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Abstract

Climate change is one of the most important drivers of biodiversity. If it proceeds at current
pace, it will lead to homogenization and pose a serious threat to biodiversity. Birds, as one of
the most researched taxonomic groups, are successfully used as indicators of biodiversity of
the whole ecosystems, and thus offer an excellent opportunity to study the overall impact of
climate change. We use data from repeated annual monitoring programmes in Czech
Republic, Breeding Bird Monitoring Programe, based on point counts, and Constant Effort

Sites mist-netting ringing programme, capture-mark-recapture schema. We found that:

1. Population growth of 6 out of 37 resident species responded negatively to seasons
with lower winter temperatures. The response was stronger in species feeding on
animals.

2. Long-distance (LD) migrants’ breeding productivity responds negatively to higher
spring temperatures and advanced spring as indicated by earlier leaf unfolding of three
tree species. Residents and short-distance migrants responded positively. This distinct
contrast brings clear support for the trophic mismatch hypothesis.

3. LD migrants’ adult survival was positively affected by moisture (AET/PET) in the
Sahelian part of their non-breeding ranges. The effect was not present in the southern
part. We found no support for the carry-over effect.

4. Spring climate explained 62% variability of the breeding productivity of LD migrants,
whereas AET/PET in Sahelian part of their region explained 20% of the variability of
adult survival. Climate on the breeding grounds was thus more important for migrant
species than the on the non-breeding grounds. Nevertheless, survival was more
correlated with population growth than breeding productivity; which suggests an
important missing piece of its variability was not explained by climate. This study is
likely the first one to make such comparable measurement across wide spectre and
long-term data of long-distance migrant species.

5. Montane species moved upwards; species breeding at higher altitudes had more
negative population trend; upward shift brought more benefit to lower breeding

species, suggesting that higher altitude species already have nowhere to shift.

This thesis brings enough evidence for the impact of climate on bird populations, which is

most severe for montane species and long-distance migrants.



Abstrakt
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postupovat soucasnym tempem, povede k homogenizaci a bude predstavovat zdvaznou
hrozbu pro biodiverzitu. Ptaci, jakoZto jedna z nejvice probadanych taxonomickych skupin,
jsou uspesné vyuzivani jako indikator biodiverzity celych ekosystémd, a tudiz poskytuji
skvélou prilezitost zkoumat celkovy dopad klimatické zmény. V této studii jsme vyuzili udaje
z Jednotného Programu S¢&itani Ptk (JPSP) v CR, ktery je zaloZen na bodovém séitani, a
Constant Effort Sites, programu spo¢ivajicim v odchytu ptaki do siti a krouzkovani metodou

konstantniho Gsili. Zjistili jsme, Ze:

1. Populacni rist Sesti z celkem 37 rezidentnich druhti reagoval negativné na sezonu s
nizni teplotou v zimnich mésicich. to lower winter temperatures. Tento vztah byl
vyrazngj$i u druhti konzumujicich zivocisnou potravu.

2. Hnizdni produktivita dalkovych migrantii reagovala negativné na vyssi jarni teploty a
Casng&jsi nastup jara, méfeno datumem rozvijeni listi u tfi druht dievin. Rezidenti a
migranti na kratké vzdalenosti reagovali naopak pozitivné. Tento kontrast pfinasi
ziejmou podporu pro mismatch hypotézu.

3. Meziro¢ni piezivani dospélych jedinct dalkovych migrantl pozitivné reagovalo na
vlhkost (AET/PET) v Sahelské c¢asti jejich zimujiciho aredlu. Efekt nebyl prokazan v
jeho jizni ¢asti. Vliv carry-over efektu nebyl prokéazan.

4. Jarni klima vysvétlilo 62% variability hnizdni produktivity dalkovych migranti,
zatimco AET/PET v Sahelské ¢asti jejich zimujiciho aredlu vysvétlilo 20% variability
populace dalkovych migranti nez klima na zimovistich. Nicméné, pfezivani bylo vice
korelovano s popula¢nim rtistem nez produktivita, coz naznacuje dulezitou
nevysvétlenou komponentu variability prezivani dospélych ptakd, kterou se
nepodafilo vysvétlit klimatem. Tato studije je pravdépodobné prvni, ktera klade dlraz
na porovnatelnost relativni diileZitosti jednotlivych faktori na Sirokém spektru druhii
na delsi ¢asovée skale.

5. Horské druhy ptaki posunuly aredly do vysSich nadmotskych vysek; tyto posuny
areall se vice vyplatily druhtim, jejichz aredly byly nize polozené, coz naznacuje, ze
druhy s vySe polozenymi aredly se jiz nemaji kam posouvat. Druhy hnizdici ve

vysSich nadmotskych vyskach mély negativnéjsi populacni trend.

Tato prace ptindsi dostatek dikazl pro vliv klimatické zmény na ptaci populace, ktery je

extrémné zdvazny zejména pro horské druhy a pro ptaky migrujici na dlouhé vzdalenosti.



Introduction

Why birds?

Birds have always been among people’s most favourite wild animals. Their song, their flight,
their spirit itself has been an inspiration to human kind since the ancient times.They took

place in mythology and romance (e.g. Macha 1836 or Shakespeare 1597):
JULIET
Wilt thou be gone? It is not yet near day.
It was the nightingale, and not the lark,
That pierced the fearful hollow of thine ear.
Nightly she sings on yon pomegranate tree.

Believe me, love, it was the nightingale.

ROMEO
It was the lark, the herald of the morn,

No nightingale. I must be gone.

Birds’ popularity might be due to the fact that they are the most conspicious animals in
nature. They are the ones you can see or hear most frequently in the outdoors. Birdwatching
has become a cult in a such extent that has no equivalent in other species groups. There are
whole clubs, nationwide and international organizations and even contests dedicated just to
birdwatching. This unique passion for birds is the reason why they are one of the most
researched species groups. There are lots of skilled amateur ornithologists that have top-level
knowledge on bird determination, and can be engaged into serious research activities.

Organizations like Czech Society for Ornithology, czech partner of Birdlife International, are



uniting people who love birds, allowing them to contribute to monitoring and research

programmes.

Bird population changes

Population size is one of the most important characteristics of a species’ population. It is
crucial for species ecology, but also for assessment of conservation priorities (see e.g. [UCN
Red List or Special Protection Areas). Thus, population ecology studies focused on changes

in abundance belong to one of the most practical and applied research.

Population changes in many bird species’ communities are alarming. Farmland birds are
experiencing continual declines (Pe’er ef al. 2014; Gamero ef al. 2016). Long-distance
migrants are declining (Sanderson et al. 2006; Heldbjerg & Fox 2008). Due to climate
change, cold-loving and alpine birds are declining (Lemoine et al. 2007; Gregory et al. 2009).
Nowadays, human induced pressure on the environment grows steeply. Birds, thanks to very
good data availability and their position in the trophic pyramid, are great indicators of

biodiversity of the whole ecosystems (Gregory et al. 2003, 2008; Lamb et al. 2009).

In order to have a proper and reliable information on bird abundance, which can be used for
research and conservation purposes, periodic annual monitoring programmes with constant
effort methodology are needed. For example, Breeding Bird Monitoring in Czech Republic
(BBMP) held by Czech Society for Ornithology, is an example of such a programme. On the
other hand, a lot of studies use data on population changes based on national breeding bird
atlas mapping, which is held only once per cca 10-20 years to assess bird distribution and
abundance. In Paper I, we have compared the data quality from this regular BBMP
programme with the Czech Breeding Bird Atlas mapping. Despite the fact that BBMP data
cover much less area than the Atlas, thanks to the unified methodology performed constantly
every year, the BBMP data are much more reliable information relative abundance changes
than Atlas mapping. For this reason, we chose regular monitoring programmes for our further

research.



Climate change

Human induced climate change is more and more urgent and alarming topic (King 2004).
Climate change is one of the most important drivers of biodiversity (Pimm ef al. 2014). If it
proceeds at current pace, it will lead to homogenization and pose a serious threat to
biodiversity (Thuiller et al. 2011). There are various causes of bird population changes, but
the climate change is on the top of the list and must be considered by any serious studies

aiming to explain bird population changes (Vickery et al. 2014).

Climate and it’s changes in time and space have been shaping bird populations since their
evolution birth. For example, bird migration evolved as an adaptation to climate variability in
space and time (Louchart 2008). Thus, it is not a surprise, that the same mechanism that led to
their evolution is now threatening them, when the parameters of this mechanism — climate —

are changed so rapidly as we observe in the past decades.

For this reason, we aim to focus on migration strategies and their challenges with changing

climate. We also focus on a specific group, montane birds.

Resident birds and impact of winter temperature

Winter temperature is amongst the most important predictors of bird distribution as shown by
studies in Europe (Huntley ef al. 2008) as well as in North America (Illan ez al. 2014).
Resident birds spend winter in their breeding ranges, so we might expect that their survival
will be limited by climatic conditions in winter, namely temperature (Robinson, Baillie &

Crick 2007).

To test the impact of winter temperature on annual population fluctuations, in the Paper II,
we used the data from Czech Breeding Bird Monitoring Programme between 1982 and 2007.
BBMP is a large-scale generic bird monitoring scheme based on fieldwork of skilled
volunteers. All 335 census sites are scattered throughout the whole territory of the country

and they form a representative sample of the Czech landscape (Reif et al. 2008a).

We modelled the inter-annual population growth as a function of temperature in different
winter months. We then analyzed the responses according to diet and body mass. We found a
significant positive response of population growth to January temperature in 4 species — out of

the total 37 (Streptopeila decaocto, Alcedo atthis, Troglodytes troglodytes, Turdus merula), in
9



February in 4 species (4Anas platyrhynchos, Buteo buteo, Alcedo atthis, Troglodytes
troglodytes), and in December in 2 species (Troglodytes troglodytes, Turdus merula). We
found that the response was stronger in species feeding on animals, potentially due to lower

availability of prey (Rolstad & Rolstad 2000).

The effect of winter temperature is present, however, it is much weaker than we expected.
This might be due to other influencing factors like land-use changes (Gregory et al. 2007,
Reif & Hanzelka 2016), or due to the fact that, in contrast to e.g. Robinson, Baillie & Crick
(2007) we did not study survival as a direct demographic parameter. For this reason, in our
next study (Paper 1V), we focused on very detailed demographic analysis, which allows to

disentangle various factors contributing to population changes.

Long-distance migratory birds

Species migrating over long distances are exposed to various adverse impacts in different
regions, being thus under higher risk of extinction than non-migrants (Wilcove & Wikelski
2008). Although this pattern has been observerd across diverse taxonomic groups, ecoregions
and habitats (Wilcove & Wikelski 2008), recent studies suggest this pattern is strongest in
birds, whereas for example migratory mammals decline less than non-migratory (Hardesty-

Moore et al. 2018).

In past decades, long-distance migratory birds are experiencing consistent declines in Europe
(Berthold 1973; Winstanley, Spencer & Williamson 1974; Peach, Baillie & Underhill 1991;
Berthold ef al. 1998; Sanderson et al. 2006; Heldbjerg & Fox 2008) and North America
(Ballard et al. 2003). Migratory birds experience declines not present in residents and short-
distance migratory birds to such an extent, as has been shown by multiple studies from
european countries (Lemoine et al. 2007; Heldbjerg & Fox 2008; Van Turnhout et al. 2010;
Laaksonen & Lehikoinen 2013), as well as at the pan-European level (Sanderson et al. 2006;
Vickery et al. 2014) and other continents (Bohning-Gaese, Taper & Brown 1993; Simmons et
al. 2015). It is thus evident that long-distance migrants are under much stronger pressure than
the other species. Although this pressure can be also attributed to non-climatic causes,
including habitat loss or degradation, farmland intensification and other anthropogenic
pressure on breeding, wintering and stop-over sites (Newton 2004; Calvert, Walde & Taylor

2009; Gamero et al. 2016), climate change stays on the top of the list (Vickery et al. 2014).
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Climate affects long-distance migratory birds on the breeding and wintering grounds, as well
as the stop-over sites. In the following two sub-sections, we will focus on two most prevalent

hypotheses on long-distance migrant declines:

1) The trophic mismatch on the breeding grounds, which is a result of raising spring

temperatures. Birds shift their breeding phenology slower than their food,

2) The impact of climate, droughts in particular, in sub-Saharan Africa, their wintering

grounds.

Hypothesis 1: Trophic mismatch - impact of raising spring temperatures

The most discussed pressure on the breeding grounds is the trophic mismatch, general
phenomena present accross many taxa. Changing climate, in particular raising spring
temperatures (Schwartz, Ahas & Aasa 2006), results in phenology shifts, but these may differ
among various trophic levels. Usually, higher trophic levels shift at slower pace than lower
trophic levels. This means that the “predator” or “consumer” adapts their phenology slower

than their food. This has been shown across many trophic pyramids:

e birds of prey - songbirds - caterpillars - trees (Both ef al. 2009b)

e birds - caterpillars (Both & Visser 2005; Donnelly, Yu & Liu 2014)
e birds - plants (Ovaskainen et al. 2013)

e roe deer - vegetation (Plard et al. 2014)

e Daphnia - phytoplancton (Winder & Schindler 2004)

e in terrestrial ecosystems (Thackeray et al. 2010).

The bottom of the pyramid often does not catch up with the speed of changing climate itself
(Duputié ef al. 2015). It must be mentioned though that the opposite pattern - when lower
trophic levels shift at slower pace - is also present (Visser & Both 2005), for example in
marine and freshwater ecosystems (Thackeray ef al. 2010), and trees versus invertebrate

consumers (Both et al. 2009b; Donnelly, Yu & Liu 2014).

All these trophic mismatches yield fitness consequences (Winder & Schindler 2004; Both &
Visser 2005; Nussey et al. 2005). In case of birds, mismatch occurs between the phenology of
the food and breeding of long-distance migrants. Due to rising temperatures, the spring onset

advanced in last decades — earlier timing of budburst and leaf unfolding results in earlier
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hatching of caterpillars, most important avian food source in breeding period. Bird phenology
advanced as well, however, long-distance migrants are not able to adjust their phenology as
much as short-distance migrants or residents (Rubolini et al. 2007; Rubolini, Saino & Moller
2010; Saino et al. 2011; Kolarova & Adamik 2015), possibly due to constraints resulting from
migratory strategy (Rubolini, Saino & Moller 2010). Long-distance (LD) migrants are thus
unable to advance their phenology as fast as lower trophic levels (Ovaskainen et al. 2013;
Donnelly, Yu & Liu 2014). This trophic mismatch results in lower breeding productivity
(Both & Visser 2005; Clausen & Clausen 2013) and subsequent population decline (Both et
al. 2006; Mgller, Rubolini & Lehikoinen 2008). While this pattern is apparently very well
described in local studies, it might be particular only to certain habitats (Both et al. 2009a;
Dunn et al. 2011). The extent to which it affects populations of LD migrants in general is still

unclear (Knudsen et al. 2011; Vickery et al. 2014).

Hypothesis 2: Droughts in sub-Saharan Africa

Climate also affects birds on passage and wintering grounds. In the case of European birds,
long-distance migratory species are usually those wintering in sub-Saharan Africa. Famous is
the relationship between precipitation in the Sahel and survival of LD migrants, which led to
their severe population declines during the Sahel droughts in 70s and 80s (Winstanley,
Spencer & Williamson 1974; Peach, Baillie & Underhill 1991). Similar pattern is observed at
the American continent (Studds & Marra 2007). Recent situation is less clear. Precipitation in
the Sahel has increased in last decades (see JISAO - Joint Institute for the Study of the
Atmosphere and Ocean) and species wintering in the dry region of Sahel have recovered and
are reported to have better trends than species wintering in the humid zone (Morrison ef al.
2013; Atkinson et al. 2014). Nevertheless, water in sub-Saharan Africa is obviously still a
limiting factor to some populations of LD migrants (Ockendon, Johnston & Baillie 2014;
Johnston et al. 2016). Extent of the impact on populations is, however, still unclear and also
most of these studies come from western Europe, mostly UK studies from other regions of

Europe are still lacking.

Climatic conditions in the wintering grounds may not only affect migrants’ survival, but may
also carry-over to affect the breeding season (Newton 2004; Norris & Marra 2007). Higher
water availability in Africa may advance (Saino et al. 2004, 2007; Gordo & Sanz 2006;
Gordo & Jose Sanz 2008), but also delay (Robson & Barriocanal 2011) migrants’ arrival to

12



the breeding grounds. The carry-over effect might also occur via the body condition after
arrival (Smith & Moore 2003). Various studies have shown a positive link between moisture
in the wintering tropical areas and breeding performace of both Old and New World LD
migrants (Schaub, Jakober & Stauber 2011; Rockwell, Bocetti & Marra 2012; Norman &
Peach 2013; Finch et al. 2014); in some cases, the carry-over effect was even stronger than
the effect of climate in the breeding grounds (Schaub, Jakober & Stauber 2011; Norman &
Peach 2013; Finch et al. 2014). Some other studies have found no such effect (Laaksonen et
al. 2006; Pedersen et al. 2016), or even a negative one (Ockendon, Leech & Pearce-Higgins
2013). The population dynamics behind carry-over effect is more complicated, since the
negative effect of conditions in wintering grounds might be also affecting the species
positively via density dependence in the breeding grounds (Calvert, Walde & Taylor 2009).

Caution is therefore needed in both analysis and interpretation.

Impact of breeding or wintering grounds?

As I sketched in the above two sections, both major hypotheses of how climate affects birds
on breeding and wintering grounds have been pretty well described and confirmed. That being
said, very little is known on their relative importance and contribution to the general
population changes of long-distance migrants. Which one is the most important? Which one is

the cause of the decline?

Let us see what we know from the literature. Global multi-species studies in Northern
America and UK suggest breeding grounds having more impact (Bohning-Gaese, Taper &
Brown 1993; Morrison et al. 2013), the same result is reported on Setophaga caerulescens
and Setophaga ruticilla from a single site in New Hampshire (Holmes 2007). These studies,
however, didn’t compare relative contribution of breeding and wintering grounds. Some
studies compared the impact of breeding versus wintering grounds, but only considered their
impact on the productivity, not on the survival (Ockendon, Leech & Pearce-Higgins 2013;
Finch ef al. 2014). Only few studies directly tested the population dynamics. Pearce-Higgins
et al. (2008) report more important contribution of survival compared to the productivity of
Actitis hypoleucos, same pattern is reported on Riparia riparia (Norman & Peach 2013).
Poysd & Vidndnen (2014) report more important contribution of temperature on the breeding

grounds than precipitation in Sahel to the population growth.

As we can see, there are only few existing studies, which focus on comparison of different
13



climatic impacts on LD migrants — and these only focus on single species from very small
geographical area (usually single site or few clustered sites). But in fact, general, multi-
species studies focusing on the comparison of relative importance of major factors and
mechanisms shaping species populations are critical for understanding the causes of declines
(Vickery et al., 2014). Without this understanding, prioritization and development of efficient

conservation actions is hardly possible (Vickery et al. 2014)

For this reason, we designed a major study of this Thesis, Paper IV. In concordance with
methodological Paper I, we decided to use as precise data as possible. We have chosen the
Constant Effort Sites (CES) mist-netting scheme in the Czech Republic from 2004 to 2014.
This bird ringing programme is based on annual collecting of capture-mark-recapture data for
numerous species of small passerines using a network of skilled volunteers under a standard
protocol. The idea behind CES is obtaining data on avian demography by repeated sampling
of numerous sites over the course of the breeding season and to monitor each site for as many
consecutive years as possible. Since the sampling effort is constant at each site across years,
these data enable modelling reasonable estimates of demographic parameters (e.g. Johnston et
al., 2016). Such CES programmes have been established in several European countries since
1990s (e.g. Robinson et al., 2009) and became an invaluable source of long-term avian

demographic data (e.g. Johnston et al., 2016).

Birds were mist-netted at 43 sites around Czech Republic, during 9 visits in ca 10-day
intervals covering the advanced breeding season (May - July) every year. Each site had at
least 70 m of mist nets. The sites occurred mostly in wet and shrubby habitats (e.g. reedbeds,
willow carrs, scrubland) and at forest edges. Each captured bird was determined and aged to
distinguish adults from juveniles. Using these data allowed us to not only the population

changes, but also key demographic parameters:

e adult survival: probability that adult resident bird will survive to the next year;
e breeding productivity: number of juveniles divided by number of adult population in

a given year.

Our dataset provided results for 8 LD migrants, 8 SD migrants, 4 partial migrants and 1

resident species. Next, we used the following climatic variables:

¢ in the breeding grounds (Czech Republic):

o mean monthly temperature in March — June;

14



o GDD5 — Growing Degree Days — sum of daily temperatures above 5°C in
March and April;
o phenology of 3 tree species — Julian date of 10% leaf unfolding of 7ilia
Cordata, Salix caprea and Sambucus nigra,
¢ in the non-breeding grounds (sub-Saharan Africa):
o AET/PET (actual to potential evapotranspiration) in species‘ individual non-
breeding ranges. AET/PET ranges from 0 (no water at all) to 1 (100%

saturation with water).
We did test the following hypotheses:

1. Breeding productivity of long-distance migratory birds will be negatively affected by
spring temperature, GDDS5, and earlier spring onset measured by leaf unfolding;

a. for short-distance and resident birds we expect this effect to be neutral or
opposite.

2. Adult survival will be positively affected by higher moisture (indicated by higher
AET/PET ratio) in the non-breeding grounds. This effect will be stronger in the
Sahelian part of their non-breeding range.

3. Breeding productivity will be positively affected by AET/PET in non-breeding
grounds (carry-over effect).

4. Most importantly, we compared the strength of the above efects and their relative

contribution to population changes.

