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The goldcrest (Regulus regulus) and the firecrest (Regulus ignicapilla) are sympatric 
over a large part of Europe, but with different abundance ratios. We studied the effects 
of geographical location, vicinity of the species range boundaries, habitat and climate 
factors on the goldcrest/firecrest abundance ratio. At the continental scale, a weighted 
multiple linear regression model resulted in four significant covariates: temperature, 
precipitation, forest type and occurrence rate (representing the vicinity of the species’ 
range boundaries). The firecrest dominates in warmer and more humid areas and its 
dominance is more pronounced in mixed forests. The projection of the model showed 
that in any combination of temperature, precipitation and occurrence rate, the prob-
ability to encounter the goldcrest is higher in coniferous forests. Studies in Croatia and 
the Czech Republic showed regional differences in habitat preferences related to forest 
type. A significant effect of the seasonal dynamics of precipitation was confirmed in 
Croatia. Climate change and changes in forestry may influence the distribution and 
abundance of these two Regulus species in Europe.

Introduction

The coexistence of species is possible only if 
their niches (sensu Hutchinson 1957) are not 
identical. A group of closely related or simi-
lar species must differ among themselves suf-
ficiently to ensure that each obtains an adequate 
share of the resources it needs (Pielou 1974). 
Niche segregation may have diverse forms: spe-

cies may differ in their (micro)habitat or diet 
requirements or in the time when they utilize 
the available resources at the highest rate. Dif-
ferences in food sources or foraging techniques 
are often reported among sympatric congeneric 
avian species (Dyrcz & Flinks 2003, Navarro 
et al. 2009). Interspecific competition for food 
resources among sympatric species is known 
to result in the divergence of species morphol-



334 Kralj et al. • ANN. ZOOL. FeNNIcI Vol. 50

ogy (Reifová et al. 2011). Trophic segregation 
is most often related to adaptations in body size 
and bill, leg or wing morphology (James 1982, 
Reifová et al. 2011). Studies on the relative den-
sities of sympatric congeneric avian species may 
help in understanding the effects of climate and 
habitat factors on bird populations (Järvinen & 
Väisänen 1979).

Two of the six species of the family Regulidae 
are widespread across Europe and are sympatric 
over a large part of the continent. The goldcrest 
(Regulus regulus) belongs to the Palearctic faunal 
type with an extensive but discontinuous distribu-
tion from western Europe to Japan. Its European 
breeding area largely overlaps with that of the 
Norway spruce (Picea abies), extending between 
the July isotherms of 14–23 °C and up to 2200 m 
a.s.l. The fire crest (Regulus ignicapilla) belongs 
to the Holarctic faunal type and is confined to 
southwestern and central Europe and northern 
Africa (Baker 1997). The breeding range of the 
firecrest in Europe extends between the July iso-
therms of 16–24 °C and is usually found below 
1000 m a.s.l. (del Hoyo et al. 2006). The north-
easterly distributed goldcrest and southwesterly 
distributed firecrest coexist across a large area of 
sympatry in central Europe. The two species often 
have overlapping territories, and there is no evi-
dence of interspecific territoriality (Fouarge 1974, 
Leisler & Thaler 1982). However, hybridization 
occurs on rare occasions (Cobb 1976, Thorpe 
1983, Jennings 1985).

For sympatric sibling species, coexistence in 
the same habitat is associated with two main eco-
logical processes: competition and interbreeding. 
The goldcrest and firecrest reduce competition 
through differences in their feeding ecology. The 
diet of both species consists almost exclusively 
of arthropods, but the goldcrest specialises on 
smaller prey than the firecrest. They have also 
evolved different foraging behaviours: goldcrests 
more often cling vertically and hang, especially 
along undersides of dense branches, whereas 
firecrests also forage in less dense branches, 
often standing (Leisler & Thaler 1982, Thaler 
& Thaler 1982). Interbreeding is prevented by 
ethological barriers of readily distinguishable 
behavioural patterns. It has been shown that in 
these two Regulus species, differences in antago-

nistic and courtship behaviours serve as isolating 
mechanisms, while isolation through vocalisa-
tion appears to be of minor importance (Thaler 
1986, del Hoyo et al. 2006).

