year, which is determined by the environmental 
capacity of their breeding grounds during winter [21,61]. Similarly, high year-to-year variation in 
numbers occurred in Goldcrest migrating in autumn through Hungary [62]. However, after the year 
2000, the numbers of Goldcrests caught at both stations of the Operation Baltic have stabilized and 
showed smaller variation. This might indicate that the environmental capacity of the breeding 
grounds during harsh winter supports similar numbers of overwintering Goldcrests as during mild 
ones, hence they do not need to migrate in larger numbers during cold autumns, to survive harsh 
winters. Despite this year-to-year variation in numbers, the timing of Goldcrest autumn migration at 
the southern Baltic coast showed almost no change over almost fifty years covered by our study 
(Figure 3). This corresponds with no clear trend in the timing of autumn migration of Goldcrests at 
the ringing station Rybachy in the eastern part of the Baltic, ca 120 km north-east of Mierzeja Wiślana, 
over 1959-1998 [63], and at the station Christiansø in the western part of the Baltic Sea over 1976–1997 
[64]. These results combined suggest that, despite possible differences between the years, there is 
likely no general change in the timing of Goldcrests’ departure from the breeding areas, which would 
be reflected in the timing of their autumn migration in the Baltic region. 

4.2. Effect of Conditions in Spring and Summer on Both Species 
Firecrests seem to benefit from warm springs and small snow cover in summer, in terms of their 

higher breeding abundance across Europe in such mild conditions (Figure 6C), which are likely to 
bring earlier and larger availability of their insect prey and thus increase survival of adults and their 
offspring. Early spring with good access to food might also allow Firecrests to raise two clutches, as 
often occurs in this species [21], and thus increase their breeding success. Early breeding and thus 
early maturity of offsprings during warm summers might explain early autumn passage of Firecrests 
at Mierzeja Wiślana after such conditions (Figure 6B, Table S25). Oppositely, early snow cover in 
May-July, seem to decrease Firecrests' breeding abundance, probably by limiting their possibilities to 
lay and raise second clutches. Additionally, more extensive snow cover in summer and autumn 
seemed to drive away Firecrests from their breeding grounds early (Figure 6C, Table S28), possibly 
by reduced availability of insects but increased energy expense for thermoregulation in cold. 
However, to unravel the direct mechanism of the influence of snowmelt timing on the autumn 
migration of Firecrest, it would be necessary to better understand their spring migration and breeding 
phenology [65]. 

Goldcrests’ breeding abundance across Europe also seems to benefit from less extensive snow 
cover in spring (Figure 6C, Table S28), likely because of better access to food when it is not covered 
with snow. This corresponds with the more abundant and earlier autumn migration of Goldcrests 
through the southern Baltic coast after warm and mild springs (Figure 6A, Figure 6B, Table S25), 
which might reflect good breeding success of Goldcrests after warm spring. Early autumn migration 
after warm springs might be a results of early breeding and early maturity of offsprings from first 
broods, which then occur relatively early on the southern Baltic coast. Analogously, Song Thrush 
(Turdus philomelos) have advanced its autumn migration in the Baltic region since the 1970’s in 
response to earlier spring related with their earlier breeding [31]. Similarly, American Robins (Turdus 
migratorius) adjusted their spring migration timing to spring snow conditions [48], which helped 
them to adapt breeding phenology to changing climate [31,66]. Among woodland bird, warm spring 
benefits the most resident species, which exhibit greater plasticity than migrants, such as Blue Tits 
(Cyanistes caeruleus), since migrants arriving in spring, as e.g. Pied Flycatcher and Wood Warbler 
(Phylloscopus sibilatrix) adjust their breeding phenology not only to the current weather but also 
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incorporate the carry-over effects of the conditions on migration route and their previous breeding 
experience [67]. 