The results clearly show that LD migrants’ productivity indeed responds negatively to higher
spring temperature and advanced plant phenology (see Figure 1 and Paper IV for more
details). On the other hand, resident and short-distance (SD) migrant species responded
significantly positively, partial migrants’ response was also positive (though not significant).
The distinct contrast between LD migrants and the other migratory strategies is a clear signal
that the migratory strategy is what matters in response to spring temperature. Residents, SD
and partial migrants can arrive earlier and thus can profit from earlier spring onset (Wright et
al. 2009; Pearce-Higgins et al. 2015), whereas LD migrants, unable to advance their arrival to
breeding grounds as much as residents (Rubolini ez al. 2007; Rubolini, Saino & Moller 2010;
Saino et al. 2011; Kolarova & Adamik 2015), respond negatively. This result and namely the
contrast between migratory strategies is a support for the trophic mismatch hypothesis (see

the reasoning above).
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Fig. 1: Relationships between breeding productivity of bird groups defined by different
migratory strategies and climatic variables reflecting spring phenology at breeding grounds.
Each variable was tested in a single model taking also the potential effect of population
density into account (see Table S4 in Paper IV for full results of each model). The
relationships are expressed as mean slopes across species sharing a given migratory strategy
with 95% confidence intervals (y-axis). Climatic variables: GDDS — growing degree days, i.e.
accumulated temperature above 5°C; T — mean temperature; Salix caprea, Tilia cordata,
Sambucus nigra — Julian date of 10% leaf unfolding for a given plant species. Migratory
strategy: RES — resident, PAR — partial, SD — short-distance migrant, LD — long-distance

migrant. See Paper IV for more details.
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We also did find support for the second hypothesis — survival of adult individuals was
significantly positively affected by moisture — but only in the Sahelian part of their non-
breeding ranges, not in the southern part. Stronger effect in the Sahel region could be
expected for several reasons. First, it is a first stop after the Sahara desert in the autumn
migration (Tettrup ef al. 2012), and also important refuelling station before crossing the
Sahara desert in the spring migration (Risely, Blackburn & Cresswell 2015). Second, the
Sahel region is very dry, so we can expect much more severe impact of water limitation on
biota than in more moist regions of Africa (Hawkins et al. 2003). On a species level, this
effect was significant for Phylloscupus trochillus, Sylvia communis and almost significant for
Acrocephalus schoenobaenus, see Table S6 of Paper IV. Although this mechanism is very
well known and described (Winstanley, Spencer & Williamson 1974; Peach, Baillie &
Underhill 1991; Studds & Marra 2007), our study is, as far as we know, the first one that has
studied this effect on survival on a wide range of species except for Johnston et al. (2016). In
contrast to the impact of the African AET/PET on the survival, we did not see a significant
carry-over effect; probably because this effect is much more indirect and complicated

(Calvert, Walde & Taylor 2009).

Now, both hypotheses are confirmed, across species as well as on a species level. But
which effect is stronger? Now, the most important and inovative part of our study comes

into play.

Spring climate explained 62% variability of the breeding productivity (see Table 2 of Paper
IV), whereas AET/PET (moisture) in Sahelian part of non-breeding ranges explains only 20%
of the variability of the adult survival. As far as we know, our study is the first one to make
such comparable measurement across wide spectre of long-distance migrant species, apart
from few, very local studies (Pearce-Higgins et al. 2008; Norman & Peach 2013; Poysd &
Vidnidnen 2014). Interestingly, this finding contrasts with our analysis of population
dynamics. Although survival was more correlated with population growth than breeding
productivity, this relationship is probably caused by the fact that the breeding productivity is
not a direct input to population growth — the produced young need to survive to become
recruits to the adult population, i.e. to actually join the population of adults the next year. We
could not incorporate juvenile survival into the analysis, because of low philopatry, and this is
causing inevitably missing link in the population analysis. Interpretations of these correlations
are also confused by the fact that the survival can be correlated with productivity with various
limitations. For example, in density dependence situation, when populations fill the carrying

capacity of their environment, higher spring productivity can be then negated (buffered) by
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lower juvenile survival due to competition on resources either between juveniles, or among
adults (Calvert, Walde & Taylor 2009). On the other hand, lower adult survival can allow
more recruitment of one-year birds (last year juveniles) due to lower pressure on the breeding
grounds. In the situation, where populations live far below the carrying capacity, the
productivity and survival can be correlated positively, and both be positively correlated with
population change, as in case of Acrocephalus scirpaceus (see Table S7 in Paper IV). More
sophisticated Jolly-Seber type of model would be needed to answer these questions. We can
conclude that climate has much more direct and significant impact on the breeding grounds
than on the non-breeding grounds, and the survival, which is more correlated with population
growth than the breeding productivity, apparently contains large component that we have not
explained by moisture in Africa — either due to poor localization of their wintering grounds, or
other factors affecting adult or juvenile survival that come into play — land use change in sub-
Saharan Africa (Zwarts et al. 2009) or more complex dynamic involving the mentioned

negative density dependence (Calvert, Walde & Taylor 2009).

Montane birds

As shown in the previous chapters, climate change already affects bird populations. Warm
loving species increase, cold-loving species decline (Lemoine ef al. 2007; Gregory et al.
2009). This is also case of mountain species (Lehikoinen et al. 2014). In general, cold-loving
species can adapt by shifting their ranges northwards (La Sorte & Thompson 2007; Huntley et
al. 2008). On the other hand, mountain species without access to higher elevations are
especially vulnerable, since they have nowhere to shift (Sekercioglu et al. 2008). Especially
sensitive are species in the tropics (Sekercioglu, Primack & Wormworth 2012). Ironically, the
same process that resulted in such a spectacular diversity of tropical montane bird species —
elevational specialization along the altitude gradient, along with geographical barriers created
by lower altitudes (Fjeldsa, Bowie & Rahbek 2012) — the very same process is now reason
why many of these species are extremely vulnerable as a result of climate change (Laurance et
al. 2011). Not only montane birds are threatened; the same pattern has also been described in
butteflies (Forister et al. 2010) and plants (Lenoir et al. 2008). Although several studies
predicted the impact of these threats according to future climate conditions (Chamberlain et

al. 2013), empirical evidence for these impacts remains limited due to the lack of long-term
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data on species’ distribution and abundance at high altitudes (Chamberlain ef al. 2012). For
this reason, we decided to take opportunity of unique dataset of our friend Jifi Flousek, and

bring more knowledge about alpine birds population changes (Paper III). Our Aim is to:

e Determine how montane species cope with climate change:
o Test if their population trend is dependent on altitude and life history traits.
o Test if they adapt by shifting their altitudinal range and how much this

adaptation actually helps them to improve their population trends

Our dataset consists of point counts held from 1984 to 2011 in Giant Mountains in Czech
Republic, 10 transects in total, 6 — 27 points each. For each species, we computed population
trend, as well as mean annual altitudinal range shift. Next, we ran a linear model, one species

as one data point, trend as a response variable, with the following explanatory variables:

e mean altitude

e altitudinal range shift

e migration strategy

o life history strategy (fast/slow resp. r-/K- strategy)

e European climatic niche (Reif ef al. 2013).

Temperatures in the breeding season increased 0.04 — 0.08°C/year, depending on the station.
Species moved upwards during the study period. Species breeding at higher altitudes had
more negative trend. Moreover, the interaction of mean altitude and altitudinal range shift has
shown that altitudinal range shift correlated with more positive trend in lower altitude species
than higher altitude species. All these findings are in concordance with our expectations.
Raising temperatures causes birds to track their climatic optima and shift upwards (Chen et al.
2009; Grytnes et al.). Species breeding at higher altitudes have nowhere to shift, which results
in their declines. On the other hand, species breeding at lower altitudes, which shifted their

range upwards, had more positive trend.

Our study thus brings an important evidence on a long-term, multi-species dataset, and
confirms that if the climate change progresses at the current speed, montane birds are in
urgent trouble. We suggest that conservation efforts should be made to protect their habitats

in order not to add further pressure on their populations.
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Conclusions

In Paper I, we have compared the data quality from the regular Breeding Bird Monitoring
programme with the Atlas mapping. Despite the fact that BBMP data cover much less area
than the Atlas, thanks to the unified methodology performed constantly every year, the BBMP
delivered much more reliable information on relative abundance changes than Atlas mapping.

For this reason, we chose regular monitoring programmes for our further research.

In Paper I1, we found that six out of 37 resident species, for which the data was available,
responded negatively to lower winter temperatures. The response was stronger in species

feeding on animals, potentially due to lower availability of prey.

In Paper IV, we found that long-distance migrants’ breeding productivity responds
negatively to higher spring temperatures and advanced spring indicated by earlier leaf
unfolding of three tree species. Residents and short-distance migrants responded positively.
The distinct contrast between the response of long-distance migrants and the other migratory
strategies brings a support for the trophic mismatch hypothesis. In other words, residents,
short-distance and partial migrants can arrive earlier and thus can profit from earlier spring
onset, whereas long-distance migrants, unable to advance their arrival to breeding grounds as

much as residents, respond negatively.

We also found that survival of adult individuals of long-distance migrants was positively

affected by moisture (AET/PET) in the Sahelian part of their non-breeding ranges. The effect
was not present in the southern part. This suggest that the conditions in the Sahel have overall
great importance on the populations of long-distance migrants, whether they actually do or do

not spend whole winter in that region. We found no support for the carry-over effect.

We found that spring climate explained 62% variability of the breeding productivity, whereas
AET/PET (moisture) in Sahelian part of non-breeding ranges explains 20% of the variability
of the adult survival. Thus, climate on the breeding grounds is more important for migrant
species than the climate on the non-breeding grounds. On the other hand, survival was more
correlated with population growth than breeding productivity. This suggests that either the
single unknown component of population dynamics — juvenile survival — is buffering the

effect of productivity via density dependence, or is affected by other factors that we do not
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explain by climate, like land use change. As far as we know, our inovative study is the first
one to make such comparable measurement across wide spectre of long-distance migrant

species.

In Paper III, we found that montane species moved upwards to higher altitudes. Species
breeding at higher altitudes had more negative population change. Moreover, the altitudinal
range shift brought more positive population change to species living in lower altitudes. This
suggests that species breeding at higher altitudes have nowhere to shift, which results in their

declines.

Overall, our study, encompassing wide species spectrum and long-term dataset, confirms
serious impact of climate change on populations of Czech birds. If the climate change
progresses at the current speed, mountain birds and long-distance migrants will be in trouble.
We suggest that conservation efforts should be made to protect their habitats in order not to

add further pressure on their populations.
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Spravné zachyceni zmén pocetnosti ptakua je dulezité jak pro zdkladni vyzkum jejich eko-
dat v Ceské republice poskytuji (i) sitové mapovani hnizdniho rozsifeni ptaka probihajici
zhruba v 15letych perioddch a (ii) kazdoro¢ni monitoring hnizdnich populaci v ramci
Jednotného programu scitani ptaka (JPSP). Lze piredpokladat, ze u hojnych ptacich druht,
jejichz rozsifen{ zahrnuje témét celou CR a nedozndvd v ¢ase vyraznych zmén, mohou byt
zmény pocetnosti pomoci siftového mapovani zachyceny pouze nedokonale. U 73 nejhoj-
ngjsich druhti Ceskych ptaka, pro néz existuji kvalitni data z JPSP, jsme vyjddfili zménu
pocetnosti mezi dvéma mapovacimi obdobimi (1985-1989 a 2001-2003) pomoci dat z kva-
dratového mapoviani a zaroven pomoci dat z JPSP. U druht, pro které nebyly pfi zpracovani
sitového mapovdni vyuzity udaje z JPSP, se vysledky z obou zdroji dat vyrazné 1isi. Obecné
hodnoti sitové mapovani zmény pocetnosti pozitivnéji nez JPSP - nékteré ubyvajici druhy
jsou podle mapovani hodnoceny jako stabilni ¢i pfibyvajici, nékteré druhy beze zmény
pocetnosti podle mapovani pribyvaji. Jakékoliv hodnoceni zmén pocetnosti hojnych druhu
ptaku by tedy pro dosazeni nezkresleného obrazu mélo zohlednit i vysledky JPSP. Déle dopo-
rucujeme vyuzivat idaje z JPSP i pro kalkulaci odhada pocetnosti ptikt na zakladé sitového
mapovani.

Good recording of population changes in birds is important for basic studies of their ecology
as well as for setting conservation priorities. There are two main data sources used to estimate
bird population changes in the Czech Republic: (i) atlas mapping of breeding bird distribution
conducted in ca 15-year cycles and (ii) Breeding Bird Monitoring Programme (BBMP) based
on annual counts. We expected that the atlas mapping data do not measure population
changes accurately in abundant species with countrywide distribution. We calculated changes
in abundance between the periods of 1985-1989 and 2001-2003 in 73 commonest bird
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species using the atlas mapping data and using the BBMP data, respectively. Population
changes calculated using the atlas mapping data differed from those based on the BBMP data
in species, for which the resulls of BBMP were not available during the atlas mapping work. In
general, atlas mapping revealed more positive population changes compared to BBMP. Some
species declining according to BBMP were classified as stable or increasing using the atlas data
and species with no population change according to BBMP were classified as increasing using
the atlas data. Therefore, we recommend that any studies focusing on population changes in
common species should take BBMP results into account, otherwise their conclusions could be

[flawed.

Keywords: abundance, atlas mapping, distribution, monitoring scheme, population trend

UvVOD

Pocetnost je vyznamnd biologickd cha-
rakteristika kazdého ptaciho druhu
(Newton 1998). Md uzky vztah napf.
k narokdm na prostiedi, zivotni strate-
gii ¢i socidlnimu chovani, pficemz vza-
jemné pusobeni je Casto obousmérné
(napf. urcita zivotni strategie ovliviuje
hojnost daného druhu a zdaroven jeho
abundance tuto zivotni strategii formuje
- Tuljapurkar et al. 2009). Zmény pocet-
nosti tedy mohou predstavovat zdsadni
zasah do biologie ptacich druhu, ktery
muze ménit jejich ekologické vlastnos-
ti a vztahy. Z ochranafského hlediska
zmeéna pocetnosti ukazuje, jak je dobfe
existence zdjmovych druhtl v ruznych
lokalitich ¢i oblastech zajisténa (Purvis
et al. 2000). Pti formalni klasifikaci stup-
né ohrozeni jde o nejdulezitéjsi ukazatel,
ktery rozhoduje o tom, do jaké kategorie
je ten ktery druh zafazen, a tedy jaké
ochrandrské usili mu bude vénovino
(Mace et al. 2008).

Ze vsech téchto duvodu je zméndm
pocetnosti vénovdana v ornitologickém
vyzkumu znac¢na pozornost (Gregory et
al. 2008). Nicméné kvalitné odhadnout
zménu pocetnosti je velmi obtizny ukol
(Bibby et al. 2000, Vofisek et al. 2008a).
Pta¢i druhy maji fadu vlastnosti, které
tento ukol znesnadnuji (vysokad mobilita,
aktivita po omezenou denni & rocni
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dobu, skryty zpusob zivota - Veselovsky
2001), a pres desitky let vyvoje speciali-
zovanych metodik ztstava kvalifikovany
odhad zmén pocetnosti u fady druhu
pfedmétem odbornych sporua (Donald
etal. 2008, Rodriguez-Munoz et al. 2008).
V Ceské republice existuji dva projek-
ty, jejichz vystupy umoziuji odhadovat
zmény pocetnosti jednotlivych druht
nasi avifauny: Mapovani hnizdniho roz-
siteni ptdktd v CR a Jednotny program
s¢itani ptak( v CR (JPSP).

Mapovani hnizdniho rozsifeni pro-
biha opakované v intervalech okolo
15 let a jeho cilem je zachytit rozsite-
ni vSech druhti ptakl, které na Gzemi
CR v dané dobé hnizdi (Stastny et al.
1987, 1996, 2006). Rozsahem pokryva
celé statni Uzemi, které je prekryto siti
stejné¢ velkych kvadrath o rozmérech
cca 11x12km. V kazdém kvadritu je
pofizen soupis hnizdicich druht s oce-
nénim prukaznosti hnizdéni a hrubym
odhadem pocetnosti kazdého druhu. Ze
sitového mapovani lze tedy ziskat in-
formaci nejen o rozsifeni jednotlivych
druhli ptdkd (Storch & Sizling 2002),
nybrz i o druhovém bohatstvi (Storch et
al. 2003a,b) a ornitologické vyznamnosti
raznych c¢asti CR (Stastny et al. 2000).
Pocetnost druhu je ur¢ena na zdkladeé
udajt z jednotlivych mapovacich ¢tverct
a vysledku lokdlnich studii zaméienych
na abundanci ptdaku, pifipadné na za-



kladé specializovanych vyzkumu (napi.
u draveu a sov ¢i chidstala polniho, Crex
crex). Porovnanim odhadu pocetnosti
provedeného mezi dvéma mapovani-
mi hnizdniho rozsifeni lze zjistit zménu
pocetnosti daného druhu za dobu, kte-
rd mezi mapovacimi akcemi uplynula
(Vorisek et al. 2008b).

Sifové mapovani vypovidd o ceské
avifauné jako o celku, nebot zachycuje
vsechny druhy ptdkd (Stastny et al. 2006).
Zejména u vzacnych a fidce rozsifenych
druht, které mohou jinak snadno unik-
nout pozornosti, je mozné diky rovno-
meérnému pokryti celého statniho tze-
mi zmapovat v podstaté vSechna jejich
hnizdiste. Udaje o zméndch pocetnosti
takovych druht jsou proto velmi pfesné
a z hlediska jejich ochrany neocenitelné
(Donald et al. 2007). Urcity problém vsak
pii zjistovani zmén pocetnosti pomoci
sifového mapovani mohou pfedstavo-
vat bézné druhy, které byvaji pfitomny
témer ve vSech mapovacich ctvercich.
Z dat, kterd se pomoci mapovani shro-
mazdi, se o zméndch jejich pocetnosti
da usuzovat velmi obtizné: abundance je
v jednotlivych kvadratech odhadovana
do hrubych kategorii a Siroké rozsifeni
béznych druht nedoznava v Case piilis
vyznamnych zmén (Webb et al. 2007).
Skute¢nd zména pocetnosti mize byt
pfitom velmi vyrazna.

JPSP se zjisStovdnim zmén pocetnosti
zabyva coby svou hlavni vyzkumnou
naplni (Reif et al. 2005). Projekt probiha
kazdoro¢né zhruba na 100 lokalitdch
ve vsech castech republiky, zvlasini du-
raz se klade na standardizovanou me-
todiku zjistovani pocetnosti a zachova-
ni dlouhodobého charakteru vyzkumu
(Stastny et al. 2004, Reif et al. 2000).
Kvalita odhadu zmén pocetnosti pomoci
kazdoro¢niho monitoringu silné zavisi
na mnozstvi dat, které se o daném druhu
v jednotlivych letech shromdzdi. Nastava
zde tedy opacny problém nez u sitového
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mapovani - zmény pocetnosti jsou nej-
lépe odhadnuty u hojnych druhut a vy-
povidaci hodnota s rostouci vzacnosti
druhu klesa.

Pfi sestavovani odhadi zmén pocet-
nosti ptak( se tedy nabizi vyuziti in-
formaci z obou datovych zdroju. Pro
odhady celkové pocetnosti jednotlivych
druht ptika v CR pii sitovém mapovani
v letech 2001-2003 byly udaje z JPSP
k dispozici pouze pro 58 druht, a to
pro obdobi 1982-2003 (Stastny et al.
20006). V soucasné dobé je mozné vyjad-
fit zmény pocetnosti pro vsechny druhy,
které byly v JPSP zaznamendny, a to pro
libovolné definované obdobi z intervalu
1982-2008.

Cilem této studie je spocitat zmény
pocetnosti na zdkladé odhadu ze sito-
vého mapovani pro ty hojné druhy, kte-
ré maji velmi kvalitni podklady z JPSP,
a porovnat je se zmeénami zjiSténymi
v JPSP. Dalsim cilem je zjistit, jak dobfe
spolu oba zdroje dat souhlasi, a detailné-
ji rozebrat pripady, kdy jsou zmény zjis-
téné z mapovacich dat vyrazné odlisné
od zmén zjisténych na zakladé JPSP.

MATERIAL A METODIKA

Odhad zmén pocetnosti na zakladé sito-
vého mapovani rozsifeni ptak v CR byl
proveden pomoci dat z poslednich dvou
mapovacich akci, které probéhly v letech
1985-1989 a 2001-2003 (Stastny et al.
1996, 20006). Terénni metodiku mapo-
vani podrobné popisuji napi. Stastny et
al. (1996, 20006). Pti kazdém z t&échto ma-
povani byla terénnimi spolupracovniky
v jednotlivych mapovacich ¢tvercich od-
hadnuta pocetnost kazdého hnizdiciho
druhu do kategorii na logaritmické skdle
o zdkladu 5 (tj. 1-5 para, 6-25, 26-125
atd.). Koordinatofi mapovani pak z téch-
to udaju a ddle pak z denzit jednotlivych
druhti v publikovanych lokdlnich studi-
ich a z vysledka prace specializovanych

139



Reif J. et al. / Pocetnost béznych druhi ptaki ||

skupin provedli odhad maximalni a mi-
nimalni pocetnosti kazdého druhu v CR
pro dané mapovaci obdobi. V této praci
jsme pro kazdé obdobi (tj. 1985-1989
a 2001-2003) spocitali u jednotlivych
druht geometricky primér z odha-
du maximdlni a minimdlni pocetnosti.
Z téchto primérd jsme zménu pocetnos-
ti mezi obdobimi vyjadrili jako procen-
tudlni podil pocetnosti vdruhém obdobi
ku pocetnosti v prvnim obdobi.