Both the goldcrest and firecrest inhabit mixed 
and coniferous forests, but their habitats differ 
across the continent. Glutz and Bauer (1991) 
found a strong association of the goldcrest with 
coniferous trees, while Becker (1977) found no 
differences in the species’ main habitat require-
ments. The external morphology and foraging 
behaviour of the goldcrest support its preference 
for spruce (Leisler & Thaler 1982). Goldcrest 
habitats are dominated by Norway spruce and 
silver fir (Abies alba), while pines, except the 
mountain pine (Pinus uncinata), are generally 
avoided (del Hoyo et al. 2006). The study of 
forest bird trends in Europe showed a positive 
correlation between winter weather (winter tem-
perature anomaly) and the goldcrest population 
trend in Europe (Gregory et al. 2007). Habitat 
choice of the firecrest is broader and it accepts 
even a small admixture of spruce, fir or pine in 
deciduous forests as a suitable nesting habitat 
(Hagemeijer & Blair 1997). It also breeds in 
deciduous forests, showing a preference for oak 
(del Hoyo et al. 2006). The firecrest’s pref-
erence for pines was noted in some parts of 
Europe (Archaux & Bakkaus 2007, Ukmar et al. 
2007), but not in others (Wesołovski et al. 2002, 
Nikolov 2007), while Becker (1977) suggested 
the avoidance of pine forests by both species. 
Towards its southern limit, the firecrest becomes 
more typical in montane forests (Leisler & 
Thaler 1982, Hagemeijer & Blair 1997); it also 
occupies more humid habitats (Glutz & Bauer 
1991).

In forest stands where the two Regulus spe-
cies coexist, one often dominates, sometimes 
with more than ten times higher densities 
(Bodenstein 1985, Saniga 1995). Despite the 
number of studies in different forest areas of 
Europe, there is currently a lack of research on 
factors affecting the ratio of the two Regulus 
species at regional and broader scales. Moreover, 
ecological studies from different areas showed 
differences in habitat preferences of each spe-
cies. By studying the abundance ratio of the two 
species which is not affected by local differences 
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in absolute abundances caused by a number of 
factors, such as habitat quality, patchiness, unfa-
vourable weather conditions etc., the patterns of 
dominance of one species over the other can be 
uncovered. It also enables the use of heterogene-
ous published data and the analysis at a larger 
spatial scale. The differences in relative densities 
of other congeneric forest passerines (Parus and 
Fringilla) have been attributed to differences 
in habitats and, to some extent, climate factors 
(Järvinen & Väisänen 1979). The combination of 
climate change and changes in forestry, resulting 
in the spread of coniferous and especially pine 
forests, may influence the distribution and abun-
dance of forest birds in Europe. To understand 
such changes, it is necessary to improve our 
knowledge of habitat requirements of those birds 
on wider scale.

We propose that the ratio of the two Regulus 
species must be a result of different factors: geo-
graphical location and occurrence patterns across 
the continent (with dominance of the goldcrest in 
northeastern parts and that of the firecrest in the 
southwestern parts of the area of sympatry), alti-
tude, habitat type and climate factors. We noticed 
great differences in dominance of one species 
over the other in apparently similar habitats in 
the same region, so we presume that geographical 
location and forest type cannot be the main under-
lying factors causing such differences. In this 
study, we tested the hypothesis that the vicinity 
of the species range boundaries and local climatic 
conditions significantly affect the abundance ratio 
of the two Regulus species. These local conditions 
do not fully account for pan-continental climatic 
gradients therefore causing the considerable dif-
ference in the two species ratio across the area of 
sympatry. To test this hypothesis, two approaches 
were used. Firstly, at the continental scale, we 
analyzed the available literature to explore differ-
ences of the ratio between goldcrest and firecrest 
densities in their zone of sympatry, and identify 
geographical, climate and habitat factors that cor-
relate with the ratio of the two species. Secondly, 
at a regional scale, we analyzed our own field data 
from two study areas to identify in more detail the 
correlation between climate factors, structural and 
floristic composition of forests and the ratio of the 
two Regulus species.

Methods

Continental scale

The data used in the analysis at the continental 
scale included our own bird censuses and infor-
mation obtained from the literature, totalling 63 
samples from 26 sites. We obtained published 
data from the zone of sympatry, covering the 
area between 41°N and 53°N, and 3°W and 24°E 
(Table 1 and Fig. 1). We used only data based on 
standard methodology (point count, line transect 
and mapping methods) dated from the end of the 
1970s onwards (i.e. obtained within the last ca. 
30 years), with densities given for the two Regu-
lus species. We considered only investigations 
in coniferous and mixed forests (including plots 
of deciduous forests with admixture of conifer-
ous trees, that fulfilled other assumptions), and 
excluded those where the two Regulus species 
were present at very low densities (density of 
the dominant species smaller than 1 pair/10 ha). 
If data for several years were available, we cal-
culated average values. Densities obtained by 
different methods cannot be directly compared, 
which prevented us from studying each species 
separately, but we presumed that each method 
gives the same bias for both species, so the abun-
dance ratio between the two Regulus species 
remains unbiased. For some localities, several 
neighbouring study plots with different altitude, 
habitat type, forest age or level of tree damage 
were included.