Goldcrests’ responses to climate warming seem to be more complex (Figure 6), probably due to 
their tendency for partial migration [21], and breeding range extending farther northeast, than in the 
Firecrest (Figure 5). Wide snow cover in spring over Eurasia and cold summers might prevent some 
Goldcrest from breeding in the most northeastern parts of their range in Europe and Asia. The study 
of Goldcrest egg incubation in Norway, suggesting that low temperatures limit the distribution of 
Goldcrest in Fennoscandia [68], supports such explanation. Thus, snow and cold in spring and 
summer might enforce a shift of Goldcrests’ breeding densities more into central Europe, which 
would explain their more abundant breeding across Europe during such springs and summers 
(Figure 6C, Table S28). This corresponds with a shift of the gravity center of Goldcrest’s relative 
breeding densities to the south in Finland over 1990–2012 [48]. Increased spring temperatures seem 
to benefit Goldcrests’ breeding success, likely by providing favorable conditions for raising two 
clutches [21]. However, we suggest that increasingly warmer summers and autumns might be the 
reasons for their population decline. During 1982–2023, the warmer were the summers, the less 
abundant, and the later were Goldcrests on autumn passage at the southern Baltic coast, which might 
reflect this species’ tendency for partial migration. Warm summers might encourage a greater part of 
their northeastern breeding populations to skip migration and stay for winter at their breeding 
grounds, than in cold summers. Staying in the north might benefit those “overwinterers” if the winter 
is mild, as they would take the best territories and breed earlier in spring than the “migrants” [21] 
arriving at these breeding grounds. However, this strategy might turn out deceiving in case of 
adverse weather in winter. Extreme cold and snow events have recently become scarcer in the north 
of Europe [69], but just one cold spell might be fatal for the “overwinterers”. Moreover, body 
shrinkage of females, including a decrease in wing length and body mass, was observed in Goldcrests 
occurring on autumn migration in Hungary [62]which might reduce their resistance to cold and cause 
the population decline, as in the Red Knot [56]. 

4.3. Effect of Autumn Conditions on Both Species 
In both species, an extensive snow cover in October seems to delay autumn migration at the 

southern Baltic coast, and early snow in May–July delays migration at Mierzeja Wiślana (Figure 6B, 
Figure 7), probably as an effect of delayed departure from the breeding grounds in such conditions. 
Early snow might impede feeding and accumulation of fat reserves for autumn passage in both 
species, before they depart from their breeding grounds and at the stopover sites preceding our study 
sites.  

Goldcrests were also less abundant during autumn migration at both stations with greater snow 
cover in October (Figure 6A). If snow in October delays their migration, their passage might extend 
later into November, beyond the end of ringing at both stations, hence fewer Goldcrests ringed on 
migration in such autumns. Unlike the Goldcrest, Firecrest’s autumn migration has advanced at 
Mierzeja Wiślana station during the recent decades (Figure 3), which could alleviate the influence of 
snow in October, but they are still susceptible to snow cover in May–July (Figure 6B, Figure 6C). The 
influence of the changes in snowmelt date on birds is highly dependent on the altitude of breeding 
grounds, and birds breeding at higher altitudes exhibit higher plasticity in response to changing snow 
conditions [70]. This might be an explanation for the stronger response of Goldcrests’ timing and 
numbers during autumn migration to snow cover in October, as this species inhabits coniferous 
forests higher in the mountains than Firecrest [21,57]. 

4.3. Effect of Forest Management and Anthropogenic Changes on the Abundance of Goldcrest and Firecrest  
Firecrest prefers as their breeding habitat warmer and more humid areas, and mixed forests, 

with a greater proportion of broadleaf trees than Goldcrest, which prefers forests predominated by 
coniferous trees [19]. Therefore, the policy to increase forest diversity by the increased planting of 
broadleaf trees in forests in Sweden [71] and in Finland [59] might have helped expansion of 
Firecrests’ range to the north-east (Figure 5). Additionally, Firecrest’s adaptation to use urban parks 
and gardens, where they reach high breeding densities and breeding success [22], likely further 
promoted the population increase and expansion of this species. In contrast, the Goldcrest seems to 
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be more reluctant to use urban areas [23], which might be maladaptive, considering the expanding 
urbanization of Europe. 

5. Conclusions 
We suggest that the main reasons for the opposite population trends in Europe in two closely 

related forest species, the Firecrest and the Goldcrest, are: 1) their different tendency to migrate 
(obligatory vs partial), which determines their contrasting responses to climate warming, and 2) their 
slightly different forest habitat preferences, considering increased planting of broadleaf trees in 
Fennoscandia.  

Firecrests seem to benefit from climate warming, growing proportion of broadleaf trees in forests 
at their breeding grounds, and their adaptation to urban gardens, all of which promote their breeding 
success and survival. Obligatory migration of the northern populations promotes their winter 
survival. We expect that Firecrest’s population growth and expansion to the north-east will continue 
with climate warming and the same direction of their habitat management. In Goldcrests, 
increasingly warm summers and autumns might encourage more individuals to stay for winter in 
the north, despite this might be an “ecological trap”, as even one cold spell might be fatal to these 
tiny birds. We thus suggest that partial migration, which might serve birds as their mechanism of 
adjusting to changing climate, in the Goldcrests might lead to their decline. This effect might be 
corroborated by a decreasing coverage of coniferous forests, they preferred breeding habitat, in 
Europe. Fortunately, large population sizes of both species ensure their “Least Concern (LC)” current 
conservation status in Europe [72,73]. 