Odhad zmén pocetnosti na zakla-
dé JPSP jsme provedli pro ¢asovy usek
1987-2002. Zacatek casové fady tedy
spadd do prostfedniho roku prvniho
z porovnavanych sitovych mapovani, ko-
nec spadd do prostfedniho roku druhé-
ho mapoviani. Terénni metodika prace
na JPSP je popsdna v publikacich Stastny
et al. (2004) a Reif et al. (20006). Ve zkou-
maném obdobi probihalo s¢itani na cel-
kem 184 lokalitdch; na kazdé lokalité byly
dobrovolnymi spolupracovniky jednou
az trikrat za hnizdni sezonu s¢itani vSich-
ni vidéni a slySeni ptdci standardizova-
nou bodovou metodou. Kazdy dobrovol-
ny spolupracovnik si mohl umisténi své
s¢itaci lokality libovolnée vybrat. Pro cely
¢asovy usek 1987-2002 jsme u kazdého
druhu spocitali zmény pocetnosti pomo-
ci log-linedrnich modelt ve statistickém
programu TRIM, kdy byl zohlednén vliv
roku a vliv lokality na meziro¢ni zmé-
nu pocetnosti (Pannekoek & van Strien
2001). Pro kazdy druh byl spocitin in-
dex pocetnosti (v procentech) v kazdém
roce casové fady vzhledem k prvnimu
roku (tj. 1987), pro ktery byla pocetnost
stanovena jako 100 %. Dulezitym uka-
zatelem je pramérnd meziro¢ni zména
pocetnosti, tzv. trend pocetnosti.

Napfi. hodnota trendu 1,04 nam fika,
ze velikost populace z roku na rok v pri-
méru vzroste o 4 %. Pocitd se jako
exponencidlni funkce smérnice regres-
ni pfimky prolozené logaritmy roc¢nich
indexti (Pannekoek & van Strien 2001).
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Jako nejvhodnéjsi ukazatel zmény po-
Cetnosti mezi rokem 1987 a 2002 pro
ucely srovndni s hodnotami odhadnuty-
mi na zdkladé sitového mapovani jsme
zvolili tento:

zmeéna podle JPSP = t 20021987 = (7))
kde t je trend pocetnosti. Jedna se tedy
vlastné o relativnhi zménu pocetnosti
mezi prvnim a poslednim rokem c¢asové
fady, odhadnutou na zikladé primérné
meziro¢ni zmény pocetnosti v celé ¢aso-
vé fadé (. tak, jak pfedpovidd regresni
pfimka). Tento ukazatel zobrazuje celko-
vou zmeénu pocetnosti lépe nez prosty
index pocetnosti pro rok 2002, nebot
neni tak nachylny k fluktuacim jako jed-
notlivé indexy.

Pro srovnani hodnot zmén pocet-
nosti mezi siftovym mapovanim a JPSP
jsme vybrali 73 druhy, které byly podle
Stastného et al. (2006) v CR nejpocetnéjsi
a pro které zaroven existovaly spolehlivé
idaje o zméndach pocetnosti na zdakladé
JPSP. Do vybéru se nedostal zadny druh,
jehoz trend spocitany z dat JPSP byl
pro obdobi 1987-2002 vyhodnocen jako
Lnejisty“ (ve smyslu klasifikace uvedené
v ¢lanku Reifa et al., 2006), déle byly vy-
louceny druhy sc¢itané na malém poctu
lokalit a druhy, jejichz indexy pocetnosti
meziro¢né kolisaly o vice nez 300 %.

Zmény pocetnosti zjisténé pomoci
sitového mapovani jsme ke zméndm
pocetnosti, které byly zjisténé pomoci
JPSP, vztahli linedrni regresi, kdy udaje
ze sitového mapovani predstavovaly vy-
svetlovanou promeénnou a udaje z JPSP
proménnou vysvétlujici. Dalsi srovna-
ni jsme provedli pomoci roziazovani
druhti do nasledujicich kategorii zmén
pocetnosti: (i) ubyvajici, (ii) stabilni, (iii)
ptibyvajici. Ubyvajici druh na zdkladé si-
fového mapovani mél zménu pocetnosti
nizsi nez 100 %, stabilni rovnou 100 %
a pribyvajici vyssi nez 100 %. Na zakladé
JPSP byla pro roziazeni druht pouzi-
ta upravena klasifikace trendti zalozena



na jejich hodnotach a stiednich chybdch,
uvedend v ¢lanku Reifa et al. (2006). Pro
ucely této studie jsme jako ubyvajici
druhy povazovali druhy s trendy ,mir-
né klesajicimi“ nebo ,strmé klesajicimi®,
jako stabilni s trendy,stabilnimi“ a jako
ptibyvajici druhy s trendy ,mirné stoupa-
jicimi“ nebo ,strmé stoupajicimi®.

Autofi atlasu shrnujiciho vysledky si-
tového mapovani v letech 2001-2003
méli pro 51 druhu, které jsou zkoumdny
v této studii, k dispozici idaje o zméndch
pocetnosti zaznamenané pomoci JPSP
v letech 1982-2003. U nékterych druhu
byly pro stanoveni pocetnosti v CR pro
obdobi 2001-2003 tyto udaje vyuzity,
coz se promitlo i do hodnot nami spoci-
tanych zmén pocetnosti na zakladé sito-
vého mapovani. Vyse popsand srovnani
zmén pocetnosti jsme proto provedli (i)
pro vSech 73 druhu, (ii) pouze pro dru-
hy, u nichz udaje z JPSP byly v dobé¢ tvor-
by atlasu k dispozici (n = 51), (iii) pouze
pro druhy, u nichz adaje z JPSP v dobé
tvorby atlasu k dispozici nebyly (n = 22).

VYSLEDKY

Zmeény pocetnosti zjisténé na zdkladé
sitového mapovani byly pomérné silné
korelovdny se zménami pocetnosti zjis-
ténymi na zakladé JPSP (r = 0,45, n = 73,
p < 0,001, R? = 20 %, obr. 1a). Vyfazenim
druhu, pro které byly k dispozici udaje
z JPSP v dobé¢ tvorby odhadu pocetnos-
ti pro sitové mapovani 2001-2003, se
sila vztahu podstatné snizila (r = 0,17,
n =22 p = 0457, R? = 3%, obr. 1b).
Samostatnd analyza téchto vyfazenych
druht nepfilis prekvapivé ukdzala mezi
zménami pocetnosti ze sitového mapo-
vani a z JPSP velmi Gzky vztah (r = 0,64, n
=51, p<0,001, R? = 42 %, obr. 1¢).
Kategorizace zmén pocetnosti na za-
kladé¢ sifového mapovani souhlasila s ka-
tegorizaci na zakladé JPSP u 62 % druhti
(tab. 1a). Opét byla nizsi mira shody
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(50 %) u druhu, pro které tdaje z JPSP ne-
byly v obdobi tvorby odhadi pocetnosti
v letech 2001-2003 k dispozici (tab. 1b).
Z téch druht, u nichz se zdroje dat nesho-
dovaly, byla ve 14 % ptipadu kategorizace
zmén pocetnosti opacnd, tj. sitové mapo-
vani signalizovalo Ubytek, zatimco JPSP
narust pocetnosti a naopak (tab. 1a).
Zaméfime-li se podrobnéji na skupi-
nu druht, pro které udaje z JPSP nebyly
v obdobi tvorby odhadu pocetnosti v le-
tech 2001-2003 k dispozici, je zajimavé,
ze u 11 druht, na jejichz kategorizaci
se porovnavané zdroje dat neshodovaly,
data ze sitového mapovani ukazovala vy-
razné castéji pozitivnéjsi kategorie zmény
pocetnosti nez data z JPSP - stalo se tak
u 9 druht (tab. 1b). Z téchto 9 druha 7
podle JPSP ubyvalo, zatimco sifové mapo-
vani signalizovalo ndrust pocetnosti ¢i jeji
stabilitu; zbyvajici dva druhy mély podle
JPSP stabilni pocetnost, zatimco sitové
mapovani ukazovalo jeji nartst (tab. 1b).
U druhu, pro které udaje z JPSP byly
pfi siftovém mapovani v letech 2001-2003
k dispozici, se obé¢ klasifikace shodovaly
ze dvou tietin (67 %, tab. 1¢). Podil druht
s opacné klasifikovanymi zménami po-
Cetnosti byl velmi nizky - pouze neceld
4% (tab. 1¢). Zadny ze zdroja dat tento-
krat neklasifikoval zmény pocetnosti pta-
druhy zdroj dat (u 18 % bylo pozitivnéjsi
sitové mapovani, u 16 % JPSP) (tab. 1¢).

DISKUSE

Zmeény pocetnosti hojnych druhti ptd-
ki odhadnuté na zdkladé sitovych ma-
povani v letech 1985-1989 a 2001-2003
pomérné dobfe odpovidaly zménam po-
Cetnosti spocitanym z JPSP pro obdobi
1987-2002. Tato shoda vsak byla do znac-
né miry zplisobena tim, ze u velké ¢asti
druht byly udaje z JPSP zohlednény
jiz pfi ocenovani pocetnosti v obdobi
druhého z pojedndvanych sitovych ma-
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Obr. 1. Vztah zmén pocetnosti (v %) 73 druhti ptaki spocitanych na zdkladé Jednotného pro-
gramu sc¢itani ptakt v CR (zména podle JPSP) mezi roky 1987 a 2002 a na zdkladé Mapovan{
hnizdniho rozsifeni ptakt v CR (zména podle sitového mapovani) mezi obdobimi 1985-1989
a 2001-2003. Zvlast jsou uvedeny zmény pro vsechny zkoumané druhy ptakua (a), zmény pro
druhy, jejichz udaje z JPSP nebyly pro zpracovani sitového mapovani pouzity (b) a zmény pro
druhy, jejichz udaje z JPSP byly pro zpracovani sitového mapovani pouzity (c). Pfimka v obraz-
ku zobrazuje shodné hodnoty zmén pocetnosti. Podrobnosti k vypoctu zmény pocetnosti jsou
uvedeny v oddile Materidl a metodika.

Fig. 1. Relationship between population changes (%) in 73 bird species calculated using data
[from the Breeding Bird Monitoring Programme in the Czech Republic (BBMP change) between
1987 and 2002 and using data from the mapping of breeding bird distribution in the Czech
Republic (atlas mapping change) between 1985-1989 and 2001-2003. Separate figures are
given (a) for all species, (b) for species in which the BBMP data did not exist at the time of atlas
mapping, and (c¢) for species in which the BBMP data existed at the time of atlas mapping. Note
the identity line in the figure. See Methods for more details on population change calculation.
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Tab. 1. Pocty druht ptdka jednotlivych kategoriich zmény pocetnosti. Zména pocetnosti byla
spocitana jednak na zakladé Jednotného programu séitani ptaka v CR (JPSP) mezi roky 1987
a 2002 a jednak na zakladé Mapovani hnizdniho rozsifen{ ptaka v CR (sifové mapovani) mezi
obdobimi 1985-1989 a 2001-2003. Podle zjisténé zmény pocetnosti byly druhy klasifikovany
jako ubyvajici, stabilni nebo pfibyvajici. Zvlast jsou uvedeny vsechny zkoumané druhy ptakua
(a), druhy, jejichz udaje z JPSP nebyly pro zpracovani sitového mapovani pouzity (b), druhy,
jejichz udaje z JPSP byly pro zpracovani sitového mapovani pouzity (c). Poc¢ty druhu klasifiko-
vanych stejné podle sitového mapovdni i JPSP jsou zvyraznény. Podrobnosti k vypoctu zmény
pocetnosti a jeji klasifikaci jsou uvedeny v oddile Materidl a metodika.

Table 1. Numbers of bird species in particular categories of population change. Population
change was calculated using data from the Breeding Bird Monitoring Programme in the Czech
Republic (BBMP) between 1987 and 2002 and using data from the mapping of breeding bird
distribution in the Czech Republic (atlas mapping) between 1985-1989 and 2001-2003.
Species were classified as decreasing, stable or increasing, respectively, according to revealed
population change. Separate tables are given (a) for all species, (b) for species in which the
BBMP data did not exist at the time of atlas mapping, and (c) for species in which the BBMP
data existed at the time of atlas mapping. Numbers of species classified into the same category
according to both BBMP and atlas mapping data are in bold. See Methods for more details on
population change calculation and species’ classification.

a) ubyva podle JPSP  stabilni podle JPSP  pfibyva podle JPSP
BBMP - declining BBMP - stable BBMP - increasing

ubyva podle sifového mapovani 14 2 2

Atlas mapping - declining

stabilni podle sitového mapovani 9 17 6

Atlas mapping - stable

piibyva podle sitového mapovani 3 6 14

Atlas mapping - increasing

b) ubyva podle JPSP  stabilni podle JPSP  piibyva podle JPSP
BBMP - declining BBMP - stable BBMP - increasing

ubyva podle sifového mapovani 1 0 1

Atlas mapping - declining

stabilni podle sitového mapovani 5 7 1

Atlas mapping - stable

pribyva podle sitového mapovini 2 2 3

Atlas mapping - increasing

c) ubyva podle JPSP  stabilni podle JPSP  piibyva podle JPSP
BBMP - declining BBMP - stable BBMP - increasing

ubyva podle sifového mapovani 13 2 1

Atlas mapping - declining

stabilni podle sitového mapovini 4 10 5

Atlas mapping - stable

piibyva podle sitového mapovani 1 4 11

Atlas mapping - increasing
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povani. Samostatna analyza druht, pro
které udaje z JPSP v dob¢ analyzy ma-
povacich dat nebyly autorim mapovani
k dispozici, ukdzala, ze oba zdroje dat
hodnoti zmény pocetnosti téchto druht
velmi rozdilné. Zatimco ocenéni pomoci
tii kategorii zmén pocetnosti ukdzalo
50%-ni miru shody, kvantitativni rozdily
byly podstatné vétsi - v linedrni regresi
spolu zmény pocetnosti zjisténé na za-
kladé JPSP a zmény pocetnosti ze sitoveé-
ho mapoviani v podstaté nesouvisely.
Vezmeme-li v ivahu, Ze jsme pro Gce-
ly této studie vybrali 73 druhy, pro které
jsou data JPSP nejspolehlivéjsi, je prav-
dépodobné, ze vétsina neshod bude
zplisobena spise nedokonalosti odhadt
velikosti ptacich populaci na zdklad¢ si-
fového mapovani nez S$patnymi udaji
v JPSP. Pro¢ tedy data ze sitového ma-
povani poskytuji nepfesny obraz o po-
Cetnosti hojnych ptacich druht? Existuje
nékolik moznych vysvétleni. Terénn{
spolupracovnici udajim o pocetnosti
jednotlivych druht ve zpracovavanych
kvadrdtech vénuji méné pozornosti nez
prokazovani jejich hnizdéni - zatimco
udaje o prukaznosti hnizdéni existuji ze
vsech 628 mapovacich kvadratd, adaje
o pocetnosti u mnoha, zejména hojnych
druhu, ve velké casti kvadratt chybéji.
I kdyz je pocetnost daného druhu v kva-
dratu spolupracovnikem odhadnuta
audaj je zasldn koordindtoriim mapovi-
ni, nemusi uvedend hodnota pocetnosti
zachytit jeji zménu ve srovnani s minu-
lym mapovanim. To muze byt zpuso-
beno jednak hrubosti stupnice slouzici
pro odhad poctu part (napf. zména
pocetnosti o 20 % se nemusi v udaji
na mapovaci karté vibec projevit), ale
i lidskym faktorem. Rada oblasti byla
v ruznych obdobich sitového mapovani
zpracovavana ruznymi spolupracovni-
ky (srov. Stastny et al. 1996 a Stastny et
al. 2006). Ovsem i stejny pozorovatel
si pfi mapovaci praci nemusi zmény
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pocetnosti hojného druhu, ktery je té-
méf vSudypiitomny, viibec povsimnout:
druhy jako kos ¢erny (Turdus merula) ¢i
pénkava obecnd (Fringilla coelebs) jsou
stdle extrémné hojné, pfitom se podle
JPSP pocetnost kazdého z nich velmi vy-
razné zménila. Tento fenomén muze byt
varujici z ochrandfského hlediska, kdy
sniZzeni pocetnosti byvd zaznamendno
az pri drastickém ubytku dfive hojného
druhu, kdy muze byt na pfijeti u¢innych
ochrannych opatfenti jiz pozdé (Gaston
& Fuller 2008): znamy je ptipad holuba
stehovavého (Ectopistes migratorius) -
Halliday (1980), v naSich podminkdch
byl téméf podobné postizen chocho-
lous obecny (Galerida cristata) - Linek
(1999), v dnesni dobé¢ k tomu ma4 blizko
napft. ¢ejka chocholata (Vanellus vanel-
lus) - Salek (2000), Reif et al. (2008).

Je zajimavé, ze JPSP zaznamenal
u fady druht tbytek pocetnosti, pficemz
sitové mapovani odhadovalo stabilni
nebo rostouci populace, pripadné JPSP
signalizoval stabilni pocetnost, zatimco
sitové mapovani odhadovalo jeji nadrust.
Opacnych pripadu, kdy sitové mapovani
ukazovalo negativnéjsi zmény pocetnos-
ti nez JPSP, bylo pfitom podstatné méné.
7Zda se tedy, Ze sifové mapovani muze
poskytovat optimisti¢téjsi obraz o vyvoji
pocetnosti hojnych druht ptdkd nez
k jakému ve skute¢nosti dochdzi. Z na-
seho souboru druhti toto bylo zjisténo
napft. u koroptve polni (Perdix perdix),
pévusky modré (Prunella modularis),
pénice slavikové (Sylvia borin), kralic-
ka obecného (Regulus regulus), syko-
ry parukdiky (Lophophanes cristatus),
zvonohlika zahradniho (Serinus serinus)
nebo kavky obecné (Corvus monedula).
Posledni jmenovany pfipad, coby kolo-
nidlni druh bez vyrazné zpévni aktivity,
je nutné brat s jistou rezervou, proto-
ze JPSP nemusi jeho pocetnost zachytit
zcela dostatecné. O mozném vysvétleni
tohoto jevu je tézké spekulovat, nicmé-



n¢é samotnd jeho existence je minimalné
u neékterych ze zminénych druht zdsad-
ni z hlediska ochrany pfirody. Kavka
obecna a koroptev polni jsou zvlasté
chranéné druhy a hodnoceni zmén je-
jich pocetnosti mtize mit vliv na oceno-
vani uc¢innosti zakonné ochrany (Vofisek
et al. 2008b). Nase vysledky ukazuji, ze
v piipadé pouziti dat ze sifového mapo-
vani bez zohlednéni dalsich dostupnych
zdroju mtize byt takové hodnoceni pfilis
optimistické. Pozitivnéjsi odhad zmén
pocetnosti, nez k jakym ve skute¢nosti
doslo, muze také vyustit v nedostatec-
nou pozornost ze strany badatelud, kterd
by odhalila pficiny ubytku zajmovych
druha (Mace et al. 2008). Z nami hodno-
cenych druhtli se toto miize tykat napft.
pevusky modré, sykory parukarky a zvo-
nohlika zahradniho.

Data z JPSP ovSem nemusi byt zcela
presnd ani u nami zkoumaného souboru
druht. Vyvoj pocetnosti lindusky lucni
(Anthus pratensis) - ubytek podle JPSP,
narust podle siftového mapovani - nebo
kiivky obecné (Loxia curvirostra) - aby-
tek podle JPSP, nartst podle sifového
mapovani - muze byt 1épe podchycen
sitovym mapovanim nez kazdoro¢nim
monitoringem. Prvni druh je rozsifen ze-
jména ve vyssich polohach v pohranic-
nich oblastech (Stastny et al. 20006), které
transekty JPSP nepokryvaji tak kvalitné
jako zbytek uzemi CR (viz http://jpsp.
birds.cz/vysledky.php?menu=loc_map).
Pocetnost druhého druhu zase do-
znava znacnych meziro¢nich vykyva
(Forschler et al. 2006) a terminy sc¢itani
v ramci JPSP viibec nemusi jeho hnizdni
populace zachytit. Kromé téchto vyjimek
jsou vsak udaje z JPSP velmi pravdépo-
dobné spolehlivé.

Jako optimdlni feSeni pro urceni
zmén pocetnosti nasich ptiktl se nam
jevi kombinace obou zdroji dat. Pfi
konstrukci celkovych odhadt pocetnosti
pomoci sitového mapovini Ize zohlednit
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zmeény pocetnosti spocitané na zakladé
JPSP. Tento pfistup byl jiz pfi tvorbé od-
hadi pro mapovaci obdobi 2001-2003
vyuzit, ovsem k dispozici byly idaje pou-
ze pro 58 druht (Stastny et al. L.c.). Krom
toho obdobi 1982-2003, pro které byly
zmény pocetnosti z dat JPSP vyjadieny,
neodpovidalo Uplné mapovacim perio-
dam (1985-1989 a 2001-2003). Celkovy
trend pocetnosti pro roky 1982-2003
tedy mohl byt z pohledu sitovych ma-
povani mirné zavadéjici, kazdoro¢ni in-
dexy pocetnosti mohou byt zase casto
velmi rozkolisané. Tyto faktory by mohly
vysvétlovat ndmi zjistény mirny nesou-
hlas mezi sifovym mapovanim a udaji
JPSP u druht, kde data z JPSP byla
v dob¢ tvorby odhadi pocetnosti pro
roky 2001-2003 jejich autoram k dis-
pozici. Doporucujeme tedy pii vyuziti
dat JPSP vzdy znovu spocitat zmény po-
Cetnosti z primdrnich udaju pfesné pro
zdjmovou periodu a nepouzivat publi-
kované vysledky s udaji pro jiné obdobi.