The ratios of goldcrest and firecrest densi-
ties were related to geographical location, occur-
rence rate, climatic variables and forest structure. 
Latitude and longitude were expressed in decimal 
degrees, while altitude was given in meters. Lati-
tude and longitude were either obtained from the 
literature or determined from topographic maps. 
For larger areas, we considered the central point 
of the region the reference point. Altitude was 
obtained from the literature. For assessing the 
effect of species range boundaries on species 
abundance ratios, we used maps presented in 
Hagemeijer and Blair (1997). For each studied 
species, occurrence was calculated as the number 
of occupied mapping squares in a 3 ¥ 3 square 
area (corresponding to 150 ¥ 150 km2) around the 
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Table 1. Sources of the data used. Site numbers, their names, applied methods and census years are given.

Study area Sites Method census years Reference

01. Bialowieza (PL) 3 mapping 1995–1999 Wesolowski et al. (2002)
02. Kielce (PL) 1 transect 1995 Polak (1996)
03. Bieszczady (PL) 1 transect 1987–1988 cichoń & Zając (1991)
04. Gorce (PL) 2 mapping 1988 Głowaciński (1990)
05. Velka & Mala Fatra (SK) 2 transect 1989–1991 Saniga (1995)
06. Šramkova (SK) 1 mapping 1997–2001 Kornan (2004)
07. Brezina (cZ) 1 point count 1993–2005 Krist & Stříteský (2005)
08. Krkonose (cZ/PL) 8 point count 1991–1994 Flousek & Gramsz (1999)
09. Farske bažiny (cZ) 5 transect 1979–1981 Řepa (1984)
10. Sopron (HG) 1 point count 2002 Winkler (2005)
11. Northern croatia 3 point count 2006–2007 this study and Dumbović (2007)
12. Mountain croatia 4 transect 2005 this study
13. Risnjak (HR) 3 transect 1986 Sušić (1988)
14. Pečka & Rajhenav (SV) 4 mapping 1989 Perušek (1992)
15. Gurgltal (A) 1 transect 1977–1983 Bodenstein (1985)
16. Bavarian forest (D) 1 square grid 2001 Lang et al. (2003)
17. Harz Mts. (D) 2 mapping 1991–1992 George (1993)
18. Zurich (cH) 2 transect 1986–1999 Weggler & Widmer (2001)
19. Schwarzenberg (cH) 1 mapping 1995 Bernet (1997)
20. Solothurn (cH) 3 mapping 1981–1982 christen (1983)
21. combe Grede (cH) 1 mapping 1988 Schaffner (1990)
22. Giffre (FR) 1 point count 2000–2001 Archaux & Bakkaus (2007)
23. Haut-Beaujolais (FR) 6 point count 1983–1984 Lebreton & Pont (1987)
24. Vosges du Nord (FR) 3 point count 1979–1984 Muller (1988)
25. Ardenne (B) 2 point count 2000 du Bus de Warnaffe & Deconchat (2008)
26. Sierra de Ayllon (eS) 1 transect 1981–1982 Potti (1985)

Fig. 1. Locations of the 
sites used in the analy-
sis. Sites are numbered 
as in Table 1. Symbols: 
filled circles show locali-
ties where the goldcrest 
dominates, empty circles 
are localities where the 
firecrest dominates and 
half-filled circles are locali-
ties where their ratio is 1 
or both species dominate 
(each in the one or more 
samples from the same 
site).

study localities (with the study locality situated in 
the central square). The logarithm of the ratio of 
values obtained for the two species was used in 
the analysis. We obtained climate data from the 

literature, but when they were lacking we used 
Hijmans et al. (2005) (http://www.worldclimate.
com). We used annual precipitation (mm) and 
mean annual temperature (°C), as the two most 
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comprehensive and most widely used indicators 
of climate. The general structure of the forests 
was characterized by forest type and age, both 
given as categorical variables with two categories 
each. The literature often did not contain percent-
ages of tree species or detailed age structure, 
which prevented us from constructing a more 
detailed classification. We evaluated forest type 
by means of a classification of woodlands accord-
ing to the proportion of deciduous trees: mixed 
forests with proportions of deciduous trees greater 
than 30% and coniferous forests with lower ratios 
of deciduous trees (categories: 0 = mixed forests, 
1 = coniferous forests). No significant difference 
was found in the ratio of the two Regulus spe-
cies between pine forests and other coniferous 
forests (Mann-Whitney U-test: Z = 0.91, n = 25, 
p = 0.36), therefore we analysed all coniferous 
forests as a single group. As for forest age, we 
considered woodlands older than 80 years as 
mature forests (categories: 0 = young stands and 
1 = mature stands). We used a weighted multiple 
linear regression model to describe the relation-
ship between the ratio of the two Regulus species 
and environmental variables, and to evaluate the 
predictive value of the environment in determin-
ing this ratio in the area of sympatry. In addition, 
the level of damage to trees (undamaged vs. dam-
aged: tree defoliation by air pollution) was noted 
where available. This variable was not entered 
into the model, but was only used to compare 
pairs of forest plots at the same localities.