Our study shows that monitoring the numbers of birds on migration can help in the early 
detection of environmental changes. However, to identify the key factors responsible for changes in 
bird populations, we need to integrate data on their abundance during breeding and on migration 
with climate and environmental data, including information on habitat management in areas 
migratory species visit in different seasons. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figure S1: Number of Firecrest observations over 1901–2023 downloaded from 
the Global Biodiversity Information Facility (GBIF). GBIF gathers data from multiple citizen science platforms 
such as: Artportalen, EBIRD, ICO-ornitho-cat, naturgucker, Observations, and so2-birds [43]. Figure S2: Average 
and standard deviation of latitude and longitude of Firecrest observation downloaded from the Global 
Biodiversity Information Facility (GBIF). GBIF gathers data from multiple citizen science platforms such as: 
Artportalen, EBIRD, ICO-ornitho-cat, naturgucker, Observations, and so2-birds [43] 1960–2023. Table S1 
Number of Goldcrests caught on Bukowo BK (54°20′56″-27′46″ N, 16°15′54″-24′38″ E) field station between 14 
August and 1 November 1976-2023. Table S2 Number of Goldcrests caught on Mierzeja Wiślana MW (54°21′10″-
57″ N, 19°18′55″-23′30″ E) field station between 14 August and 1 November 1976-2023. Table S3 Number of 
Firecrests caught on Bukowo BK (54°20′56″-27′46″ N, 16°15′54″-24′38″ E) field station between 14 August and 1 
November 1976–2023. Table S4 Number of Firecrests caught on Mierzeja Wiślana MW (54°21′10″-57″ N, 
19°18′55″-23′30″ E) field station between 14 August and 1 November 1976–2023. Table S5 Migratory bird 
abundance index for both field stations with predicted abundance from generalized additive models for 
Goldcrest and Firecrest. Table S6 Cumulative number of Goldcrests caught on Bukowo BK (54°20′56″-27′46″ N, 
16°15′54″-24′38″ E) field station between 14 August and 1 November 1976-2023. Table S7 Cumulative number 
of Goldcrests caught on Mierzeja Wiślana MW (54°21′10″-57″ N, 19°18′55″-23′30″ E) field station between 14 
August and 1 November 1976-2023. Table S8 Cumulative number of Firecrests caught on Bukowo BK (54°20′56″-
27′46″ N, 16°15′54″-24′38″ E) field station between 14 August and 1 November 1976–2023. Table S9 Cumulative 
number of Firecrests caught on Mierzeja Wiślena MW (54°21′10″-57″ N, 19°18′55″-23′30″ E) field station between 
14 August and 1 November 1976–2023. Table S10 PanEuropean breeding birds population index from The Pan-
European Common Bird Monitoring Scheme (PECBMS) [6]. Table S11 Pan-European breeding birds population 
index from The Pan-European Common Bird Monitoring Scheme (PECBMS) [6] comparison to Migratory Bird 
abundance Index from two field stations normalized to the index from 1982 from years 1982–2022 -{2010, 2011}. 
Table S12 Pan-European breeding birds population index from The Pan-European Common Bird Monitoring 
Scheme (PECBMS) [6] comparison to Migratory Bird abundance Index from two field stations normalized to the 
index from 1982 from years 1982–2022 -{2010, 2011}. Table S13. Observed (Obs) and predicted (pred) (using 
Generalized Additive Models) median dates of autumn passage for Goldcrest (RE_REG) and Firecrest (RE_IGN) 
at ringing stations Bukowo-Kopań (BK) and Mierzeja Wiślana (MW). Table S14 Comparison of North Atlantic 
Index, European Temperature Anomaly,  and European snow cover to PanEuropean breeding birds population 
index from The Pan-European Common Bird Monitoring Scheme (PECBMS) [6]; Migratory Bird abundance 
Index from each ringing station recalculated as the proportion of the index in 1982.The median date of passage  
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subtracted from the median date of passage in 1982 at each station for each species. Table S15. Pearson's 
correlation coefficients (r) between climate variables used as explanatory variables in 40 analysed years during 
1982-2023  (excluding 2010, 2011), in multiple regression models, explaining changes in migrant bird abundance 