Zavérem lze fici, ze podle vysledku
nasi studie jsou u hojnych druht ptakua
udaje z JPSP pouze obtizné nahraditelné
a odhady zmén pocetnosti, které data
JPSP nezohledni, mohou byt zavadéjici.
Kvalita dat JPSP je pfimo umérna po-
¢tu scitanych transeptl; je proto velmi
zadouci, aby tento pocet byl co nejvyssi
a do prdce na projektu se zapojila co
nejvetsi ¢dst odborné ornitologické ve-
fejnosti. Jenom timto zpusobem bude
mozné dostatecné vérohodneé zjistit, jak
se meéni pocetnost nasich ptakt a z téch-
to zjisténi vychdzet pfi jejich dalsim stu-
diu ¢i ochrané.
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SUMMARY

Accurate estimates of bird population
changes are important for basic research
of avian ecology as well as for setting pri-
orities in bird conservation. For instance,
abundance of the species is in interac-
tion with its life-history strategy, and the
rate of population change is the most
important criterion in assessment of the
species’ threat status. Rates of population
change can be estimated using mapping
of breeding bird distribution if the data
on the species’ abundance in particular
mapping squares are collected simul-
taneously with the information about
their breeding status. Results of such
mapping are often published in distribu-
tion atlases. However, it is very difficult
lo estimate population changes in
common species with countrywide dis-
tribution when based on atlas mapping
only. We expected that data from annual
monitoring of breeding bird populations
produce more accurate estimates in such
common species.

We expressed population changes
between the last two periods of atlas
mapping in the Czech Republic (i.e.
1985-1989 and 2001-2003) in
73 species (i) using population size
estimates published in the distribution
atlases corresponding to these mapping
periods, and (ii) using data from the
annual Breeding Bird Monitoring
Programme (BBMP). They are the
most abundant species for which good
quality BBMP data are available at the
same time. Population changes from the
BBMP data were calculated using log-lin-
ear models in the TRIM software for
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the time series of 1987-2002. Together
with quantitative estimates of popula-
tion changes we classified all species into
three categories of population change
recognizing increasing species, stable
species and decreasing species, respec-
tively. The categorisation was performed
independently for each data source.
The species were further sorted into two
groups: (i) species for which BBMP data
were available during the atlas work (n
= 51), and (ii) species for which BBMP
data were not available during the atlas
work (n =22).

Population changes calculated from
atlas mapping well corresponded to pop-
ulation changes calculated from BBMP
(Fig. 1a). However, such good fit was
caused by the species for which BBMP
data were available during the atlas
work (Fig. 1¢). We did not reveal any rela-
tionship between atlas-based population
changes and BBMP-based population
changes in the species for which BBMP
data were not available during the atlas
work (Fig. 1b). Moreover, in the latter
species the classification into the cat-
egories of population change was more
positive when based on atlas mapping
than on BBMP (1able 1b). Specifically,
some species declining according to
BBMP were classified as stable or in-
creasing using atlas data and species
with no population change according
to BBMP were classified as increasing
using atlas data (Table 1b). Examples
include species of conservation concern
such as Grey Partridge (Perdix perdix) or
Eurasian Jackdaw (Corvus monedula)
as well as very common species such
as Chalffinch (Fringilla coelebs), Hedge
Accentor (Prunella modularis), Crested
Tit (Parus cristatus) or European Serin
(Serinus serinus).

Based on these resulls, we recommend
that BBMP data should be taken in
account in studies dealing with long-term



population changes of common birds.
Neglecting BBMP data may result in
S[flawed assessment of population status
in a substantial part of the Czech bird
Jauna. From the conservation perspec-
tive, it is very important to track the first
signs of decline even in very common
species as their decline rate may be ac-
celerating in the future. It might be too
late for conservation actions when such
species become rare. We also recommend
that BBMP results should be included
into procedures of population size
estimates based on atlas data. For this
purpose, it is important to calculate pop-
ulation trends from BBMP for appropri-
ate time intervals.
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Apendix: Zmény pocetnosti (v %, zaokrouhleno na cela ¢isla) u 73 druht ptaka spocitané
na zakladé Jednotného programu sc¢itan{ ptakt v CR (Zména podle JPSP) mezi roky 1987 a 2002
a na zakladé Mapovani hnizdniho rozsifeni ptdki v CR (Zména podle atlasu) mezi obdobimi
1985-1989 a 2001-2003. Podle zjisténé zmény pocetnosti byly druhy klasifikovany jako ubyva-
jici, stabilni nebo pfibyvajici. U 51 druhu byly tidaje z JPSP koordinatorim sitového mapovani
k dispozici (JPSP k dispozici - ano), u 22 druhu nikoliv (JPSP k dispozici - ne). Podrobnosti
k vypoctu zmeény pocetnosti a jeji klasifikaci jsou uvedeny v oddile Materidl a metodika.

Appendix: Population changes (%, rounded to integer) in 73 bird species in the Czech Republic.
Population change was calculated using data from the Breeding Bird Monitoring Programme in
the Czech Republic (BBMP change) between 1987 and 2002 and using data from the mapping
of breeding bird distribution in the Czech Republic (Atlas mapping change) between 1985-1989
and 2001-2003. The species were classified as decreasing (ubyvajici), stable (stabilni) or increas-
ing (pribyvajici), respectively, according to revealed population change. For 51 species the BBMP
data existed at the time of atlas mapping (BBMP existed — ano), for 22 did not (BBMP existed
- ne). See Methods for more details on population change calculation and species’ classification.

druh JPSP zména kategorie zména kategorie
k dispozici podle JPSP podle JPSP podle atlasu  podle atlasu
species BBMP existed BBMP change BBMP category Atlas mapping Atlas mapping
change category
Buteo buteo ano 161 piibyvajici 112 piibyvajici
Falco tinnunculus ano 133 stabilni 100 stabilni
Perdix perdix ne 40 ubyvajic 122 piibyvajici
Phasianus colchicus ne 102 stabilni 50 ubyvajici
Vanellus vanelllus ano 20 ubyvajici 30 ubyvajici
Columba oenas ne 380 piibyvajici 125 piibyvajici
Columba palumbus ano 176 piibyvajici 125 piibyvajici
Streptopelia decaocto ne 129 piibyvajici 85 ubyvajici
Streptopelia turtur ano 75 ubyvajici 83 ubyvajici
Cuculus canorus ano 96 stabilni 100 stabilni
Apus apus ne 94 stabilni 100 stabilni

148



[ _SYLVIA 45/2009

druh JPSP zmeéna kategorie zmeéna kategorie
k dispozici podle JPSP podle JPSP podle atlasu  podle atlasu
species BBMP existed BBMP change BBMP category Atlas mapping —Atlas mapping
change category
Picus viridis ano 217 piibyvajici 100 stabilni
Dryocopus martius ano 195 piibyvajici 133 piibyvajici
Dendrocopos major ano 119 piibyvajici 110 piibyvajici
Alauda arvensis ano 98 stabilni 88 ubyvajici
Hirundo rustica ano 69 ubyvajici 80 ubyvajici
Delichon urbica ne 119 stabilni 100 stabilni
Anthus trivialis ano 56 ubyvajici 90 ubyvajici
Anthus pratensis ne 34 ubyvajici 117 piibyvajici
Motacilla cinerea ne 81 stabilni 100 stabilni
Motacilla alba ano 58 ubyvajici 90 ubyvajici
Troglodytes troglodytes ano 125 piibyvajici 120 piibyvajici
Prunella modularis ano 56 ubyvajici 125 piibyvajici
Erithacus rubecula ano 101 stabilni 100 stabilni
Phoenicurus ochruros ne 91 stabiln{ 100 stabilni
Phoenicurus phoenicurus ano 224 ptibyvajici 163 piibyvajici
Turdus merula ano 133 piibyvajici 100 stabilni
Turdus pilaris ne 140 piibyvajici 114 piibyvajici
Turdus philomelos ano 109 stabiln{ 100 stabiln{
Turdus viscivorus ano 202 piibyvajici 114 piibyvajici
Locustella naevia ne 73 stabilni 120 piibyvajici
Locustella fluviatilis ne 96 stabilni 100 stabilni
Acrocephalus palustris ne 99 stabiln{ 100 stabilni
Acrocephalus scirpaceuis ne 40 ubyvajici 100 stabilni
Hippolais icterina ano 84 stabilni 90 ubyvajici
Sylvia curruca ne 138 piibyvajici 120 piibyvajici
Sylvia communis ano 85 stabilni 111 piibyvajici
Sylvia borin ne 83 ubyvajici 100 stabilni
Sylvia atricapilla ano 160 piibyvajici 133 piibyvajici
Phylloscopus sibilatrix ano 50 ubyvajici 88 ubyvajici
Phylloscopus collybita ano 109 stabilni 113 piibyvajici
Phylloscopus trochilus ano 48 ubyvajici 90 ubyvajici
Regulus regulus ano 52 ubyvajici 100 stabilni
Regulus ignicapillus ne 121 stabilni 140 piibyvajici
Muscicapa striata ano 152 piibyvajici 133 piibyvajici
Ficedula albicollis ano 157 piibyvajici 140 ptibyvajici
Aegithalos caudatus ano 43 ubyvajici 82 ubyvajici
Poecile montanus ano 80 stabilni 100 stabilni
Lophophanes cristatus ne 38 ubyvajici 100 stabilni
Periparus ater ano 100 stabilni 111 piibyvajici
Cyanistes caeruleus ano 114 stabilni 100 stabilni
Parus major ano 102 stabilni 100 stabilni
Sitta europaea ano 130 pribyvajici 100 stabilni
Certhia familiaris ano 167 pribyvajici 100 stabilni
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druh JPSP zmeéna kategorie zmeéna kategorie
k dispozici podle JPSP podle JPSP podle atlasu  podle atlasu
species BBMP existed BBMP change BBMP category Atlas mapping —Atlas mapping
change category
Oriolus oriolus ano 149 piibyvajici 100 stabilni
Lanius collurio ano 192 piibyvajici 120 piibyvajici
Garrulus glandarius ano 229 piibyvajici 113 piibyvajici
Pica pica ano 189 piibyvajici 125 piibyvajici
Corvus monedula ano 18 ubyvajici 100 stabilni
Corvus corone ano 70 ubyvajici 100 stabilni
Sturnus vulgaris ano 119 stabilni 113 piibyvajici
Passer domesticus ne 67 ubyvajici 93 ubyvajici
Passer montanus ano 147 piibyvajici 80 ubyvajici
Fringilla coelebs ano 84 ubyvajici 100 stabilni
Serinus serinus ne 50 ubyvajici 100 stabilni
Carduelis chloris ano 81 ubyvajici 90 ubyvajici
Carduelis carduelis ano 89 stabilni 100 stabilni
Carduelis cannabina ano 82 stabilni 100 stabilni
Carduelis flammea ne 316 piibyvajici 100 stabilni
Loxia curvirostra ne 45 ubyvajici 100 stabilni
C. coccothraustes ano 67 ubyvajici 93 ubyvajici
Emberiza citrinella ano 89 ubyvajici 90 ubyvajici
Emberiza schoeniclus ano 80 stabilni 100 stabilni
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Abstract. Winter weather limits populations of resident bird species. Although many small-scale or species-
specific studies illustrated this fact, our knowledge of interspecific differences in population responses to winter
temperatures is incomplete due to lack of community-level studies. For this purpose, we have used long-term
monitoring data on breeding bird populations of 37 common bird species wintering in the Czech Republic. We
predicted that species will differ in their relationship between winter temperature and abundance with respect
to their body mass and dietary niche. Smaller species having relatively higher energy expenditure should
show closer relationship between breeding abundance and winter temperature than larger species. Concerning
dietary niche, abundance of species feeding on animals should be more affected by temperature than abundance
of species feeding on plants or omnivorous species. Our results confirmed the second prediction: populations
of species preying on animals followed winter temperatures more closely than populations of species feeding
on both animals and plants. Food-mediated mortality is probably more important than direct effects of low
temperatures. In general, relationships between abundance and temperature were relatively weak in most
species and we suggest that possible changes in winter temperatures may not seriously affect populations of
common breeding birds in the Czech Republic.

Key words: climate, food type, body size, abundance, bird assemblage, population regulation

Introduction

Harsh winter weather strongly affects populations
of resident bird species and there are several ways
to such density regulation (Newton 1998). First, low
temperatures can directly kill individuals that are not
able to adjust their thermal regulation to conditions
of higher energetic demands (Bakken et al. 1991).
Second, birds’ food requirements increase in colder
periods to cover higher energy expenditure needed to
keep body temperature constant. Under conditions of
food shortage, some bird individuals are not able to
satisfy their energy demands and they die due to lack
of food (Lahti et al. 1998, Robison et al. 2007). Food

* Corresponding Author

accessibility might be lower in winter either due to low
temperatures when the prey is hidden inrefuges to prevent
freezing or due to snow or ice cover (Rolstad & Rolstad
2000). Therefore, breeding abundance of many resident
bird species is dependent to large extent on weather
conditions in the preceding winter (Newton 1998). For
this reason, temperature in winter months became an
integral part of models predicting species’ responses to
global climatic changes in terms of distributional shifts
(Huntley et al. 2007, Doswald et al. 2009).

Although these models do not discriminate among
species-specific ecological characteristics (but see
Doswald et al. 2009), we suggest that population
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response to winter climate does need not to be
universal within resident bird species.

Empirical studies of the relationships between population
abundance and climatic conditions are not very common
on community level (Jones et al. 2003). Most of the
current knowledge is based on studies performed on
species level in local scale (e.g. Holmes et al. 1986,
Virkkala 2004) showing adverse effects of harsh winters
on selected resident species due to lower food supply
or temperature-mediated mortality (Lahti et al. 1998,
Newton et al. 1998, Sather et al. 2000, Robinson et al.
2007, Siriwardena et al. 2007). Climatic conditions in
the Czech Republic, a central European country situated
in transition zone between oceanic and continental
climate (Tolasz et al. 2007), offer good opportunity
to explore the effects of winter temperature variation
on bird populations. Due to occurrence of both harsh
and mild winters we can expect remarkable variation
in bird populations caused by annual fluctuations of
climatic conditions. Moreover, long tradition of annual
monitoring of bird populations in this country (Janda &
Stastny 1984) provided high quality data on breeding
abundance for number of species enabling a community
level analysis (Reif et al. 2006).

For such an analysis, we have selected species with
high proportion of individuals staying on breeding
grounds during winter (Cepak et al. 2008). We have
related breeding abundance of each species to average
temperature of the preceding winter to express its
dependence on winter weather. We have predicted
that the species would differ in responses of their
populations to winter weather due to the influence
of ecological differences among species. First,
efficiency of thermal regulation increases with body
mass (Aschoff 1981, Meehan et al. 2004). Therefore,
we expected that abundance of larger species would
follow changes in temperature less closely than
abundance of smaller species. Second, the effects of
temperature might act through food supply (Lahti et
al. 1998, Robinson et al. 2007). We can expect that
species with different dietary niches would differ in
dependence of their abundance on winter temperature.
Accessibility of seeds and other plant tissues should be
less dependent on temperature compared to the food
of animal predators because their prey can actively
hide in places enabling survival during the period of
low temperatures (Avery & Krebs 1984, Carrascal et
al. 2001, Zmihorski & Rejt 2007). Therefore, we can
predict that abundance of species feeding on animals
(carnivores and insectivores) should be more affected
by temperature than abundance of species feeding on
plants (e.g. seed-eaters) or omnivorous species. The

aim of this paper was to test these two predictions
using Czech bird monitoring data.

Material and Methods

Data

We used data from the Breeding Bird Monitoring
Programme (BBMP) for the assessment of breeding bird
population changes between 1982 and 2007 in the Czech
Republic. BBMP is a large-scale generic bird monitoring
scheme based on fieldwork of skilled volunteers (Janda
& Stastny 1984, Reif et al. 2006). All 335 census sites
are scattered throughout the whole territory of the
country and they form a representative sample of the
Czech landscape (Reif et al. 2008a). Standardized point
counts are used as a field method with 20 points visited
two times per breeding season (to detect both early
and late breeding species) at each census site. During
one visit, all birds seen or heard were recorded for five
minutes on each census point. In each year, abundance
of a species at a given census site was calculated as the
mean number of individuals from both visits (see Reif et
al. 2007, 2008a for more details on field methods).
Wintering of bird species in the Czech Republic was
assessed using information from the Atlas of bird
migration in the Czech Republic and Slovakia (Cepak
etal. 2008) based on all known ringing recoveries until
2002. For purposes of this study, we have selected
37 species with more than 75% of Czech breeding
population wintering on the territory of the country
(Cepék et al. 2008) and having good record in BBMP
data at the same time (see Reif et al. 2008b). For these
species (Table 1), we have obtained information about
their body mass from local ornithological monographs
(Hudec 1983, 1994, Hudec & Stastny 2005) and
about their winter diet from Bejcek et al. (1995).
We have recognized following categories of species’
dietary niche: species feeding on animals (n =9, three
carnivorous species and six insectivorous), species
feeding on both animals and plants (n = 15, including
four omnivorous corvids), species feeding on plants
only (n =13, all but one were seed-eaters).

Winter temperatures were supplied by the Czech
Hydrometeorological Institute as monthly means for
December, January and February in each year from
1982 to 2007 (Table 1). Temperatures were positively
correlated across years among all months but the
correlation coefficients were relatively low and only
one relationship was significant (r_ =046,
P=0018.1 o repmay =~ 0-22.P=0286.1, o0 o
= 0.28, P = 0.166, N = 26 in all cases). Therefore,
particular months were treated separately in following
analyses.

cember—January
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Table 1. Mean temperatures in particular winter
months (December, January, February) in the Czech
Republic measured from 1982 to 2007. Note that
December temperatures were measured in the
preceding calendar year (i.e. in December 1981 for
the winter 1982 etc).

Winter December January February
1982 -3.1 -53 2.1
1983 0.8 2.4 3.2
1984 -1.2 -1.0 -1.7
1985 -0.8 -7.8 -5.6
1986 1.8 -1.6 -7.4
1987 -0.6 -7.9 -1.8
1988 0.5 1.3 0.9
1989 1.0 -0.2 2.5
1990 0.2 -0.3 3.6
1991 -1.0 -0.2 -4.5
1992 -2.0 -0.1 1.4
1993 -14 -0.1 29
1994 1.6 1.7 -1.2
1995 1.0 -1.8 34
1996 -2.6 -4.6 -4.6
1997 -4.9 -4.5 1.5
1998 0.8 0.2 2.8
1999 -1.7 -04 -1.5
2000 -0.2 2.2 2.3
2001 0.6 -1.5 0.4
2002 34 -1.2 34
2003 2.9 23 -4.1
2004 -0.5 -3.7 0.7
2005 -0.6 -0.2 3.4
2006 -1.1 -59 2.8
2007 2.3 3.0 2.7

Statistical analyses

We have transformed abundance of each bird species
into annual indices using log-linear models in TRIM
3.51 with the effects of individual census sites and
years included into the model formula (Pannekoek
& van Strien 2001). Log-linear models are standard
tools for analysis of bird monitoring data based on
counts and having Poisson distribution of errors.
Serial correlation and over-dispersion from Poisson
distributions were taken into account. The value of the
index was set at 100% in 1982 as the first year.

As breeding bird abundance often shows density
dependence it is impossible to relate abundance to
environmental variables directly over time (Piha et
al. 2007). We have adopted approach introduced by
Sather et al. (2003) expressing annual growth rate (1)

of population of each species:
r= Nt+1mt (1)

where N, is the index of population abundance
(computed using log-linear models, see above) in the
year t. In the next step, we have related the logarithm
of annual growth rate of the breeding population of
a given species to winter temperature controlling for
the effect of N

log(r) =a+bZ+cN, (2)
where Z is a vector of environmental variables (mean
temperature in a given winter month in our case) and
a, b and c are model parameters. Parameter b indicates
the effect of winter temperature, parameter ¢ indicates
the effect of density dependence. As Z and N, were not
correlated, multicollinearity was not a problem in this
regression model. To assess the strength of the effect
of winter temperature on population of each species
we used partial correlation coefficient calculated in
the model. The more positive correlation, the higher
dependence of species’ breeding abundance on
temperature in the preceding winter. We ran separate
models for each of the winter months (i.e. December,
January and February, respectively). As a result,
each bird species obtained three different partial
correlation coefficients, corresponding to respective
months, quantifying the effects of winter weather of
its population.
In the next step, we have modelled partial correlation
coefficients as functions of body mass and dietary
niche and their interaction across species. Partial
correlation coefficients corresponding to different
months were included together into a common model
with the effect of “month™ as an additional explanatory
variable. This approach enabled us to test whether the
partial correlation coefficients were more positive in
one month compared to the others and thus to judge
which part of winter has the strongest limiting effect on
bird populations. Moreover, it was possible to focus on
the interactions between different variables, testing, for
instance, whether the effect of body mass is different in
December compared to January. This approach also did
not elevate the probability of Type I error.
Finally, we have performed linear mixed-effects
models with random effects of species, genera,
families and orders to control for the effects of
phylogenetic relatedness of the focal species
(expressed by taxonomy). Mixed-effects models
were fitted using lme function in R package nlme
(R development core team 2005) using maximum
likelihood method recommended for comparison of
models with different fixed effects structures (Crawley
2007). We have also used mixed-effects models to
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examine the within- and between-taxon-variability of
partial correlation coefficients from the relationships
between abundance and winter temperature. For this
purpose, we used restricted maximum likelihood
method which is independent on fixed effects
(Crawley 2007). Classification of species to orders
and families was based on information from Sibley
& Monroe (1990) and to genera on information from
Dudley et al. (2006). Body mass was log-transformed
for statistical analyses to achieve normality. Partial

correlation coefficients showed normal distribution
among species (Kolmogorov-Smirnov tests: d___
=0.09, clszuary =0.11,d.,__=0.09, all P> 0.20).