Regional scale

For the case studies at the regional scale, we used 
our own data collected in southern (Croatia) and 
central (the Czech Republic) parts of the area of 
sympatry. Bird and habitat data were collected 
from the same study plots. In Croatia, the study 
was conducted from 2005 to 2007 at five loca-
tions: three sites located in isolated fir–beech 
forests in the mountains of NW and NE Croatia 
(45°30´–45°55´N, 15°28´–17°41´E), and two 
sites in the mountain region of the NW Dinaric 
Alps (44°53´–44°55´N, 15°27´–15°32´E) cov-
ered with continuous fir–beech forests. We stud-
ied each site during one breeding season. We 
used the point count method with a fixed radius 

of 50 m (Bibby et al. 1992) in isolated forests 
and line transects of 100 m width (Järvinen & 
Väisäinen 1977) in continuous ones. Transects 
or points were censused 2–3 times during the 
breeding season. We carried out habitat sampling 
by the circular plot method (Cyr & Oelke 1976, 
Bibby et al. 1992) covering 0.04 ha each. We 
recorded tree species and their diameter (eight 
classes: A = 7.5–15 cm, B = 15–23 cm, C = 
23–38 cm, D = 38–53 cm, E = 53–68 cm, F = 
68–84 cm, G = 84–101 cm, H > 101 cm) inside 
the plot, shrub density and percentages of ground 
cover, and canopy cover. Basal area was calcu-
lated for trees in each diameter class, according 
to Cyr and Oelke (1976). The average tree basal 
area was calculated by dividing the total basal 
area by the total number of trees in the plot. We 
sampled habitat at each counting point in iso-
lated forests and at three circular plots per kilo-
metre of transect. Altogether 8 km of transects 
and 49 points were counted, and vegetation was 
sampled at 73 points. The spatial distribution of 
the study sites allowed us to investigate differ-
ences in climate data at the regional scale. Mean 
monthly air temperatures and precipitation were 
provided by the Croatian meteorological and 
hydrological service.

Bird counts in the Czech Republic were 
conducted in the Krkonose Mountains, situated 
in central Europe (50°35´–50°50´N, 15°23´–
15°53´E), from 1984 to 1996 by using the point 
count method with a fixed radius of 100 m. Aver-
age values of bird counts for 108 points were 
included in the analysis. We obtained habitat 
characteristics of the points using the method 
in Emlen (1967) (for coniferous and deciduous 
tree covers, and coverage of the shrub and herb 
layers), from detailed forestry maps (for altitude 
and forest age: 30–80 years and > 80 years) and 
from aerial photographs (for tree layer cover 
and tree damage by air pollution). For tree 
damage, seven grades of defoliation were used 
(0%, 0%–5%, 6%–30%, 31%–50%, 51%–70%, 
71%–100% of damaged trees, and a dead forest) 
(Krkonose National Park Administration unpubl. 
data). For analyses at the regional scale, we used 
the data described above, while for compara-
tive analyses at the continental scale we used 
summarized data from 1991–1994 published in 
Flousek and Gramsz (1999).
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Statistical analysis

In the first step, we model data obtained at one 
observational site. Let (N,Y) represent an obser-
vation consisting of a total number of N pairs of 
the two Regulus species observed at the site, and 
of Y pairs of goldcrest among them. The number 
of firecrest pairs is uniquely determined from 
(N,Y), and is equal to N – Y. We assumed that N 
is a random variable that is equal to a state of a 
Poisson process at time t with intensity λ. Here t 
is an observational time assumed to be independ-
ent of N. Let p denote a conditional probability 
of the goldcrest if a pair of Regulus species has 
been observed at this site. Then it follows that Y 
is equal to a state of the thinned Poisson process 
at time t and intensity λp (Colouring Theorem, 
Kingman 1993). Hence N and Y have Poisson 
distributions with means m = λt and mp respec-
tively, and Y follows a binomial distribution with 
parameters p and n depending on the event N = 
n. So the log-likelihood of the parameters m and 
p based on an observation (N,Y) is given by the 
following expression:

 

It follows that the maximum likelihood estima-
tors (MLEs) of the parameters are  and 

. Notice that MLE of p is equal to the 
ratio of goldcrests in a population consisting of 
goldcrests and firecrests only. Hence the param-
eter p can also be interpreted as expected density 
of goldcrests over firecrests. In this sense, 1 – p 
is expected density of firecrests over goldcrests. 
Since N/m converges to 1 and Y/m converges to 
p almost certainly by the Strong Law of Large 
Numbers (Kingman 1993: chapter 4.2),  
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has a standard normal distribution asymptotical 
when N almost certainly infinity. Here logit q 
denotes the expression logq/(1 – q). In other 
words, the random variable (see Eq. 1) has a 
standard normal distribution for large enough 
observational time.