indices (MBAi) at Bukowo-Kopań and Mierzeja Wiślana (N Poland), and breeding bird abundance indices from 
PECBMS across Europe. Statistically significant coefficients (p<0.05) marked in red font. Table S16 Firecrest 
observations downloaded from the Global Biodiversity Information Facility (GBIF). GBIF gathers data from 
multiple citizen science platforms such as: Artportalen, EBIRD, ICO-ornitho-cat, naturgucker, Observations, and 
so2-birds [26]. Table S17 Firecrest lattitude and longitude avarage from the obsservations collected by the Global 
Biodiversity Information Facility (GBIF) during breeding season breeding season (1st May  – 30th June). GBIF 
gathers data from multiple citizen science platforms such as: Artportalen, EBIRD, ICO-ornitho-cat, naturgucker, 
Observations, and so2-birds [26]. Table S18 Firecrest observations from 2002 downloaded from the Global 
Biodiversity Information Facility (GBIF). GBIF gathers data from multiple citizen science platforms such as: 
Artportalen, EBIRD, ICO-ornitho-cat, naturgucker, Observations, and so2-birds [26]. Table S19 Firecrest 
observations from 2012 downloaded from the Global Biodiversity Information Facility (GBIF). GBIF gathers data 
from multiple citizen science platforms such as: Artportalen, EBIRD, ICO-ornitho-cat, naturgucker, 
Observations, and so2-birds [26]. Table S20 Firecrest observations from 2022 downloaded from the Global 
Biodiversity Information Facility (GBIF). GBIF gathers data from multiple citizen science platforms such as: 
Artportalen, EBIRD, ICO-ornitho-cat, naturgucker, Observations, and so2-birds [26]. Table S21. Relationships 
between climate variables and Migrating Birds Abundance index (MBAi) of Goldcrest and Firecrest caught 
during autumn migration at stations Bukowo-Kopań (BK) and Mierzeja Wiślana (MW), N Poland, in 1982–2023. 
Estimate—coefficients from multiple regression, SE—standard error of the estimates; t, p - test and significance 
of each estimate, VIF—variance inflation factor. Table S22. Model selection procedure by “all subsets” selection, 
according to AICc, from the full model (Table S21). The models describe the relationship between the Migrating 
Birds Abundance index (MBAi)  at stations Bukowo-Kopań (BK) and Mierzeja Wiślana (MW) in N Poland, for 
Goldcrest and Firecrest in 1982–2023, and climate variables. The table presents all models with ΔAICc < 2. Table 
S23 Relationships between climate variables and Migrating Birds Abundance index (MBAi) of Goldcrest and 
Firecrest caught during autumn migration at stations Bukowo-Kopań (BK) and Mierzeja Wiślana (MW), N 
Poland, in 1982–2023. Estimate—coefficients from multiple regression, SE—standard error of the estimates; t, pt-
test and significance of each estimate, p < 0.05 marked in bold face . VIF—variance inflation factor. Table S24. 
Model selection procedure by “all subsets” selection, according to AICc, from the full model (Table S21). The 
models describe the relationship between the median date of autumn migration (Q2)  at stations Bukowo-
Kopań (BK) and Mierzeja Wiślana (MW) in N Poland, for Goldcrest and Firecrest in 1982–2023, and climate 
variables. The table presents all models with ΔAICc < 2. Table S25. Relationships between climate variables and 
Migrating Birds Abundance index (BK_MBAi) of Goldcrest Regulus regulus caught during autumn migration 
at station Bukowo-Kopań caught at Bukowo, N Poland, in 1982–2023. Table S26. Relationships between climate 
variables and PECMBS index for Goldcrest and Firecrest in 1982–2022. Estimate—coefficients from multiple 
regression, SE—standard error of the estimates; t, p — t-test and significance of each estimate, VIF—variance 
inflation factor. Table S27. Model selection procedure by “all subsets” selection, according to AICc, from the full 
model (Table S26). The models describe the relationship between the breeding bird abundance index from 
PECBMS in Europe for Goldcrest and Firecrest in 1982–2022, and climate variables. The table presents all models 
with ΔAICc < 2. Table S28. Relationships between climate variables and PECMBS for Goldcrest and Firecrest 
over 1982–2022.  
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