Results

Temperature in winter months explained small part of
annual variation in breeding abundance of particular
bird species (Table 2). Generally, partial correlation
coefficients indicating the strength of dependence of
annual growth rates of species’ populations on winter

Table 2. Characteristics of 37 resident bird species with breeding populations monitored between 1982 and
2007 in the Czech Republic. Species are sorted with respect to their winter diet to: plant-eating species
(P), animal-eating species (A), and species feeding on both animals and plants (A+P). Partial correlation
coefficients (partial r) with corresponding significance levels (p) revealed by linear models show the effects of
temperature (Temperature) in particular winter months (separate set of models were run for December, January
and February) and species’ abundance in previous breeding season (Abundance), respectively, on annual
population growth rates of particular species. Species showing signifficant effect of temperature (at least in one

month) are in bold.

Species Diet Body mass (g) December January February
Temperature Abundance Temperature Abundance Temperature Abundance
partialt p partialt p partialr p partialt p partialt p partialt p

Cygnus olor P 10250 -0.26 0.212 -0.54 0.007 -0.11 0.624 -0.58 0.003 -0.10 0.626 -0.59 0.002
Anas platyrliynchos A+P 1063 -0.01 0974 -0.28 0.193 0.01 0.980 -0.27 0.200 041 0.047 -0.31 0.141
Buteo buteo A 848 -0.12 0.563 -0.39 0.002 0.21 0.330 -0.60 0.002 051 0.011 -0.61 0.001
Falco tinnunculus A 220 -0.02 0.938 -0.66 0.000 0.19 0.385 -0.68 0.000 0.29 0.176 -0.64 0.001
Perdix perdix P 365 0.37 0.075 -043 0.034 0.18 0.406 -0.38 0.069 0.12 0.365 -0.33 0.110
Phasianus colchicus P 1163 0.20 0.355 -0.36 0.004 0.09 0.661 -0.54 0.006 0.00 0993 -0.53 0.007
Streptopelia decaocte P 198 033 0.112 -0.20 0.355 0.60 0.002 -0.25 0245 0.28 0.183 -0.29 0.168
Alcedo atthis A 41 0.20 0.347 -0.44 0.030 0.48 0.019 -0.50 0.012 045 0.026 -0.58 0.003
Picus viridis A 191 -0.08 0717 -0.42 0.040 0.26 0.222 -0.39 0.057 -0.08 0.721 -0.41 0.045
Dryocopus martius A 310 0.09 0.659 -0.35 0.092 0.07 0.008 -0.37 0.531 -0.07 0.731 -0.37 0.076
Dendrocopos major A+P 81 0.27 0.206 -0.61 0.001 0.29 0.170 -0.52 0.009 0.00 0996 -0.64 0.001
Dendrocopos minor A+P 21 -0.21 0322 -0.81 0.000 -0.26 0.228 -0.80 0.000 0.17 0.440 -0.80 0.000
Troglodytes troglodytes A 10 0.54 0.007 -0.44 0.032 0.80 0.000 -0.74 0.000 0.49 0.015 -0.65 0.001
Turdus merula A+P 93 0.56 0.005 -0.20 0.349 0.74 0.000 -0.40 0.056 035 0.095 -0.41 0.046
Aegithalos caudatus A 8 0.00 0987 -0.39 0.062 -0.22 0.292 -0.34 0.101 0.05 0.815 -0.38 0.068
Poecile palustris A+P 11 -0.02 0941 -0.39 0.061 -031 0.139 -0.40 0.052 -0.29 0173 -0.46 0.025
Poecile montanus A+P 11 0.16 0.442 -0.65 0.001 -0.10 0.648 -0.61 0.002 0.19 0382 -0.67 0.000
Lophophanes cristatus  A+P 11 0.03 0.546 -0.44 0.130 -0.19 0.363 -0.41 0.047 -0.31 0.142 -0.41 0.046
Periparus ater A+P 10 -0.29 0.172 -0.51 0.011 -0.26 0.224 -0.48 0.018 0.12 0.587 -0.51 0.012
Cyanistes caeruleus A+P 10 0.17 0437 -0.62 0.001 -0.03 0.873 -0.65 0.001 -0.10 0.632 -0.66 0.000
Parus major A+P 12 -0.01 0973 -0.36 0.005 -0.32 0.127 -0.54 0.006 -0.21 0329 -0.59 0.003
Sitta europaea A+P 19 0.02 0935 -0.50 0.014 0.06 0.781 -0.52 0.010 036 0.086 -0.56 0.004
Certhia familiaris A+P 23 0.34 0.101 -0.62 0.001 0.02 0.933 -0.63 0.001 028 0.189 -0.62 0.001
Certhia brachydactvla A 9 0.15 0.498 -0.58 0.003 0.10 0.637 -0.60 0.002 0.02 0923 -0.58 0.003
Garrulus glandarius A+P 161 -0.10 0.652 -0.46 0.023 0.30 0.159 -0.37 0.073 0.12 0.577 -0.46 0.025
Pica pica A+P 200 -0.22 0.300 -0.54 0.006 0.05 0.806 -0.35 0.005 -0.42 0.042 -0.54 0.006
Corvus monedula A+P 230 0.22 0311 -0.43 0.037 -0.01 0973 -0.42 0.040 -0.06 0.796 -0.42 0.038
Corvus corone A+P 506 0.00 0983 -040 0.053 -0.08 0.714 -0.44 0.032 -0.08 0.696 -0.44 0.031
Passer domesticus P 32 0.13 0.531 -0.28 0.182 0.28 0.190 -0.21 0322 -0.12 0.582 -0.28 0.181
Passer montanus P 23 0.29 0.173 -0.53 0.008 0.28 0.179 -0.52 0.009 0.14 0.506 -0.50 0.013
Fringilla coelebs P 23 0.04 0.838 -0.22 0.301 0.05 0.827 -0.21 0316 -0.03 0.893 -0.21 0.320
Carduelis chloris P 28 -0.03 0.893 -0.32 0.134 -0.15 0.497 -0.34 0.104 039 0.061 -0.09 0.693
Carduelis carduelis P 17 0.08 0.712 -0.54 0.007 0.09 0.674 -0.55 0.005 036 0.083 -0.53 0.008
Carduelis flammea P 11 -0.35 0.097 -0.33 0.114 -0.18 0.400 -0.40 0.052 -0.15 0497 -0.39 0.059
Loxia curvirostra P 41 0.10 0.646 -0.64 0.001 023 0277 -0.64 0.001 0.05 0.832 -0.64 0.001
Pyrrhula pyrriuda P 28 0.35 0.095 -0.64 0.001 -0.08 0.704 -0.58 0.003 -0.02 0916 -0.57 0.003
Emberiza citrinella P 29 -0.01 0.959 -0.22 0.294 -0.23 0.272 -0.25 0238 -0.44 0.030 -0.32 0.127
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temperature were positive (mean,__ = 0.08 + 0.04
(standard error), mean, = 0.08 + 0.05, mean_, __
= 0.07 £ 0.04) indicating that winter weather affects
breeding population of Czech birds to some extent.
The values of partial correlation coefficients did
not differ among months (F, . = 0.01. P = 0.992)
suggesting no indication of higher importance of
some months compared to others for limiting of bird
populations.

Only one species, winter wren (Troglodytes
troglodytes), ~was  significantly affected by
temperatures in all three focal months. Five species
were significantly affected by temperatures in one
or two months: blackbird Turdus merula (December
and January), kingfisher Alcedo atthis (January and
February), buzzard Buteo buteo (February), mallard
Anas  platyrhynchos (February), collared dove
Streptopelia decaocto (January). Majority of the focal
species (63—78%, depending on the month used for the
analysis) showed significant negative dependence of
population growth rate on abundance in the previous
breeding season, none showed positive dependence
(Table 2).

Species’ dietary niche was a significant predictor
of the interspecific variation in the strength of
the relationship between breeding abundance and
temperature in particular winter months (month:
F, . = 0.01, P=0.991; dietary niche: F, s = 408,
P =0.020). Abundance of species feeding on animals
followed winter temperatures more closely than
abundance of species feeding on both animals and
plants (post-hoc contrasts: difference between feeding
on animals and feeding on both animals and plants
P = 0.013, difference between feeding on animals
and feeding on plants P = 0.151, difference between
feeding and plants and feeding on both animals and
plants P = 0.540, Fig. 1). The effect of dietary niche
did not differ among particular winter months as
indicated by non-significant interaction between month
and dietary niche (month: F, , = 001, P = 0991;
dietary niche: F, |, =3.99, P=0.022: month x dietary
niche: F, , =037, P= 0.829). In contrast to the
significant effect of dietary niche on the relationship
between breeding abundance and temperature, this
relationship was not affected by body mass (month:
F, ,, = 0.01, P = 0.992; body mass: F, ., = 026,
P = 0.609). The effect of body mass did not differ
among months (month: F, = 0.01, P = 0.992; body
mass: F = 0.26, P = 0.609; month x body mass:

1, 105

F ., .=0.92, P=0.400).

2,105
The significant effect of dietary niche and no effect

of body mass remained consistent over various

designs of linear models: after simultaneous testing
the effects of dietary niche and body mass (month:
F, ,s =001, P=0.991: dietary niche: F, |, = 406,
P = 0.020: body mass: F, . = 0.28. P = 0.595).
after including the interaction between dietary niche
and body mass (month: F, . = 0.01. P = 0.991:

dietary niche: F =4.12, P = 0.019; body mass:

2,103
F, s =029, P = 0.592; dietary niche x body mass:
F, =18l P= 0.169), after including interaction

between month and dietary niche and interaction
between month and body mass, respectively (month:
F, ,, = 0.01, P = 0.991: dietary niche: F, ,, = 4.02,
P =0.021; body mass: F ,,=0.28,P=0597; dietary
niche x body mass: F, ;. = 1.77, P = 0.176: month x
dietary niche: F, =037, P=0.827; month x body
mass: F, = =099, P = 0.373). Reversed order of
explanatory variables in the linear models showed the
same significant terms (results not shown).

0.30 *
0.25¢
0.20¢

0.15¢

0.10¢ *
0.05¢

0.00

Partial correlation coefficient

-0.05}

-0.10

Plants Animals Animals and plants

Fig. 1. Mean (£95% confidence interval) strengths of
relationships between species’ breeding abundance
and winter temperature (quantified by partial
correlation coefficients) in the Czech Republic in three
groups of resident bird species defined by species’
winter diet (i.e. species feeding on animals, plants,
or both animals and plants). Groups significantly
different from each other according to results of
post-hoc contrasts are marked with asterisks. See
Methods section for more details on computation of
relationship between breeding abundance and winter
temperature.

Linear mixed-effects models examined the fixed
effects of month, diet and body mass given the
random effects of species relatedness expressed
by their species, genus, family and order status.
These analyses did not reveal any significant results
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implying strong effect of phylogeny on ability of
the explanatory variables to explain interspecific
variability in the relationships between breeding
bird abundance and winter temperature: model with
dietary niche (month: F, = 0.02, P = 0.984: dietary
niche: F, , =043, P= Or.6_58), model with body mass
(month: F, ,=0.02,P=0984; body mass: F, ,=0.00,
P = 0.999), model with interaction between dietary
niche and month (month: F, . =002, P = 0.984;
dietary niche: F, , = 0.42, P = 0.668: dietary niche x
month: F 13— 0.70,P= 0.596), model with interaction
between body mass and month (month: F, ., = 0.02,
P = 0.983; body mass: F, ,=0.00, P =0.999; body
mass X month: F, . = 1.89, P = 0.159), model with
interaction between dietary niche and body mass
(month: F, = 0.02, P = 0.984; dietary niche:
F, , = 043, P = 0.657: body mass: F, , = 0.00,
P = 0.968; dietary niche x body mass: F,,=0.79,
P = 0.513 ), the most complex model (month:
F, =002, P=0.984; dietary niche: F, , =041,
P =0.673; body mass: F, ,=0.00, P =0.969; dietary
niche x body mass: F,, =075, P=0530; month x
dietary niche: F, ,,=0.70, P = 0.593; month x body
mass:F, =187, P= 0.162). All results were robust
to different orderings of explanatory variables in the
models (results not shown).

Finally, we have examined the random effects of
species’ taxonomonic categorization alone on the
variability in partial correlation coefficients between
breeding abundance and temperatures in particular
winter months. Variability at the species level was
highest for December (75%) and February (79%),
respectively, and second highest for January (40%).
Variability at the family level was the second highest
for two months (December 25%, February 13%). For
January, the variability explained at the family level
was even the highest among all taxonomic levels
(49%). The order level contributed to substantial
part of variation for February (8%), and the genus
level for January (12%). For the remaining months,
order and genus levels had negligible contributions to
variability in partial correlation coefficients (less than

1% in all cases).

Discussion

Our examination of relationships between breeding
abundance and winter temperature in 37 common bird
species wintering in the Czech Republic revealed four
main patterns: (i) relationships were generally weak
in most species, only six species showed significant
partial correlation between population growth rate and
temperature in at least one of the three winter months

(December, January or February); (ii) the strength
of these relationships was affected by diet: species
preying on animals had stronger relationship between
abundance and winter temperature than species
feeding on both animals and plants: this pattern was
consistent across all winter months; (iii) body mass
did not affect the strength of the relationship between
abundance and temperature; (iv) populations of more
than two thirds of species showed density dependence
(negative in all cases).

The first and fourth patterns imply that winter
severity is not a very important component of
population regulation of resident bird species in the
Czech Republic. Intrinsic population processes seem
much more important as most of the species showed
significant negative density dependence. It means that
annual change in breeding abundance of a species
depends more on its abundance in the previous year
than on temperature in winter. This finding is in contrast
with the strong effect of climate on spring arrival
dates. In central Europe, several studies described
dependence of mean arrival dates of migrants on
temperatures in spring or on the Northern Atlantic
Oscillation index (Hubélek 2003, Tryjanowski et
al. 2005, Hubalek & Capek 2008). Climatically-
induced shift in arrival date might translate into
change in breeding abundance resulting in population
decline of species not able to adjust their arrival on
breeding grounds to warmer climate (Tryjanowski et
al. 2005, Meller et al. 2008). Putting these findings
together with the results of our study, we suggest that
abundance of central European birds in the breeding
season is strongly affected by spring temperature
(Tryjanowski et al. 2005, Reif et al. 2008b) but the
effect of winter temperature is weak (this study).
However, we should bear in mind that winter weather
was expressed as monthly temperate means. Although
mean temperature is frequently used to test the effects
of winter conditions on animal populations (e.g. Jones
et al. 2003, Huntley et al. 2007, Link & Sauer 2007),
use of such mean can mask the effects of temperature
anomalies such as short periods of deep frost that may
limit bird abundance more directly. Future studies can
focus on performance of various measures of winter
severity in bird population models.

The second and third patterns indicate that winter
climate in the Czech Republic impacts upon bird
populations indirectly through food supply rather than
directly in which case the effect of body mass would
be expected. Dietary niche thus seems to determine
the effect of winter temperature on breeding bird
populations: species feeding on both animals and
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plants (including omnivorous species) showed weaker
relationships to temperature than species feeding on
animals. This effect of dietary niche was consistent
over particular winter months implying that none of
the months have stronger limiting effect on bird food
supply compared to the others. Results of our study
expand on initial findings of Robinson et al. (2007)
reporting high importance of dietary differences
for relationships between abundance and winter
temperature in 10 passerine species.

Low temperatures may reduce the activity of potential
prey (especially invertebrates) and/or the prey might
be less accessible (Avery & Krebs 1984, Rolstad &
Rolstad 2000). The first factor might explain relatively
close relationship between abundance and temperature
in winter wren. Abundance of this species showed the
tightest relationships to temperature, significant in all
winter months. Indeed, Cannell et al. (1999) included
the index of winter wren breeding abundance among
indicators of climatic change in Great Britain as its
abundance signalised impacts of winter severity on
animals very clearly. Our data confirm indicative
potential of this species. Reduced prey accessibility
was probably important for limitation of populations
of carnivorous species in our data because all species
with this dietary specialisation were among those with
the strongest abundance-temperature relationships.
Ice cover on rivers and water bodies probably
restricted accessibility of food for kingfisher (Keller
etal. 1989, Kelly & Van Horne 1997), snow cover hid
movements of small rodents (Solonen 2006), the main
component of diet of kestrel (Falco tinnunculus) and
buzzard (Zmihorski & Rejt 2007, Riegert et al. 2009).
In contrast, species with wider dietary niche may
switch to the food type temporary available to prevent
starving during unfavourable weather conditions
(Brandle et al. 2002). This explanation, however, is
conditional on broad dietary niche on the level of
particular individuals (Colles et al. 2009) and this
assumption remains to be tested in species in our data.
Most of the species showed negative density
dependence in population growth rate. This result
corresponds to findings of Greenwood & Baillie (1991)
and Newton et al. (1998), who reported poor breeding
performance of common birds following the years
of high abundance. Presence of density dependence
confounds the effects of environmental factors on
abundance and the studies searching for determinants
of population changes need to separate the effects of
extrinsic and intrinsic factors (Link & Sauer 2007,
Piha et al. 2007). However, even recent studies apply
direct correlations between species’ abundance and the

factor of interest (Wesolowski et al. 2009), although
such analyses might produce substantially flawed
results. As the recent mathematical tools enable to
include a simple population model into statistical tests
(Sather et al. 2003) we urge to use this approach.
Our mixed-effects models showed that the effects
of dietary niche on the strength of the relationship
between abundance and winter temperature were
insignificant if the taxonomic relatedness of the
focal species was taken into account. Although the
strength of abundance-temperature relationships
varied considerably among species, about one fourth
(or even more, depending on which of the winter
months was used in the models) of the variability
was found at the family level. Moreover, bird diet is
specific for higher taxa (Bennett & Owens 2002) and
closely related species within families or genera often
feed on similar food (Price 2008). As a result, the
effect of dietary niche was weaker if the phylogenetic
component of variability (expressed in taxonomic
categories) was highlighted. Nevertheless, significant
phylogenetic effects do not preclude use of the results
for conservation praxis (Thomas 2008). For instance,
from the effect of winter temperatures on populations
of species feeding on animals we can infer that
these species may be particularly sensitive to human
disturbance on wintering sites. Such disturbance
could reduce the amount of time needed by the birds
to search for their animal food. Therefore, such
disturbance should be limited at least in the species of
conservation concern like kingfisher.

Our results might be useful for considerations about
results of modelling of species’ potential responses
to climatic change (Diniz-Filho et al. 2009). Such
predictions often use models with only a few climatic
variables including winter temperature (e.g. Huntley
et al. 2007). We have found that the effect of winter
temperature on breeding bird abundance is relatively
weak at least in the conditions of the Czech Republic
and its strength is modified by species’ dietary niche.
Therefore, predictive models with sole climatic
variables might be too simplistic and the patterns of
species’ diversity and abundance predicted by these
models not realistic. Inclusion of some ecological
characteristics of the focal species such as dietary
niche might result in improvement of predictive
power of such models.
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Abstract

Climate change is among the most important global threats to biodiversity and mountain
areas are supposed to be under especially high pressure. Although recent modelling
studies suggest considerable future range contractions of montane species accompa-
nied with increased extinction risk, data allowing to test actual population consequences
of the observed climate changes and identifying traits associated to their adverse impacts
are very scarce. To fill this knowledge gap, we estimated long-term population trends of
montane birds from 1984 to 2011 in a central European mountain range, the Giant Moun-
tains (Krkonose), where significant warming occurred over this period. We then related
the population trends to several species' traits related to the climate change effects. We
found that the species breeding in various habitats at higher altitudes had more negative
trends than species breeding at lower altitudes. We also found that the species moved
upwards as a response to warming climate, and these altitudinal range shifts were asso-
ciated with more positive population trends at lower altitudes than at higher altitudes.
Moreover, long-distance migrants declined more than residents or species migrating for
shorter distances. Taken together, these results indicate that the climate change, besides
other possible environmental changes, already influences populations of montane birds
with particularly adverse impacts on high-altitude species such as water pipit (Anthus spi-
noletta). It is evident that the alpine species, predicted to undergo serious climatically
induced range contractions due to warming climate in the future, already started moving
along this trajectory.
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Introduction

Climate change ranks among the top drivers of biodiversity changes worldwide [1]. However,
severity of its impacts varies over the Earth’s surface with mountain areas being among those
under extraordinarily high pressure [2, 3]. To better understand potential consequences of cli-
mate change in these areas, it is important to quantify the magnitude of this impact on species’
populations and to determine the species being under the highest risk [4].

Under the circumstances of climate change, montane species typically shift their ranges
towards higher altitudes tracking their climatic optima [5-8], although some other drivers
might be also involved in such shifts [9]. This pattern of shift was found in vast majority of
cases because it is consistent with globally warming temperatures and a gradient of decreasing
temperature with altitude [10]. However, space limitations at high altitudes constrain possibili-
ties of montane species to cope with climatic changes and make them particularly vulnerable:
in an extreme case, the climatic niche of some of these species can move beyond the mountain
tops driving such species ultimately to extinction [11]. Although various studies modelled and
predicted such threats for the future conditions [2, 12, 13], empirical evidence for these impacts
of the current climate change on montane species remains limited due to the lack of long-term
data on species’ distribution and abundance at high altitudes [14].