The observational data were summarized by 
a single quantity of the form

 . (2)

Notice that Z is equal to the natural logarithm 
of the ratios between the goldcrest and firecrest 
densities. Positive values of Z indicate domi-
nance of the goldcrest, while negative values 
indicated dominance of the firecrest.

The above analysis showed that the quantity 
Z has weight that equals

 W Y Y
N

Y p= −





= −( )1 1 ˆ  (3)

This means that the variance of Z is equal to 
1/W asymptotical for large enough observational 
time. Moreover, we assume that the (asymptotic) 
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mean of Z, logit p, linearly depends on some cov-
ariates that describe the site (i.e. environmental 
variables). Let us denote these covariates with x1, 
x2 …, xr. Then

 logit p = b0 + b1x1 + … + brxr (4)

where b0, b1, …, br are non-random coefficients 
independent of the covariates. In addition, if we 
assume that weight W is non-random, and obser-
vational time is large enough, it is reasonable 
(see Eqs. 1–4) to propose the following linear 
model for the data

 Z = b0 + b1x1 + … + brxr + 1
W

ε  (5)

where the standardized error term ε has a stand-
ard normal distribution.

In the second step, we modelled a set of 
data that were acquired at various sites. Let 
(Zi, Wi, xi1, xi2, …, xir), i = 1, 2, …, k, represent 
the full set of data: summarized observational 
data (Eq. 2) together with the corresponding 
weights (Eq. 3) and covariate values describing 
the sites. The main reason why we present all 
observational data in a summarized form (Eq. 1) 
is that some authors reported total numbers of 
individuals of both Regulus species, while many 
others reported only densities per different area 
units. Because of the same reason we estimate 
all weights Wi by replacing total numbers of the 
observed goldcrest pairs Yi in Eq. 3 by the num-
bers of the goldcrest pairs observed per area unit 
at the site.

The main assumption is that the data are 
acquired independently. Hence the model is

 Zi = b0 + b1x1 + … + brxr + δ 1
Wi

iε  (6)

where i = 1, 2, …, k, ε1, …, εk is a sequence of 
independent and identically distributed stand-
ard normal random variables representing stand-
ardized errors. Here 1/δ2 represents an aver-
age number of observational units encountered 
across the sites. A strictly positive parameter δ is 
included in the model (Eq. 6) to adjust the error 
term for errors encountered in the previously 

described estimation of weights. The proposed 
model is asymptotically equivalent to a logistic 
regression model in a sense that the estimators 
obtained by the Weighted Least Square (WLS) 
method from the model (Eq. 6) are asymptoti-
cally equivalent to MLEs from the correspond-
ing logistic regression model (Ferguson 1996: 
chapter 23). For details on logistic regression 
modelling, see e.g. Christensen (1997).

We considered eight environmental varia-
bles as independent variables: latitude, longi-
tude, altitude, annual precipitation, mean annual 
temperature, forest type, forest age and occur-
rence rate. A correlation matrix was calculated 
between all independent variables to examine 
possible co-linearity. Multiple correlation coef-
ficients between latitude and the other independ-
ent variables (with constant vector included) 
were equal to a high value of 90.7%. In order to 
avoid numerical instability of regression param-
eter estimation, we excluded latitude from the 
regression analysis as a covariate. Since the 
model is linear with unequal variances of the 
error terms, we used the WLS method for model 
estimation with the following criterion function:

 

LS b b
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For this purpose we used the Statistica soft-
ware, ver. 9.1 (Stat Soft Inc.), particularly its 
‘Multiple linear regression’ module with the 
‘Weighted moments’ option. The obtained mini-
mum adequate model was selected by means of a 
backwards stepwise procedure with the minimal 
partial correlation criterion (Christensen 2011: 
chapter 14.2). A covariate was included in the 
model if its corresponding significance was at 
least 5%. A normal assumption was verified by 
normal probability plots. The model was verified 
by residual plots, an F-test (Christensen 2011: 
theorem 3.2.1), and a chi-square test (Ferguson 
1996: theorem 24). For calculating standardized 
residuals we used the MATLAB software, ver. 
7.11 (MathWorks Inc.).

The proposed model (Eq. 6) with all seven 
covariates included is significant (F = 10.9, p 
< 0.001) although some covariates are not sig-
nificant. The plot of residuals (Fig. 2a) verifies 
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the model. Normal probability plots (Fig. 2b) 
of standardized residuals show that there is no 
reason to reject the hypothesis that standardized 
errors follow the standard normal distribution. In 
addition, we can assume that the parameter δ has 
a value of 1 since the p value of the appropriate 
chi-square test of adequacy of the model with δ 
= 1, is greater than 90% (χ2 = 41.6).