Here we focused on the impacts of climate change on long-term population trends of birds
in a central European mountain range, the Giant (Krkono$e) Mountains, Czech Republic. The
Giant Mts. cover an altitudinal range of 1200 m from the low-altitude forests and cultural land-
scape to high-altitude alpine grasslands above timberline [15]. Quantification of long-term
population trends was enabled by the existence of a unique long-term data set collected using a
standardized technique by a single observer since 1984 and covering the entire altitudinal gra-
dient in these mountains. We studied the effects of climate change on populations of montane
bird species by means of interspecific comparative analysis relating population trends to spe-
cies-specific traits [16] testing following predictions.

(i) Population trends of species breeding at higher altitudes should be more negative than
the trends of species breeding at lower altitudes. Distribution of the species breeding at high
altitudes is constrained by mountain tops and thus their populations are more likely to decline
under the conditions of warming climate [11]. (ii) Long-distance migrants should have more
negative trends than the short-distance migrants and residents because they are more adversely
affected by climatic changes on breeding grounds [17] and also adversely affected by habitat
deterioration at the wintering and stopover sites [18]. (iii) Species with slow life history strate-
gies should have more negative trends than the species with fast strategies. The fast life history
is characterized by potentially high population growth rate [19] enabling a quick recovery of
species’ population after an impact of environmental change [20], which is more problematic
for the slow life history species making them more sensitive to the impacts of global changes
[21]. On the other hand, slow life history species may be more resistant to environmental per-
tubations making their populations more stable [22, 23]. In addition, the climate change was
found to affect central European populations of birds according to the mean temperature in
their European breeding ranges, when regional abundance of species breeding in warmer
(southern or lowland) regions increase, while species of colder (northern or montane) regions
decline [21, 24, 25, 26]. Therefore, (iv) species with lower temperature of European breeding
range should have more negative population trends than the species breeding in warmer
temperatures.

Population trends of particular species may also be related to upward shifts of their altitudi-
nal ranges caused by warming climate [27]. By shifting to higher altitudes species compensate
the adverse impacts of climate change on their populations [28]. Therefore, depending on the
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altitude of species’ breeding occurrence, we could expect differences in population trends
between long- and short-shifting species. Specifically, population trends of species experiencing
longer altitudinal range shifts should be less negative than the trends of species showing shorter
shifts in the case of species breeding at lower altitudes, but the reverse will be true at higher alti-
tudes. We thus tested this hypothesis as a (v) final prediction.

The aims of this study were (i) to calculate the long-term population trends of particular
bird species breeding in the Giant Mts., (ii) to describe the climate change in this mountain
range, (iii) to test the predictions formulated above.

Materials and Methods
Study area

The study was conducted in the Giant Mts. (Krkonose), the highest mountain range in the
Czech Republic spanning an altitudinal range of more than 1200 m and with the highest peak
of 1603 m a.s.l. The range spreads over four altitudinal vegetation belts: submontane, montane,
subalpine and alpine [29, 30]. The two lower belts are covered by forests with a timber line at
about 1300 m a.s.1.: more or less close-to-nature and autochthonous beech-spruce and moun-
tain spruce forests prevail at higher elevations, whereas most forests at lower elevations are
managed mixed and spruce stands [31]. The two upper belts are covered by open habitats of
artic-alpine tundra [32]: glacial corries, rocks, alpine and subalpine grasslands, subarctic peat-
bogs and stands of Pinus mugo. Meadows and pastures are also present at lower elevations
replacing original forest vegetation in some areas below and around the timber line [33]. Most
of the Giant Mts. is protected as a national park and the intensity of human impact decreases
from the foothills and valleys with permanent human population towards higher altitudes [31].
See [7] for more details on the study area.

Climate data

To describe patterns in climate change during the bird breeding season (May-July; note that
the breeding starts later in montane environment) in the Giant Mts. over the study period we
used data collected at three meteorological stations (S1 Table): Labska bouda (1315 m a.s.l.),
Pec pod Snezkou (816 m a.s.l.) and Janske Lazne (650 m a.s.l.). The stations were located in dif-
ferent parts of the national park providing meaningful information about the climatic condi-
tions in the Giant Mts. The data are the mean temperatures over the focal months (May-July)
supplied by the Czech Hydrometeorological Institute.

Bird census

Bird census was approved by the Krkonose National Park Administration. Since it was based
just on observation and hearing of bird individuals without any disturbance, there was no need
for approval of animal welfare committee. Birds were counted by JF along ten transects scat-
tered throughout the mountain range covering all altitudinal vegetation belts (see Fig A1 in
[7]) annually from 1984 to 2011. Transects contained 6-27 points located in ca 400 m intervals.
Each point was visited two times per breeding season (May-]July) early in the morning under
favourable weather conditions (no rain or fog, no strong wind). During one visit, all birds seen
or heard were recorded within 100 m radius around each census point for five minutes. Loca-
tions of the points and transects did not change over the course of the study and the dates of
the visits varied less than +7 days between years. Maximum count from both visits was taken
as the abundance of a given species at one point in a given year. Such maximum counts are fre-
quently used in studies inferring population trends from annual monitoring data because they
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are most likely closer to real abundances than, for example, mean counts [21, 34]. These point-
abundances were summed to calculate the abundance of every species at each transect in a
given year. These annual abundances at the transect level were used for further analysis to esti-
mate the species’ population trends.

Bird population trends

Population trends were estimated for all but one 51 common bird species whose altitudinal
range shifts in the Giant Mts. were investigated in our earlier study [7]. The only exception was
black grouse (Tetrao tetrix) whose counts were too low (five observations per year on average)
and we thus excluded this species from the analysis of trends. Our final dataset thus contained
50 species. Trends were computed in TRIM, a statistical software developed specifically for the
analysis of long-term time series data from animal monitoring programmes [35], which is cur-
rently among the most frequently used frameworks to infer bird population trends (see e.g.
[24, 25, 36-38]). For the analysis we employed log-linear models with Poisson error structure
where species’ abundance at particular transects was a response variable (see above) and years
(1984-2011) and transects were respective explanatory variables. Moreover, serial correlation
and overdispersion were taken into account. As a result, we obtained yearly population indices
of particular species and the population trend of a given species was estimated as a slope (with
its standard error) of the regression line through the logarithms of the yearly indices. The trend
can thus be translated as a logarithm of mean annual population growth rate. Negative values
of trends signify population decline, and positive values population increase. These species’
trends and standard errors (S2 Table) were taken for further analysis.

Species’ traits

For each bird species, we defined following ecological traits (S2 Table):

Mean altitude of the breeding occurrence is the mean altitude (m) of the census points in the
Giant Mts. where a given species was detected during the breeding season in the time period
1986-1988. These data were taken from our earlier study [7] and provide information about
the mean altitude of species’ distribution in the Giant Mts. early after the bird monitoring had
started.

Altitudinal range shift is the mean annual shift of breeding altitudinal range of a given spe-
cies between 1986 and 2011. Although altitudinal range shifts of birds in the Giant Mts. were
already quantified in our earlier study [7], they had data only from three shorter periods avail-
able. Therefore, we decided to use bird census data collected at the annual basis for the purpose
of the current study. We adopted the approach described in [39] focusing on shifts in the mean
altitude of species” occurrence. To take the information from each year of the time series into
account, we first calculated the mean altitude of occurrence in Giant Mts. for each species in a
given year as a weighted mean of altitudes of points occupied by a species with its abundance
on these points taken as a weight. These mean altitudes we regressed across years revealing spe-
cies-specific slopes quantifying the magnitude of mean annual shift of each species over the
focal time period. These species-specific slopes were taken as a response variable in further
analysis.

Migration strategy is based on the information about migratory habits of particular species
inferred from ringing recoveries collected over 20th century and published in the Czech Bird
Migration Atlas [40]. According to the information in [40] species are classified as (1) residents
(wintering in central Europe), (2) short-distance migrants (wintering in Western Europe or
Mediterranean region) and (3) long-distance migrants (wintering in sub-Saharan Africa or
Asia).
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@'PLOS ‘ ONE

Population Trends of Montane Birds

Life history strategy was expressed as a first ordination axis from a principal component
analysis on species’ values of six life history traits (body mass, egg mass, number of broods per
year, laying date, clutch size and incubation length) performed by [41]. This axis ordinated spe-
cies along a fast-slow life history gradient from “r-selected” to “K-selected” species.

European climatic niche was taken from [42] as a mean temperature within species’ Euro-
pean breeding ranges. It was calculated by crossing maps of species’ breeding distribution in
Europe [43] with maps of mean temperatures in species-specific breeding season in particular
mapping squares. See [42] for more details on its calculation.

Statistical analysis

We first calculated pairwise correlations among the trait variables (S3 Table). Pearson correla-
tion coefficients were considerably lower than the level indicating that multicollinearity among
predictors would be an issue [44]. Therefore, we used all traits for further analysis.

We related bird population trends to species’ traits using linear models with the trend as a
response variable, particular traits as explanatory variables and the inverse standard error of
trend as a weight to give more weight to species with more accurate trend estimates, which is
often used in such studies (see e.g. [24-25]). To test our hypotheses, we first composed a model
containing the main effects of all traits as well as the interaction between the mean altitude of
breeding occurrence and the altitudinal range shift (full model). To obtain the parameter esti-
mates for the main effects of interacting variables not affected by their interactions, we also fit-
ted the model without interaction term (main effects model).

All explanatory variables were standardized prior to statistical analysis to obtain comparable
parameter estimates [45].

Bird species are phylogenetically related to various extent due to common evolutionary his-
tory [46]. Therefore, it is necessary to test whether this effect could influence the results of sta-
tistical modelling [47]. For this purpose, we tested for the presence of phylogenetic
autocorrelation in residuals of the tested models using Moran’s I in the R-package ‘ape’ [48].
Phylogeny of the focal species was extracted from [49].

Annual data on temperatures in the breeding season from particular meteorological stations
were regressed across years to reveal the trends over time.

Results
Climate change

Temperatures in the bird breeding season increased from 1980 to 2009 according to data from
all three stations located in the Giant Mts. (F; g4 = 24.27, P < 0.001; Fig 1). Interestingly, the
rate of increase was slightly higher at the station located in the highest elevation (Labska
bouda: intercept = 7.8, slope = 0.08°C/year, R* = 0.33) than at the two other stations in lower
elevations of the Giant Mts. (Pec pod Snezkou: intercept = 11.4, slope = 0.05°C/year, R*=0.19;
Janske Lazne: intercept = 12.7, slope = 0.04°C/year, R* = 0.13) suggesting the climate change is
progressing somewhat quicker at higher altitudes, but not significantly so (F,g4 = 1.19,

P =0.309).

Bird population changes

More species had positive (n = 31) than negative trends (n = 19) in our sample. Within the spe-
cies showing the strongest declines dominated those breeding at the highest altitudes of the
Giant Mts.: specialists strictly confined to the alpine habitats near mountaintops such as water
pipit (Anthus spinoletta) or bluethroat (Luscinia svecica svecica), species of alpine grasslands
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Fig 1. Annual changes of mean temperatures in the Giant Mountains. The temperatures refer to the local
breeding season of birds (May-July) and were measured at three meteorological stations (Labska bouda:
1315 m a.s.l.—black circles, Pec pod Snezkou: 816 m a.s.l.—open circles, Janske Lazne: 650 m a.s.|.—open
triangles). Solid lines are linear fits depicted for respective data sets.

doi:10.1371/journal.pone.0139465.g001

and montane meadows such as skylark (Alauda arvensis) or meadow pipit (Anthus pratensis),
species of rocky outcrops and human buildings such as black redstart (Phoenicurus ochruros)
or white wagtail (Motacilla alba) and species most abundant in shrubby habitats along timber-
line such as whinchat (Saxicola rubetra) or tree pipit (Anthus trivialis).

In the interspecific comparative analysis, the full model explained 28.53% of variability in
long-term population trends of montane birds (Fg 43 = 4.26, P = 0.002) and showed that the
traits with the significant main effects were the mean altitude of the breeding occurrence and
migration strategy, while the altitudinal range shift, life history strategy and European climatic
niche were unrelated to the trends (Table 1). However, the mean altitude of the breeding
occurrence x altitudinal range shift was significant (Table 1). By deleting the interaction term
we obtained the main effects model. It showed the same significant main effects as the previous

Table 1. Relationships between long-term population trends of birds breeding in the Giant Mountains (Czech Republic), estimated for the time
period 1984-2011, and particular species’ traits as revealed by linear models.

Model term Full model Main effects model

Estimate SE t P Estimate SE t P
mean altitude of breeding occurrence -0.40 0.12 -3.40 0.001 -0.38 0.12 -3.09 0.003
altitudinal range shift 0.29 0.16 1.85 0.071 0.21 0.16 1.34 0.187
migration strategy -0.26 0.11 -2.39 0.021 -0.24 0.11 -2.18 0.035
life history strategy -0.01 0.12 -0.12 0.905 0.03 0.12 0.27 0.788
European climatic niche 0.01 0.10 0.11 0.914 0.05 0.11 0.43 0.670
mean altitude of breeding occurrence x altitudinal range shift -0.35 0.16 -2.15 0.037 - - - -

Significant results are printed in bold.

See text for definitions of particular trait variables and for more details on the models.
The explanatory variables were standardized to zero mean and unit variance before analysis.

doi:10.1371/journal.pone.0139465.1001
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model (Table 1) but the amount of variability explained by this model was lower—22.65%
(Fs.44 = 3.87, P = 0.005).

The parameter estimates from the main effects model (Table 1) confirmed the observation
of population declines in the high-altitude species when the effect of the mean altitude of the
breeding occurrence was strongly negative with more negative population trends having the
species breeding at higher altitudes (Fig 2A). Concerning the effect of migration strategy, the
longer migratory route was associated with more negative trends (Fig 2B). We also found a sig-
nificantly negative interaction between the altitudinal range shift and the mean altitude of the
breeding occurrence (Table 1). It means that the long altitudinal range shift is beneficial for
species breeding at lower altitudes, but it is associated with population declines at higher
altitudes.

The residuals of both models did not indicate any significant phylogenetic autocorrelation
in data (full model: Moran’s I = -0.02, SD = 0.01, p = 0.752; main effects model: Moran’s I =
-0.02, SD = 0.01, p = 0.986). Therefore, the results can be treated as not affected by a common
evolutionary history of the focal species.

Discussion

Population trends of birds in the Giant Mts. clearly demonstrate the adverse effect of the cli-
mate change on high-altitude species in the past 30 years. It seems that the increasing tempera-
tures, which were observed in the Giant Mts. over the same time period as the bird monitoring
was performed, accompanied with the space limitation at high altitudes most likely have detri-
mental effect on populations of these species. Our results thus provide one of the first robust
evidence that the alpine species, which are predicted to undergo serious climatically-induced
range contractions in the future due to warming climate [2, 12], already started to move along
this trajectory. For example, several studies recognized water pipit, specialist to alpine grass-
lands, as one of the species being at the highest risk of extinction due to future climatic warm-
ing in alpine environments [12, 50], possibly as a consequence of adverse impacts of higher
temperatures on species’ physiology, competitive interactions or nest predation rate [50].
Indeed, this species ranks among those with the steepest declines over the study period accord-
ing to our data providing support for these predictions.

Possible mechanisms of the adverse impacts of warming climate on population of high-alti-
tude species are insufficiently known [51]. Although the habitat composition does not seem to
be altered at the highest altitudes in the Giant Mts., warmer climate can cause reduction of
food supply for breeding birds, as was observed in the case of red grouse (Lagopus scoticus) in
the Scottish Highlands [52], or alteration of species interactions, such as increased predation
risk on hole-nesting birds due to earlier termination of hibernation in edible dormouse (Glis
glis) in Moravia [53] or more intensive competition from the side of lower-altitude species
[54]. Other factors might include direct detrimental effects of more frequent weather anomalies
caused by higher temperatures such as strong storms [55] and physiological stress [56], or
complex interactions between climate and local habitat conditions [57]. For example, particu-
larly high temperatures at the start of the spring, which occur since 1990s also in the Giant
Mts. [58], can cause rapid melting of snow followed by drought later during the vegetation sea-
son, which can constrain food supply in the time of rearing of chicks.

The relationship between migration strategy and bird population trends, when species
migrating for longer distances had more negative trends in the Giant Mts. than species migrat-
ing for shorter distances, may be also caused by the climate change, although its effect is less
clear in this case. Various studies found long-distance migrants to be more sensitive to the cli-
mate change impacts due to phenological mismatch [59]. The mismatch occurs when the
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Fig 2. Relationships between long-term population trends of birds breeding in the Giant Mountains
and their predictors. The trends were estimated for the time period 1984—2011 and are significantly related
to (a) mean altitude of breeding occurrence at beginning of the monitoring period (the higher the value, the
higher altitude a given species uses for breeding) and (b) migration strategy (the higher the value, the longer
migration route a given species takes) as revealed by the linear main effects model (see text for more details
on particular variables and the model). The plots show pure effects of the focal variables after controlling for
the effects of all other traits.

doi:10.1371/journal.pone.0139465.g002

timing of maximum food supply does not correspond to the time of the highest demands for
food during birds’ breeding cycle leading to reduced survival of nestlings and ultimately to pop-
ulation decline [17, 60]. Alternatively, phenological changes in nest cover development can
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also play a role [61]. However, population consequences of the phenological mismatch need
not to be always negative [62]. Moreover, populations of long-distance migrants may also
decline due to various other factors such as habitat change at stopover sites and wintering
grounds or droughts in Sahel zone [18].

Another possible consequence of climate change impacts on montane species are altitudinal
range shifts. By these shifts the species most likely track their climatic optima that moved
upward due to the climate change and thus escape the negative population consequences of
warming climate [63]. These climatically-induced altitudinal range shifts were observed in
montane species throughout the world [5, 6, 8, 64, 65] and birds in the Giant Mts. are among
these examples [7]. Therefore, in species breeding at low altitudes, we expected less negative
population trends for those showing the longer shifts than for those showing the shorter shifts
as a consequence of climatic impacts, and the reverse pattern was our expectation in the case of
species breeding at high altitudes. The significant interaction altitudinal range shift x mean alti-
tude of breeding occurrence confirmed these expectations. The mechanism is most likely con-
nected to space limitations near the mountain tops, when the observed shifts are inevitably
resulting in range contractions and thus decline in abundance. In contrast, species breeding at
lower altitudes have more space to shift upwards. As a consequence, the lower-altitude species
with long altitudinal range shifts have less negative trends than long-shifting high-altitude spe-
cies. They can indeed benefit from milder climate, perhaps due to extended breeding period
providing time for more breeding attempts [66], which is hardly possible at high altitudes.
These altitudinal differences in the effects of climate change may be accentuated by slightly
higher rate of warming at higher altitudes in the Giant Mts., which produces a high pressure on
high-altitude birds to shift upwards, but these shifts are not sufficient to track the rapid climate
change contributing to population decline [67].

The other traits which were important predictors of interspecific variability in bird popula-
tion trends in Europe (including the Czech Republic), i.e. life history strategy and European cli-
matic niche [21, 23-25], did not show any significant effects on breeding bird populations in
the Giant Mts. We suggest this difference can be explained by specificity of montane conditions
differing to some extent from an “average” central European landscape where the data on these
traits were collected (see [41] and references therein). As a consequence, the mechanisms
which are specific to montane environment probably override the influence of the other drivers
which are generally connected with the climate change.

We have to note that the climate change may be not the only driver of the trends in bird
populations we detected [68]. Although the land use changes observed in other European
mountain ranges such as abandonment of mountain meadows and pastures [69, 70] does not
occur in the Giant Mts. [31], we cannot exclude the other factors could limit populations of
some species together with climate. Specifically, forest regeneration on sites previously affected
by industrial emissions [15] can contribute to the decline of whinchat or tree and meadow
pipit [71]. However, land-cover data collected by Corine Land Cover database [72, 73] do not
indicate that the proportions of main habitats at the large-scale changed in that direction
(expansion of pastures by 14% and reduction of forest cover by 2% between 1990 and 2006).
Therefore, we argue that the climate change is the most principal driving force responsible for
the patterns in bird populations observed in the Giant Mts. Finally, the climate change per se
can produce patterns in bird counts due to altered detectability of particular species [74]. Spe-
cifically, advancement of species’ arrival due to milder spring temperatures could result in
higher counts earlier in the breeding season resulting in overestimates of bird abundance [75].
Although, we cannot exclude that such improved detectability may have contributed to the
observed increases in lower-altitude species, this effect acts contra the pattern of declines in
high-altitude species over the course of our study.
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Conclusions and Conservation Implications

Our study provides evidence for adverse impacts of current climate change on populations of
high-altitude species, here exemplified by birds in the Giant Mts., a central European mountain
range. Since recent modelling work predicts for the future more intensive warming on moun-
tains with potentially detrimental impacts on species adapted to the life at mountain tops [2,
12], their negative population trends already found over the last decades are alarming. The fact
that the altitudinal range shift further magnifies the differences in trends between the species
breeding at lower-altitudes from the trends of the species breeding at high-altitudes, calls for a
need of more detailed further studies focusing on causal mechanisms of the impacts of warm-
ing climate on particular species. Although knowledge of such mechanisms is crucial for for-
mulating the future conservation strategies, we suggest that it is possible to perform some
conservation actions right now focusing on other possible human-induced threats to popula-
tions of high-altitude species such as building development, massive tourism and expansion of
ski pistes and lifts [76-79]. These threats might contribute to the declines of high-altitude spe-
cies together with (most likely dominant) climatic changes, but they are easier to mitigate by
enforcement of local conservation legislation, especially in protected areas such as the Giant
Mts. Along with these options for local actions, we suggest that global scale measures targeted
to slow down or even reverse recent climate warming trends are necessary to guarantee the
future for the montane species living at the highest altitudes.
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Abstract

Climate change causes marked changes of current biota from genes to ecosystems. Various
mechanisms of climatic impacts on animal populations have been described, but studies
linking their influence on demography to population dynamics are almost absent. Here we
took long-distance migratory birds wintering in sub-Saharan Africa, a species group suffering
from particularly steep population declines, to disentangle the contribution of particular
demographic mechanisms underlying their population changes. Using data from a long-term
mist-netting programme in the Czech Republic, we built population models assessing: (i) the
influence of spring advancement on species’ breeding productivity, (ii) the influence of water
availability in species’ non-breeding grounds on adult survival, together with (iii) the carry-
over effect of these non-breeding climatic conditions on species’ breeding productivity;
finally, (iv) we quantified relative contribution of these demographic mechanisms to bird
population changes. We found a strong support for the phenological mismatch hypothesis
because migrants’ breeding productivity was lowest in years with the most advanced spring
phenology and vice versa. Adult survival was higher in years with higher water availability in
non-breeding grounds and the relationship was significant when considering the Sahel zone,
and not for the species’ entire non-breeding ranges. The carry-over effect of non-breeding
climatic conditions on breeding productivity was weak. Quantifying the contributions of
breeding productivity and adult survival to long-distance migrants’ population changes
showed important influence of both mechanisms, although the former one seems to be
stronger. Therefore, both breeding and non-breeding climatic conditions shape the widespread
population declines of long-distance migrants but the key more likely lies in the non-breeding

grounds.
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Introduction

Climate change ranks among the top drivers of the current biodiversity crisis (Urban, 2015). It
causes shifts in species’ geographic ranges (Pecl et al., 2017), alters interspecific interactions
(Devictor et al., 2012) and changes the timing of the main events within species’ annual
cycles (Lavergne et al., 2010). Despite its widespread influence on animal populations
detectable at the scale of entire continents (Stevens et al., 2016), causal mechanisms
underlying the population-level impacts of climatic conditions are still poorly understood
(Bellard et al., 2012).

Here we focused on elucidation of the mechanisms underpinning the climatic impacts
on animal populations using long-distance migratory birds as model organisms. Species
migrating over long distances are exposed to various adverse impacts in different regions
(Wilcove & Wikelski, 2008), resulting in steeper declines of their populations compared to
other species (Reif, 2013; Gilroy et al., 2016). Various anthropogenic pressures were
suggested as drivers of these declines (Sanderson et al., 2006; Heldbjerg & Fox, 2008).
However, recent evidence indicates that the climate-induced impact, especially in the context
of the recent climate change, is the most important factor (Newton, 2004; Calvert, Walde &
Taylor, 2009; Vickery et al., 2014).

The climate affects long-distance migrants on both breeding and non-breeding
grounds. The most important pressure related to climate change on the breeding grounds is the
phenologic mismatch. Changing climate manifesting by raising spring temperatures
(Schwartz, Ahas & Aasa, 20006) results in phenology shifts, but these shifts differ among
trophic levels (Devictor et al., 2012). Higher trophic levels usually shift at slower pace than
lower trophic levels, which yields fitness consequences (Winder & Schindler, 2004;

Thackeray et al., 2010; Donnelly, Yu & Liu, 2014). In the case of birds, mismatch occurs



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

&9

90

91

92

93

94

between the phenology of their food and their breeding. Earlier timing of budburst and leaf
unfolding is accompanied with earlier hatching of caterpillars, the most important avian food
source in breeding period (Cramp, 1977). Bird phenology advances as well, however, long-
distance migrants are not able to adjust their phenology to track these changes adequately
(Rubolini, Saino & Moller, 2010; Saino et al., 2011; Kolarova & Adamik ,2015), possibly due
to innate constraints of their annual cycle (Rubolini, Saino & Moller, 2010). This trophic
mismatch results in lower breeding productivity of long-distance migratory birds (Both &
Visser, 2005; Clausen & Clausen, 2013) and subsequent population decline (Both et al., 2006;
Magiller, Rubolini & Lehikoinen, 2008).

Climate also affects long-distance migrants in non-breeding grounds. For example, the
relationship between precipitation in the Sahel and annual survival was described for several
European bird species wintering in sub-Saharan Africa (Winstanley, Spencer & Williamson,
1974; Peach, Baillie & Underhill, 1991) and a similar pattern was observed at the American
continent (Studds & Marra, 2007). Climatic conditions in non-breeding season may not only
affect migrants’ survival, but may also carry-over to affect the breeding performance
(Newton, 2004; Norris & Marra, 2007). For instance, lower water availability in Africa may
delay migrants’ arrival to the breeding grounds (Saino et al. 2004, 2007; Gordo & Sanz, 2006,
2008), reduce body condition after arrival (Smith & Moore, 2003), and affect breeding
performance (Schaub, Jakober & Stauber, 2011; Rockwell, Bocetti & Marra, 2012; Norman
& Peach, 2013; Finch et al., 2014). The influence of carry-over effect on population dynamics
is complicated, since the apparent negative effect of non-breeding grounds’ conditions on
survival might be also affecting the population positively via reducing intensity of
intraspecific competition at the breeding grounds (Calvert, Walde & Taylor, 2009).

However, while the studies cited above described particular mechanisms how climate

might affect bird populations via factors acting specifically at breeding or non-breeding
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grounds, there has not been so far, to our knowledge, performed a comprehensive assessment
of their relative importance and contribution to the population dynamics of long-distance
migrants. Previous attempts in this respect were of limited importance due to neglecting some
key demographic parameters (e.g. the absence of contrast between breeding productivity and
annual survival), focusing on a single species or covering only a few sites (see Knudsen et al.,
2011 and Vickery et al., 2014 for reviews). At the same time, general, multi-species studies
focusing on the comparison of relative contribution of particular mechanisms in shaping
species’ populations over their whole annual cycle are critical for understanding the causes of
declines (Vickery et al., 2014). Without this understanding, prioritization and development of
efficient conservation actions is hardly possible (Thingstad, Hogstad & Speed, 2015).

For this purpose, we dismantle the whole population dynamics of long-distance
migratory birds using a conceptual demographic framework recognizing the key population
limitations within the birds’ annual cycle (Fig. 1). Based on this framework, we test the
hypotheses about the most important climatic effects on demographic parameters of long-
distance migratory birds (summarized in Table 1) using unique data from a national long-term
constant effort mist-netting programme. Finally, we relate particular demographic parameters
to population growth rates of birds and assess the relative importance of these factors as

drivers of population dynamics in long-distance migrants.



114  Fig. 1: Decomposition of mechanisms acting in population dynamics of long-distance
115  migrants.
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119  Table 1: Hypotheses about the influence of climatic factors on demographic parameters of long-distance migratory birds.

Hypothesis Driver Mechanism

Prediction

Phenological mismatch Advancement of spring phenology (higher  Peak in food supply occurs earlier than
spring temperatures, earlier leaf unfolding). optimum for rearing birds' offspring.

Negative density dependence  High abundance of breeding population. Increased intraspecific competition limits
resource availability for breeding.

Survival limitation Drought in non-breeding grounds. Reduced water availability causes habitat
deterioration and food shortage.

Carry-over effect Drought in non-breeding grounds. Reduced water availability causes habitat

deterioration and food shortage.

Lower breeding productivity of birds with rigid migration
strategies (i.e. long-distance migrants) in years with warmer
springs.

Lower breeding productivity in years with higher breeding
abundance.

Lower survival in years with lower water availability in
non-breeding grounds.

Lower breeding productivity in years with lower water
availability in non-breeding grounds.
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Materials and Methods

Data

Birds

Bird population data were collected within the Constant Effort Sites (CES) mist-netting
scheme in the Czech Republic from 2004 to 2014. This bird ringing programme is based on
annual collecting of capture-mark-recapture data for numerous species of small passerines
using a network of skilled volunteers under a standard protocol (Cepak & Skopek, 2005). The
idea behind CES is obtaining data on avian demography by repeated sampling of numerous
sites over the course of the breeding season and to monitor each site for as many consecutive
years as possible (Baillie et al., 1986, Baillie, 1990). Since the sampling effort is constant at
each site across years, these data enable modelling estimates reasonable of demographic
parameters (e.g. Johnston et al., 2016). Such CES programmes have been established in
several European countries since 1990s (e.g. Robinson et al., 2009) and became an invaluable
source of long-term avian demographic data (e.g. Johnston et al., 2016).

At each of 43 sites scattered throughout the Czech Republic, birds were mist-netted
during 9 visits in ca 10-day intervals covering the advanced breeding season (May - July)
every year. During each visit of a given site, the ringer opened at least 70 m of mist nets
(mean across all sites = 111.7 m; range 70-168 m) for six hours and sampled the birds. The
exact location, total length and operation time of mist nets were kept constant at each site
across all visits in a given year, as well as across all years. The sites occurred mostly in wet
and shrubby habitats (e.g. reedbeds, willow carrs, scrubland) and at forest edges. Forest
interior habitats and human settlements were not sampled. Each trapped bird was aged to

discriminate adults (i.e. birds born earlier than in the current calendar year) and juveniles (i.e.
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birds born during the breeding season of the current calendar year) of a given species. These
data allowed to estimate population changes (see section “Population changes”), as well as
breeding productivity (see section “Breeding productivity”). Capture histories of individual
birds allowed for estimation of adult survival (see section “Adult survival”).

For further analysis, we excluded species recorded at low proportion of sites (less than
one sixth) in any of the years. Moreover, we excluded Hirundo rustica due to its irruptive
occurrence at CES sites which do not sample its breeding sites. Captures of this species thus
cannot be used to estimate demographic parameters. As a result, we considered 11 long-
distance migratory species for further analysis, along with 13 other species of different
migratory strategies according to the classification of Cepak et al. (2008): one resident
species, four partial migrants and eight short-distance migrants (Table S1). For the survival
analysis (see below), we excluded three species of long-distance migrants with less than 30
inter-annual recaptures (Table S1), thus analysing eight long-distance migrants for this
purpose.

To study the adult survival, it is important to identify the non-breeding grounds of the
focal species (Kéry & Royale 2016). Non-breeding grounds of Czech populations of long-
distance migrants were identified by Cepak et al. (2008). Cepék et al. (2008) divided sub-
Saharan Africa into four regions (Fig. S1) and, according to ringing recoveries originating
from breeding populations from the Czech Republic and neighbouring countries, they defined
the sub-Saharan non-breeding ground of each species as one or more of these regions (Table
S1). Therefore we used the regions indicated by Cepak et al. (2008) for a given species as its
non-breeding range for further analysis. The division is quite coarse since the ringing
recovery data from sub-Saharan Africa are scarce for most of the species (Cepak et al., 2008).

However, it is comparable to divisions used in other studies considering sub-Saharan non-



170  breeding grounds for an analysis of population dynamics of European breeding bird

171  populations (e.g. Thaxter et al., 2010; Jorgensen et al., 2016).

172 Using available information from geolocators (Adamik et al., 2016; Kolecek et al.,
173 2016), ring recoveries of Czech birds (Cepék et al., 2008; Cepak, unpublished data), and

174  complemented with faunistic observations from Africa (eBird.org), we found that Czech

175  populations of most of the focal species arrive to sub-Saharan Africa at the end of August or
176  in September, and stay until April. For the purposes of our study, we thus defined the non-
177  breeding period in sub-Saharan Africa as August-April and considered these months for

178  calculations of climatic conditions in non-breeding grounds in further analysis.

179

180  Climate

181  We focused on two sets of climatic parameters: (i) measures of spring progress at breeding
182  grounds where we expect relationships to advancement of spring phenology having thus

183  impact on birds’ breeding productivity and (ii) water availability at non-breeding grounds
184  where we expect relationships to birds’ annual survival (see Table 1).

185 To describe spring phenology on breeding grounds, we used following variables

186  supplied on annual basis from 2004 to 2014 by Czech Hydrometeorological Institute. First,
187  mean temperature in early spring (March and April) shapes environmental conditions

188  preceding or during arrival of long-distance migrants and controls bud burst and invertebrates
189  phenology (Finch et al., 2014). Second, mean temperature in late spring (May and June)

190  reflects conditions during breeding of long-distance migrants (Pearce-Higgins et al., 2015).
191  Third, we used growing degree-days (GDDSY), i.e. sum of mean daily temperatures above 5°C
192  since first day of spring onset, defined as the first period of 6 consecutive days with mean
193  temperature >= 5°C in a given year, in March and April. Growing degree-days should mirror

194  the influence of temperature on plant and invertebrate phenology in a biologically more
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relevant way than the mean temperature (Ambrosini et al., 2011; Saino et al., 2011; Cayton et
al., 2015). Fourth, we used data on woody plant phenology — the Julian date of 10% leaf
unfolding of Salix capria, Tilia cordata and Sambucus nigra. This phenophase means that
10% of the plant leaves started to unfold, having the whole midrib visible already, but the leaf
is still partially folded (Czech Hydrometeorological Institute, 2009). Temperature and GDD5
were taken as an average from 30 meteorological stations scattered throughout the area of the
Czech Republic; plant phenology was taken as a median date from 26-27 stations where these
data were available.

To measure water availability in non-breeding grounds in sub-Saharan Africa, we used
the ratio of actual to potential evapotranspiration (AET/PET). Unlike commonly used
measures like rainfall, which is a measure of water income, or indirect measures like NDVI,
AET/PET much more directly quantifies the amount of water available in the ecosystem
(Simova & Storch, 2017). The monthly data on AET/PET were obtained from MODIS MOD
16 (Mu, Zhao & Running, 2011), in particular MOD16A2 monthly data in the GeoTIFF raster
format with 0.5 degree resolution. For each of the four regions where the Czech long-distance
migrants occur in sub-Saharan Africa, we extracted average AET/PET for each month. Water
availability is highly variable in space and thus averaging across large areas covering both
extremely wet and arid sites (such as our focal non-breeding regions) can result in mean
values that are biologically irrelevant. Therefore, following the idea of Hawkins et al. (2003),
we assume that the water limitation occurs in the most arid sites and we set the upper limit for
AET/PET to 0.2 corresponding to the highest value in Sahel region at the beginning of the dry
season. As a consequence, grid cells with AET/PET higher than 0.2 in a given month count as
0.2. Next, we averaged the monthly values across each winter season (August to April) from
2004/2005 to 2013/2014. Finally, we computed area-weighted average across the combination

of the four regions where a given species spends its non-breeding season in sub-Saharan
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Africa (see above). Together with the discrimination of these four regions, we divided sub-
Saharan Africa on the Sahelian part (defined as north of the 13° latitude), and the southern
part (south of the 13° latitude). Sahel zone has extraordinary importance for long-distance
migrants compared to other regions because nearly every bird migrating across Sahara desert
stops and refuels in this area (Risely, Blackburn & Cresswell, 2015). We thus expected

particularly strong effects of water availability in Sahel on survival of long-distance migrants.

Statistical analyses

Population changes

For each species, we produced yearly relative abundance index using generalized estimating
equations (GEE) with Poisson error distribution and log link function in program TRIM
applying the “effects for each time point” model (Pannekoek & Van Strien, 2005). In this
model, the total count of adult individuals captured in a given year and site is taken as a
response variable, and year and site as independent categorical variables. The GEE procedure
took into account first-order serial correlation of the counts in time series (AR(1)), as well as
overdispersion of the counts. The abundance index (on the log scale) then consists of the

resultant year coefficients (and their standard errors).

Breeding productivity

To assess the impact of climate on breeding productivity, we proceeded in several steps. First,
for each species separately, we produced yearly relative productivity index using
quasibinomial generalised linear model (GLM) in R environment (R Core Team, 2016). For
each year and site, the proportion of the total count of juvenile individuals captured to total

count of all individuals captured is modelled as a function of year and site as independent
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categorical variables. Logarithm of productivity index then consists of the resultant year
coefficients (and their standard errors). To avoid problems with zero standard error for the
reference year in the next step, we took the year 2013, which was indeed excluded from
further analysis due to unusual weather conditions, see below, as a reference level.

In the next step, we computed the impact of particular climatic variables on species’
productivity indices. In this analysis, we ran separate models for each species and climatic
variable. We excluded year 2013 because of extreme weather conditions during late spring
with heavy rain and floods in May and June resulting in extraordinary low breeding
productivity obviously unrelated to our focal effect of spring phenology. For the analysis, we
used a variant of linear regression based on meta-analytic Bayesian approach which takes into
account the uncertainty of response variable. Rather than taking the response variable as a
firm given number, it is taken as a normal distribution with given standard error (Kéry &
Royle, 2016). Each model contained logarithm of yearly productivity index as a response
variable with a normal distribution with a given standard error, and a single, normalized
climate variable as a predictor. Moreover, we included logarithm of relative abundance index
in a given year (calculated as described above) into each model to account for possible
confounding effects of density dependence. These linear regression models were fitted using
MCMC procedure in Bayesian environment in JAGS (Plummer, 2003), with 3 chains,

100 000 iterations, first half disposed as a burn-in.

Further, we compared the impacts of particular climate variables in the analysis across
all species of long-distance migrants. For each climate variable, we ran a model in JAGS,
with 3 chains, 400 000 iterations, thinning factor 20 and disposing first half as a burn-in. To
assess the proportion of variance explained by the climate variable (after filtering out the

effect of density dependence), we used Bayesian measure of the proportion of explained

2

. 2 . . .
variance (R® var), computed as (03, — 02 ) /0% a1, Where a2 is model residual variance and
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04 a1 is residual variance of a so called ‘constant model” (Kéry & Royle, 2016, their chapter
5.7). In our case, the constant model is the equivalent model without the climatic covariate but
still with the density dependence and species as a random intercept effect and a random slope
effect. We also computed a variant of these models with the random intercept only (i.e.
without the random slope) because such an approach is used in the vast majority of studies.
However, although this variant brings more significant results, it underestimates R* var.

Finally, we used the same model as in the previous step, but we added the interaction
of a given climatic variable with the migratory strategy after supplementing the set of the
long-distance migrants by data on 13 bird species with other migratory strategies (see section
“Bird data” above). The species was taken as a random intercept and a random slope effect.
The contrast between long-distance migrants and other migratory strategies was evaluated on
the posterior distribution of the coefficients, comparing the coefficient of long-distance
migrants with the weighted average (weighted by the number of species) of the coefficients of
the remaining migratory strategies.

All climatic variables were normalized to zero mean and unit variance before the

analysis.

Carry-over effect

The impact of carry-over effect of climatic conditions at sub-Saharan non-breeding grounds
on breeding productivity was tested in the same way as the impact of spring advancement (see
above), considering only long-distance migrant species and replacing spring climate variables
with a single AET/PET variable in the non-breeding grounds. We considered three variants
of non-breeding ranges: (i) the whole non-breeding range, (ii) its Sahelian part north of 13°
latitude and (ii1) in its southern part south of 13° latitude (see section “Climate data” for more

details on definitions of these parts) in separate models. To estimate the relationships across
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all long-distance migrants, we run the models with species coded as random slope and
random intercept effects, as well as the models containing the species as the random intercept

only (see above).

Adult survival

To assess the impact of water availability in sub-Saharan Africa on survival of adult birds of
each long-distance migrant species, we used Cormack-Jolly-Seber (CJS) survival model
(White & Burnham, 1999). Inter-annual survival between two consecutive years was
modelled as a linear function (after logit transformation) of AET/PET in a given non-breeding
season (August-April, see section “Climatic data”) in the non-breeding range of a given
species. Similarly to the modelling of the carry-over effects, we considered three variants of
non-breeding areas in separate models (see above). Models were computed in program
MARK (White & Burnham, 1999) ran within the R-package RMark (Laake, 2013).

The estimates of adult survival are often biased due to the presence of transient
individuals in the focal population (Pradel et al., 1997). We accounted for the presence of
transients using the method described by Johnston et al. (2016). The transience, i.e. the
probability that an individual is transient, was modelled as a constant over years. We expected
that the proportion of transients may differ according to the habitat type for some species.
Numerous CES sites were dominated by reedbeds, while the others were not. Therefore, we
initially modelled transience as specific per two types of sites when one type was recognized
as sites with more than 50% coverage of reedbeds and the second type were the remaining
sites. We found that there were significantly more transients in the sites dominated by reeds in
all three Sylvia species, while in the other species no significant effect of habitat was observed
so we did not further discriminate the two types of sites in their case. There was no significant

temporal trend in transience for any of the species.
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Next, we computed the percentage of deviance explained by the climate variable
(R? dev) using the ANODEV method (Grosbois et al., 2008, their p. 378, eqn 6). Then, to
assess the overall impact across species, we computed the mean of all AET/PET coefficients
across all species, taking their standard errors into account using the meta-analytic Bayesian
approach in the same way as described in the “Breeding productivity” section above. This
model was fit in JAGS, with 3 chains, 200 000 iterations and disposing first half as a burn-in.

We also produced yearly relative survival index of adult birds for each species to
investigate its relationship to annual population changes (see the next section). For this
purpose, we employed the CJS survival model, where the inter-annual survival was modelled

as a function of year as categorical explanatory variable.

Linking demographic parameters with population dynamics
In this analysis, we tested whether breeding productivity or adult survival limits population
growth of long-distance migrants.