The effect of defoliation was analysed with 
a Wilcoxon matched pairs test for seven pairs 
of plots (data from Flousek 1989, Perušek 1992, 
Weggler & Widmer 2001, Lang et al. 2003), with 
available data on bird densities in forest stands 
before and after defoliation, or from two neigh-
bouring plots — one undamaged (or slightly 
damaged) and one heavily damaged.

In both case studies at the regional scale, the 
data were not normally distributed (Shapiro-
Wilks’ W test, p < 0.05), therefore we used a 
Mann-Whitney U-test and Spearman’s correla-
tion with a Bonferroni correction for multiple 
comparisons. Structural characteristics of veg-
etation were included in the analysis only at the 
regional scale and detailed climate data (mean 
monthly temperature and precipitation) only in 
Croatia, as appropriate data at the continental 
scale were lacking.

Results

Continental scale

The minimum adequate model (Eq. 6) has four 
significant covariates: mean annual temperature 
(temperature), annual precipitation (precipita-
tion), occurrence rate and forest type (Table 2). 
It is highly significant (F = 17.9, p < 0.001), 
and does not significantly differ from the start-
ing model (F = 1.25, p > 0. 30 or χ2 = 2.83, p > 
0.41, testing the hypothesis that δ = 1). In this 
case, the hypotheses of normality of errors (the 
normal probability plot, Fig. 2d) and adequacy 
of the model with δ = 1 (χ2 = 44.5, p > 0.90, see 
Fig. 2c) cannot be rejected. Both climate vari-
ables were negatively correlated with the gold-
crest/firecrest ratio, revealing that the firecrest 
dominated in warmer and more humid areas. 
Absolute values of the coefficients (bj*) of the 
standardized covariate values (Table 2) indicate 
slightly greater (but not significant) importance 
of temperature over precipitation. However, in 
areas with annual precipitation above 1400 mm, 
only the firecrest dominated. Occurrence rate 
was positively correlated with the species abun-
dance ratio (see Table 2), showing that near the 
range boundaries of one species, the other usu-
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Fig. 2. Standardized plots of residuals (predicted vs. residual scores, Z = log-ratio densities goldcrest/firecrest): (a) 
full model, and (c) minimum adequate model; and normal probability plots of standardized residuals: (b) full model, 
and (d) minimum adequate model.
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ally dominates. Forest type was correlated with 
the ratio of the two Regulus species, indicat-
ing more pronounced goldcrest domination in 
coniferous forests. The projection of the model 
showed that in any combination of temperature, 
precipitation and occurrence rate, the probabil-
ity to encounter the goldcrest over the firecrest 
is higher in coniferous forests than in mixed 
ones. The difference between the probabilities of 
encountering one species over the other in these 
two forest types is most pronounced in warm and 
dry forest habitats.

The ratio of goldcrest to firecrest density 
increased in damaged forests (Wilcoxon matched 
pairs test: Z = 2.366, p < 0.05) as a consequence 
of the more pronounced decrease in the firecrest 
density.

Regional scale

At the regional scale, the correlation of the gold-
crest/firecrest ratio with the geographical loca-
tion for Croatian forests showed a pronounced 
effect of latitude (Spearman’s correlation: rS = 
0.75, p = 0.012), but not of longitude (rS = 0.07, 
p = 0.83). The firecrest dominated in Mountain 
Croatia (Dinaric Alps) and on isolated moun-
tains of eastern Croatia, while the goldcrest was 

dominant on isolated mountains of NW Croatia. 
The goldcrest/firecrest ratio was correlated with 
mean precipitation only in May (rS = 0.72, p < 
0.016). Bonferroni corrected p equalled 0.016 
for both geographical and climate factors. Firec-
rest dominated in areas with a greater proportion 
of fir trees, greater average tree basal area and 
greater density of the largest trees (diameter at 
breast height > 68 cm, Table 3). The cumulative 
proportion of all coniferous trees in forest stands 
(fir, spruce, pine and larch) had no significant 
effect on the goldcrest/firecrest ratio (p = 0.24).

In the Krkonose Mts. of the Czech Republic, 
the goldcrest dominated in 94 of the 108 plots 
(87%). The goldcrest/firecrest ratio increased 
with the proportion of spruce trees in the study 
plot (rS = 0.33, p < 0.001). There was a positive 
correlation between the proportion of spruce trees 
and altitude as well as damage, but after the Bon-
ferroni correction the ratio of the two species was 
not significantly correlated with those variables.

The goldcrest/firecrest ratio was not corre-
lated with increasing damage of trees. The mean 
number of birds per point for both species was 
negatively correlated with tree damage (Spear-
man’s correlation: goldcrest rS = –0.36, p < 
0.001; firecrest rS = –0.51, p < 0.001), therefore 
affecting the significance level of the goldcrest/
firecrest ratio.

Table 2. Minimum adequate regression model. covariates are given in their original metrics (bj), and in standard-
ized forms (bj*). t-test statistics and p values for testing the significance of each covariate included in the model are 
also given. The adjusted coefficient of determination is 0.52 and the δ parameter estimate is 0.88.

 bj* Se (bj*) bj Se (bj) t58 p

Intercept   2.174089 0.654726 3.32061 0.001557
Temperature –0.361027 0.093317 –0.266914 0.068991 –3.86881 0.000279
Precipitation –0.258128 0.095836 –0.000600 0.000223 –2.69342 0.009232
Occurrence rate 0.333619 0.091667 2.724537 0.748612 3.63945 0.000583
Forest type 0.442996 0.089799 0.916138 0.185708 4.93322 0.000007

Table 3. Habitat characteristics showing significant differences between forests dominated by the goldcrest and 
firecrest in croatia. Mean values ± Ses are given, together with Mann-Whitney U-test p values.

characteristic of vegetation Goldcrest-dominated forests Firecrest-dominated forests p

Percentage of fir trees 22.28 ± 3.99 43.54 ± 5.15 < 0.001
Average tree basal area 0.11 ± 0.02 0.19 ± 0.02 < 0.001
Density of largest trees 46.16 ± 7.28 60.90 ± 4.90 < 0.001
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Discussion

The resulting minimum adequate model devel-
oped by the weighted multiple linear regres-
sion showed that climate factors, occurrence 
rate and forest type affected the most the ratio of 
the two Regulus species. The firecrest generally 
dominated in warmer and more humid areas of 
Europe. The effects of climate on these two spe-
cies were studied in the Iberian Peninsula (Tell-
eria & Santos 1994), where firecrest densities 
were positively correlated with annual precipita-
tion, while those of the goldcrest were positively 
correlated with precipitation and negatively with 
mean annual temperature. However in the Ibe-
rian Peninsula, the goldcrest is restricted to the 
high mountains and it is patchily distributed 
(Telleria & Santos 1993, Lebreton & Thévenot 
2009). Therefore, these results cannot be applied 
as a general rule to the effects of climate on the 
two Regulus species without wider studies.

Altitude on its own could not explain the 
differences in the ratio between the two Reg-
ulus species. Both temperature and precipita-
tion change with altitude, and they also vary 
across the continent, so that climatic conditions 
at certain altitudes also change across Europe. 
In our study, average annual precipitation was 
correlated with altitude (rS = 0.64, p < 0.001), 
but not with temperature (rS = –0.21, ns). In 
Europe, average temperature increases towards 
the south and southwest, while average annual 
precipitation depends on altitude and proximity 
to the Atlantic Ocean, resulting in the highest 
values in the Alps, the Dinaric region, and along 
the Atlantic coast (Huntley et al. 2007). Con-
sequently, differences in altitudinal preferences 
of the two Regulus species occurred across the 
continent: the firecrest preferring montane for-
ests in the southern parts of its range (Leisler & 
Thaler 1982, Hagemeijer & Blair 1997) where 
it is warmer, but also more humid at higher alti-
tudes. In central Europe (the Czech Republic and 
Austria), the firecrest is also common in lowland 
areas (Dvorak et al. 1993, Šťastný et al. 2006), 
while the goldcrest prefers middle and higher 
altitudes.

The minimum adequate model and its projec-
tion confirmed dominance of the goldcrest in 
coniferous forests and of the firecrest in mixed 

forests. Our study did not reveal differences in 
the ratio of the two species between pine forests 
and forests dominated by spruce or fir. In a study 
that covers France to Morocco, both species 
had higher abundances in fir than pine forests, 
which was especially evident for the goldcrest 
(Lebreton & Thévenot 2009). In the Pyrenees, 
the goldcrest was dominant in mountain pine 
forests, while the firecrest was more numerous 
in beech–fir and Scots pine (Pinus sylvestris) 
forests (Purroy 1974a, 1974b).

It is known that densities of both Regulus 
species significantly decrease with an increasing 
amount of damage (defoliation) to spruce trees 
(Flousek 1989). Firecrest populations showed a 
more dramatic decrease, both as a result of the 
damage to spruce trees (Flousek 1989) and defo-
liation of beech trees (Weggler & Widmer 2001). 
That was also confirmed in this study, but a more 
detailed analysis at the continental scale was not 
possible, as methods for assessing damage to 
trees differed among surveys.

At the regional scale, in coniferous and 
mixed montane forests of Croatia and the Czech 
Republic, the ratio of the two species differed 
considerably among sites and habitats.

On isolated mountains in NW Croatia, the 
goldcrest was 3–5 times more numerous, but in 
Mountain Croatia its densities were more than 10 
times lower than those of the firecrest. Although 
there were no correlations between annual tem-
perature and precipitation and the ratio of the two 
species, precipitation during late spring was cor-
related with firecrest’s dominance. In the Czech 
Republic, the goldcrest can be up to four times 
more numerous in spruce forests than the fire-
crest, while their densities are almost equal in 
forests with more deciduous trees (Šťastný et al. 
2006). The goldcrest’s dominance in spruce for-
ests of the Krkonose Mts. is in line with this gen-
eral pattern, but in Croatia, different results were 
obtained. Croatian forests are characterised by fir, 
not spruce. Stands with a greater proportion of 
fir (but not significantly greater proportion of all 
coniferous trees) were preferred by the firecrest, 
which could be identified as the characteristic 
breeding species of fir and fir–beech forests in 
Croatia. In Croatian forests, the firecrest was 
more abundant in older forest stands. Similar 
results were obtained in other regions (Lauer-
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mann 1976, Muller 1988), but the opposite ratio 
could also be found (Řepa 1984).

The expansion of coniferous plantations at 
the end of the 19th century allowed the firecrest 
to increase its range and numbers considerably in 
central Europe (Gatter & Schütt 2004), resulting 
in a northward shift in its distribution. In France, 
many native fir forests were replaced by pines, 
which caused changes in the local ornithofauna 
(Lebreton & Thévenot 2009). The spatial distribu-
tion (quadrate occupancy) of the firecrest in the 
Czech Republic has increased by 75% in the last 
three decades (Šťastný et al. 2006). In Croatia, the 
firecrest also spread its range towards the north. 
It is abundant in continuous fir-beech forests of 
Mountain Croatia, but was not present as a breed-
ing species on insular mountains of NW Croatia 
during the 20th century (Kroneisl 1949, Dolenec 
1991). Our research is the first confirmation of 
breeding of the firecrest in this region of Croatia. 
In Europe, the firecrest is known to inhabit iso-
lated patches of coniferous trees, but it is not the 
case in Croatia. In lowland Croatia, the goldcrest 
recently established small populations in isolated 
habitats with coniferous trees, including urban 
parks (J. Kralj pers. obs.). The occurrence rate 
seems to have an important effect on the abun-
dance ratio of the two species along their range 
boundaries. It is known that the possibility of 
colonisation of new areas is related to the regional 
occurrence of bird species. Widely distributed and 
abundant species have a higher chance of colonis-
ing neighbouring forests (Villard & Taylor 1994).

The firecrest has a more southern distri-
bution than the goldcrest, being absent from 
northern coniferous forests. According to Haila 
and Järvinen (1990), southern coniferous forests 
have a characteristic set of abundant species, 
which may originate from other types of forests. 
But it is more likely that the firecrest, which is 
a species of boreal origin (as other species of 
its genus), failed to spread north from refuges 
in Mediterranean Europe (Blondel 1990) and 
to recolonise the northern taiga after the last 
glaciation. Therefore, the recent ratio between 
these two species might be the result of historical 
changes in their ranges, as well as local climate 
and forest type.

The number of studies concerned with the 
effects of climate change on different aspects of 

the bird fauna is increasing (Møller et al. 2004, 
Huntley et al. 2007). Since recent global climate 
change is likely to have caused an increase in 
annual temperatures in most of Europe and a 
decrease in annual precipitation in the western 
Mediterranean area (IPCC 2007) where the fire-
crest dominates, it would be important to monitor 
possible changes in the ratio of the two species 
— e.g. an expected spreading of the firecrest, 
especially northwards (as modelled by Huntley 
et al. 2007) or into higher altitudes. The case 
study in Croatia showed that, although annual 
precipitation at the regional scale had no effect 
on the ratio of the two species, higher average 
precipitation during late spring was preferred by 
the firecrest. Therefore, apart from annual rates 
of precipitation and temperature, dynamics of 
climate factors through the year can also be an 
important issue, and should be given more atten-
tion in future studies. At the continental scale, the 
ratio of the two Regulus species is influenced by 
climate and habitat factors (forest type), as well 
as by the occurrence rate. The significant role of 
the occurrence rate indicates that with the spread-
ing of one species, existing ratios might change 
considerably. The combination of climate change 
and changes in forestry, resulting in the spread of 
coniferous and especially pine forests, may influ-
ence the distribution and abundance of these two 
Regulus species in Europe and change the local 
forest bird community structure.
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