First, for each species, we performed linear regression with logarithm of inter-annual
population growth between two consecutive years (i.e. log I, /I;, where I, is a population
index in year f) as a dependent variable and the logarithm of yearly relative productivity index
as an explanatory variable. Second, we applied the same model but replaced the logarithm of
productivity index with logit of the survival index. Each value of productivity and survival
index entered the analysis as a normal distribution (on log and logit scale, respectively) with a
given standard error, again using meta-analytic Bayesian approach as described above. Here
we excluded the inter-annual change between years 2013/2014 due to extreme weather
conditions and thus very low productivity in 2013 unrelated to factors tested here (see above).
Models were fit in JAGS, with 3 chains, 100 000 iterations, first half disposed as a burn-

in. Percentage of explained variance (R* var) was computed the same way as in the Breeding
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productivity (see section “Breeding productivity”), where the “constant” model is an
equivalent model with the intercept only.

Next, we performed this analysis across species (note that three species not entering
the survival analysis due to their small sample size, see above, were not included). Once
again, we tested the effects of productivity index and survival index in two separate models.
Logarithm of population growth was modelled as a linear function of productivity and
survival indices, with species as a random intercept and random slope effect. As in the
previous analyses, the covariates were taken as normal distributions (on log scale) with given
standard error. Models were fitted in JAGS, with 3 chains, 400 000 iterations, thinning factor
20, and disposing first half as a burn-in. Percentage of explained variance (R” var) was
computed the same way as in the case of breeding productivity (see section “Breeding
productivity’’), where the “constant” model is an equivalent model with intercept only and
species as random intercept effect to keep the interspecific component of variance out of the

equation.

Additional information on the modelling techniques

For model comparison, we used Deviance Information Criterion (DIC) and Penalized
Expected Deviance (PED) recommended for these purposes (Plummer, 2008). Convergence
was tested using potential scale reduction factor (Gelman & Rubin, 1992) using gelman.diag
function from R package ‘coda’ (Plummer et al., 2016). Since we were interested in responses
of present-day species to environmental changes within a time period considerably shorter
than the time scales of evolutionary processes, we did not apply so called phylogenetic
“correction” in cross-species analyses (see Westoby, Leishman & Lord, 1995 and Bello et al.,

2015 for more arguments on this topic).



370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

Results

Breeding productivity

After factoring out density-dependence, breeding productivity of long-distance migrants was
negatively related to more advanced spring phenology (Table 2a). The relationship was
significant for the GDDS5 (Table 2a), but the models for the phenology of Salix caprea, Tilia
cordata and for the early spring temperature also explained considerably high amount
variability in breeding productivity being close to significance (Table 2a) and indeed turned to
significance in the model variant with species as the random intercept, i.e. without the random
slope effect (Table S2a). Focusing on particular species, breeding productivity was negatively
affected by the advancement of spring phenology in Acrocephalus palustris (Table S3).

The pattern found in long-distance migrants markedly contrasted with the relationships
found for species of other migratory strategies: breeding productivity of resident species,
partial and short-distance migrants was not negatively affected by more advanced spring
phenology and even increased in warmer springs in short-distance migrants as shown by their
relationships to the phenology of Salix caprea and Tilia cordata and to the early spring
temperatures (Fig. 2, Table S4).

Density of breeding populations had always strongly negative effect on breeding
productivity of birds irrespective to their migratory strategies (Table 2a, Table S4), although
the relationships were mostly not significant when considering each species separately

(Supplementary Tables S3 and S5).

Carry-over effect
The carry-over effect of climatic conditions at sub-Saharan non-breeding grounds on long-

distance migrants’ breeding productivity proved insignificant, although some indication of a
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positive relationship was found between breeding productivity and AET/PET in the southern
part of non-breeding range (Table 2b), which became significant when random slope was not
included in the model (Table S2b). Insignificant relationships were also observed in separate

analyses for every species (Supplementary Table S5).
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Table 2: Relationships between breeding productivity of long-distance migrants and climatic variables reflecting (a) spring phenology at
breeding grounds and (b) water availability at non-breeding grounds (indicating so called carry-over effect) estimated by Bayesian meta-analytic
models. Each variable was tested in a single model taking also the potential effect of population density into account. Model performance was
assessed by Deviance Information Criterion (DIC) and Penalized Expected Deviance (PED). Significant relationships (95% confidence limits not
overlapping zero) are in bold. See Methods section for more details on model formulation and variable characteristics.

Climatic variable Effect of climatic variables

slope  2.5% 97.5% R* var'

Effect of population density Model characteristics
slope 2.5% 97.5% DIC PED ADIC APED

a) Climatic variables at breeding grounds:

GDD5’ -0.119 -0.209 -0.022 0.62
early spring temperature’ -0.103 -0.207 0.009 0.44
late spring temperature* -0.030 -0.118 0.057 -0.03
Salix caprea’ 0.112 -0.007 0.220 0.57
Tilia cordata® 0.094 -0.024 0.198 0.50
Sambucus nigra® -0.015 -0.118 0.084 -0.06
b) Climatic variables at non-breeding grounds:

AET/PET® whole range’ 0.050 -0.063 0.165 -0.03
AET/PET® Sahelian part® ~ 0.014 -0.072 0.106 -0.09
AET/PET® south of Sahel”  0.175 -0.031 0.390 0.10

-0.629 -1.005 -0.255 102.0 1393 0.0 0.0
-0.614 -0.997 -0.224 1079 1509 5.9 11.6
-0.439 -0.820 -0.046 1146 169.7 125 30.3
-0.591 -0.966 -0.212 1049 1433 238 4.0
-0.583 -0.941 -0.196 106.8 150.8 4.7 11.4
-0.417 -0.809 -0.016 1151 176.8 13.1 374

-0.433 -0.812 -0.039 1139 1682 119 288
-0.421 -0.813 -0.017 1153 173.0 133 33.7
-0.490 -0.806 -0.107 112.6 163.1 10.6 2338

T

b

*mean temperature in March and April

*mean temperature in May and June
*julian date of 10% leaf unfolding

proportion of variance explained by the climate variable, after removing the variance explained by density dependence (see Methods for details)
growing degree days - accumulated temperature above 5°C

®ratio of actual to potential evapotranspiration in species’ sub-Saharan non-breeding ranges
"whole species’ sub-Saharan non-breeding ranges (see Supplementary Fig. 1)

$Sahelian part of species’ sub-Saharan non-breeding ranges (see Supplementary Fig. 1)
’south-of-Sahelian part of species’ sub-Saharan non-breeding ranges (see Supplementary Fig. 1)
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Fig. 2: Relationships between breeding productivity of bird groups defined by different
migratory strategies and climatic variables reflecting spring phenology at breeding grounds
estimated by Bayesian meta-analytic models. Each variable was tested in a single model
taking also the potential effect of population density into account (see Table S4 for full results
of each model). The relationships are expressed as mean slopes across species sharing a given
migratory strategy with 95% confidence intervals (y-axis). Climatic variables: GDDS5 —
growing degree days, i.e. accumulated temperature above 5°C; T — mean temperature; Salix
caprea, Tilia cordata, Sambucus nigra — Julian date of 10% leaf unfolding for a given plant
species. Migratory strategy: RES — resident, PAR — partial, SD — short-distance migrant, LD —
long-distance migrant.
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Adult survival
Long-distance migrants’ adult survival was higher in years with higher AET/PET (i.e. higher
water availability) in Sahel part of sub-Saharan non-breeding grounds (Table 3). When
considering the southern part of the sub-Saharan non-breeding ground or the sub-Saharan
region as a whole, the relationships to adult survival were also positive but not significant
(Table 3).

Relationships were more diverse when focusing separately on each species (Table S6),
but only the positive ones were strong enough to be significant according to the 95%
confidence limits: Phylloscopus trochillus and Sylvia communis had significantly higher adult
survival in years with higher AET/PET and Acrocephalus schoenobaenus almost significantly

SO.

Linking demographic parameters with population dynamics

The analysis of the population growth rates of long-distance migrants showed that, when
assessed across all species together, both breeding productivity (estimate = 0.347, SE = 0.202)
and adult survival (estimate = 0.530, SE = 0.320) had positive effect on their population
growth. However, only the adult survival was significant and explained higher proportion of
variability in population growth rates (R* var = 35.3 %) than the breeding productivity

(R? var =22.4 %).

Both breeding productivity and adult survival had significant effects on population
growth rates in separate models for particular species and their relative importance was
species-specific (Table S7). For example, population growth of Acrocephalus schoenobaenus
was limited by survival, while population growth of Sylvia curruca by productivity and

population growth of Acrocephalus scirpaceus by both these factors (Table S7).



452  Table 3: Relationships between adult survival of long-distance migrants and water

453  availability in non-breeding grounds estimated by Bayesian meta-analytic models. Each

454  variable was tested in a single model. Significant relationships (95% confidence limits not
455  overlapping zero) are in bold. See Methods section for more details on model formulation and
456  variable characteristics.

457
Climatic variable slope 2.5% 97.5% R? dev'
AET/PET? whole range® 0.149 -0.016 0.326 0.151
AET/PET? Sahelian part* 0.203 0.026 0.418 0.206
AET/PET? south of Sahel’ 0.079 -0.104 0.251 0.123

458 'proportion of deviance explained (see Methods for details)

459 “ratio of actual to potential evapotranspiration expressed in species’ sub-Saharan non-breeding ranges
460 3whole species’ sub-Saharan non-breeding ranges (see Supplementary Fig. 1)

461 *Sahelian part of species’ sub-Saharan non-breeding ranges (see Supplementary Fig. 1)

462 *south-of-Sahelian part of species’ sub-Saharan non-breeding ranges (see Supplementary Fig. 1)
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Discussion

Our study aimed to find the links between demographic parameters and climate variation to
explain population changes of long-distance migrants. We found strong relationships between
climate and migrants’ breeding productivity which was lower in years with more advanced
spring phenology. At the same time, the effect of climate in non-breeding grounds on adult
survival was weaker and the conditions in Sahel played the crucial role manifested by the
higher survival under the conditions of the higher water availability. In contrast, we did not
find a significant carry-over effect of non-breeding climatic conditions on breeding
productivity of migrants. Population model considering the key demographic parameters
showed that both breeding productivity and adult survival were important predictors of
population changes of migrants but the adult survival was significant. The climatically driven
dynamics investigated here is thus most likely not the only driver of the continuing declines
of long-distance migrants.

Our results provide a clear support for the hypothesis that the breeding productivity of
long-distance migrants is negatively affected by the advancement of spring phenology due to
the phenologic mismatch (Both et al., 2006). This hypothesis predicts different impacts on
species with different migratory strategies. Residents and short-distance migrants, i.e. species
with more flexible timing of their annual cycle, should benefit from higher spring
temperatures and earlier onset of the vegetation phenophases by earlier breeding (Wright et
al., 2009). In contrast, long-distance migrants cannot adjust their breeding to the spring
advancement adequately due to their innate migration schedule (Meller et al., 2008) and they
thus face suboptimal conditions for breeding resulting in a lower offspring survival and,
consequently, in a lower breeding productivity (Both et al., 2006). Although the phenologic

mismatch hypothesis attracted high interested of researchers and was tested by numerous



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

studies (e.g. Clausen & Clausen, 2013; Reed et al., 2013; Eglington et al., 2015; Visser et al.,
2015), we are not aware of any tests of the key mechanism, i.e. the links between climate and
breeding productivity using a set of multiple species with different migratory strategies. Our
results confirm the predictions of this hypothesis observing strongly negative response in
long-distance migrants and neutral or positive responses in resident species, partial and short-
distance migrants. This provides an important mechanistic background for recent extensions
of the hypothesis to the investigations of population dynamics (e.g. Both et al., 2010; Jones &
Cresswell, 2010; Pearce-Higgins et al., 2015).

Spring phenology can be described in numerous ways: some studies use temperature
variables directly reflecting weather conditions (e.g. Pearce-Higgins et al., 2015), while others
focus on various measures based on the progress of the vegetation development (e.g.
Kolarova et al., 2014). It might be argued that the latter variables are biologically more
relevant because they show how the spring phenology is actually perceived by organisms the
birds are dwelling on, whereas temperatures per se are less important for birds (Reif et al.,
2010). We found that birds’ breeding productivity was most tightly related to GDD5 and
unfolding of Salix caprea and Tilia cordata indicating the support for this expectation. On the
other hand, results for Sambucus nigra were less convincing. This discrepancy among the
focal woody plant species might be caused by very high sensitivity of this shrub species to
temperatures (Mazer et al., 2015) leading to its extremely early onset of leaf unfolding in
some years which is probably not reflected by the start of bird breeding. Birds most likely
respond to the development of the ecosystem as a whole, which is better captured by the
phenology of tree species with later onset of unfolding, here represented by Salix caprea and
Tilia cordata. In any case, we have shown that selection of the variable reflecting spring
phenology can have important impact on results and we recommend focusing on those with

higher biological relevancy. Concerning the specific effect of spring temperature on migrants’
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breeding productivity, we found a clear difference between early and late spring temperatures
showing the importance of the former ones. This is in accord with the expectation that thermal
conditions at the beginning of bird breeding are decisive for the eventual occurrence of
phenologic mismatch, whereas late season temperatures are less important (Bowers et al.,
2016). As temperatures generally grow over the course of the season, it is logical that their
limiting effect declines in later phases.

Influence of climatic conditions in non-breeding grounds on migrants’ survival was
suggested for decades (e.g. Winstanley, Spencer & Williamson, 1974; Peach, Baillie &
Underhill, 1991). Numerous studies tested their effects using single species (e.g. Eraud et al.,
2009, Salewski et al., 2013; Morrison et al., 2016) or inferred their influence on migrants’
population dynamics without a specific test for the relationships to adult survival (Ockedon et
al., 2012). However, broader formal assessments of a general validity these relationships were
lacking (but see Johnston et al., 2016). Here we show that the influence of climatic conditions
in sub-Saharan non-breeding grounds, expressed as water availability, were significant for the
northern (Sahelian) part, but not for the southern part of the non-breeding ranges. The key
importance of the moisture in Sahel is expectable given relatively lower water availability and
thus its stronger limiting effect on organisms in the northern part of sub-Saharan Africa
compared to southern regions (Zwarts et al., 2009). In addition, virtually all trans-Saharan
migrants have to stop in Sahel to restore the reserves before crossing the Sahara desert
(Tettrup et al., 2012). Drought events in Sahel has thus serious consequences even for the
species spending the winter further south in the Southern hemisphere (Tettrup et al., 2012;
Risely et al., 2015).

In contrast to the importance of the non-breeding grounds’ climate for adult survival,
we did not detect much significant carry-over effects of water availability in non-breeding

grounds on breeding productivity. The lower predictive power of these relationships was also
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reported in the other studies (e.g. Woodworth et al., 2017) and can be explained by rather
indirect causal pathways that act in these relationships when other factors affecting breeding
productivity can balance the adverse effects of the water stress in non-breeding grounds. For
example, when the water availability is limited resulting in increased migrants’ mortality
during winter and poor body condition of those who survived, then if the birds are able to
arrive successfully to the breeding grounds, they can enjoy the conditions of less intensive
intraspecific competition and have thus more resources available to exploit (Calvert, Walde &
Taylor, 2009). In turn, their body condition improves and no adverse consequences on
breeding performance may be observed. Indeed, the importance of intraspecific competition
for breeding performance was frequently reported (e.g. Reed et al., 2013; Woodworth et al.,
2017) and our results showing a strong negative density dependent population regulation
support this explanation.

Our study, for the first time, quantifies the influence of breeding productivity and adult
survival on migrants’ population changes using multiple species. Considering each species
separately, either of the demographic parameters was more important: breeding productivity
had stronger relations to population growth in Sy/via warblers, whereas the reverse was true
for Acrocephalus schoenobaenus and A. palustris. However, when tested across all species,
only the adult survival was significantly related to migrants’ population change accounting for
ca 10% more variability than breeding productivity. Therefore, our results indicate that the
adults’ survival is a more limiting component of long-distance migrants’ population dynamics
than the breeding productivity. Viewing this result in the light of ongoing climatic changes, it
seems that the effects of climate warming at breeding grounds are less important than the
conditions of at non-breeding grounds.

Interestingly, this finding contrasts with our results showing tighter relationships

between breeding productivity and climate on breeding grounds than between adult survival
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and climate on non-breeding grounds. This discrepancy may be caused by the lack of precise
spatial data for non-breeding grounds where the exact location of wintering areas for sub-
Saharan migrants is known with a large amount of uncertainty (Cepék et al., 2008). This
imprecision could weaken the link between spatially specific climatic data and the adult
survival. As an alternative (but not mutually exclusive), it is possible that other factors than
climate are involved in setting the limits for migrants’ survival in sub-Saharan Africa. Indeed,
due to explosive human population growth and rapid economic development, land use
changes in this region result in marked habitats changes in birds’ non-breeding grounds with
marked imprints on their populations (Stevens et al., 2010; Kolecek et al., 2017) that are at
least partly independent of annual variation in water availability. Moreover, climatic and other
factors impacting bird mortality may interact making the relationships between water
availability and adult survival even more complex (Sirami et al., 2017).

In conclusion, we found that both breeding productivity and adult survival were
important for population dynamics of long-distance migrants, but only the latter relationship
was significant suggesting the key influence of non-breeding conditions on migrants’
populations, as frequently assumed but seldom tested in many recent studies (e.g. Vickery et
al., 2014). We were also able to demonstrate strong relationships between spring phenology
and breeding productivity of long-distance migrants. By contrasting these migrants to species
with other migratory strategies, we provide convincing support for the mechanism of the
phenologic mismatch hypothesis, which has never been validated using a larger set of species.
Finally, we confirmed the hypothesis that the lower water availability at Sahelian non-
breeding grounds adversely affected adults’ survival, but this limitation did not carry-over to
the lower breeding productivity. Although our data originate from a single central European
country, the conceptual and analytical framework developed by this study opens a new field

for research at the continental and global scales.
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Table S1: Characteristics of the species involved in this study: migratory strategy (LD - long-
distance migrants, SD - short-distance migrants, PAR - partial migrants, RES - residents),
total number of adult individuals captured (total capture), total number of individuals captured
in two different years (recapture) and location of wintering grounds (W - Western Africa, E -
Eastern Africa, S - Southern Africa, C - Central Africa). Last two characteristics are shown
for LDMs only due to their relevance for further analysis.

Migratory
Species strategy Total capture Recaptured Wintering grounds
Acrocephalus arundinaceus LD 737 33 W
Acrocephalus palustris LD 2682 117 E,S
Acrocephalus scirpaceus LD 8977 753 W
Acrocephalus schoenobaenus LD 3553 271 E
Lanius collurio LD 454 13 E,S
Locustella luscinioides LD 372 18 E
Locustella naevia LD 399 14 W
Phylloscopus trochilus LD 611 39 w
Sylvia borin LD 1019 88 W.E,C
Sylvia communis LD 821 75 W.E
Sylvia curruca LD 492 60 E
Carduelis chloris PAR 558
Parus caeruleus PAR 1148
Parus major PAR 928
Turdus merula PAR 967
Emberiza citrinella RES 776
Emberiza schoeniclus SD 1629
Erithacus rubecula SD 364
Fringilla coelebs SD 310
Luscinia svecica SD 520
Phylloscopus collybita SD 1815
Prunella modularis SD 470
Sylvia atricapilla SD 3536

Turdus philomelos SD 448




Table S2: Relationships between breeding productivity of long-distance migrants and climatic variables reflecting (a) spring phenology at
breeding grounds and (b) water availability at non-breeding grounds (indicating so called carry-over effect) estimated by Bayesian meta-analytic
models, the variant with random intercept only (i.e. without random slope effect). Each variable was tested in a single model taking also the
potential effect of population density into account. Model performance was assessed by Deviance Information Criterion (DIC) and Penalized
Expected Deviance (PED). Significant relationships (95% confidence limits not overlapping zero) are in bold. See Methods section for more
details on model formulation and variable characteristics.

Climatic variable Effect of climatic variables Effect of population density Model characteristics

slope  2.5% 97.5% R* var' slope  2.5%  97.5% DIC PED ADIC APED
a) Climatic variables at breeding grounds:
GDD5’ -0,125 -0,192 -0,057 0,56 -0,597 -0,951 -0,230 102,0 133,1 0,0 0,0

early spring temperature’ -0,110 -0,192 -0,026 0,38 -0,601 -0,979 -0,212 107,3 1445 5,3 11,4

late spring temperature4 -0,028 -0,102 0,045 -0,03 -0,433 -0,814 -0,043 113,2 1639 11,2 30,8
Salix caprea’ 0,124 0,046 0,201 0,50 -0,567 -0,936 -0,195 105,1 1389 3,1 5,8
Tilia cordata® 0,105 0,028 0,183 042 -0,544 -0,914 -0,168 107,2 1449 5,2 11,8
Sambucus nigm5 -0,010 -0,094 0,073 -0,04 -0,423 -0,816 -0,027 113,4 1683 11,4 35,2

b) Climatic variables at non-breeding grounds:
AET/PET® whole range’ 0,047 -0,047 0,143 0,01 -0,430 -0,811 -0,043 112,1 1659 10,1 32,8

AET/PETC Sahelianpart® 0,010 -0,065 0,087 -0,05 -0,425 -0,810 -0,030 1133 1666 11,3 335

AET/PET® south of Sahel” 0,164 0,002 0,322 0,07 -0,467 -0,833 -0,087 111,2 159,6 9,1 26,5

'proportion of variance explained by the climate variable, after removing the variance explained by density dependence (see Methods for details)

growing degree days - accumulated temperature above 5°C
mean temperature in March and April

*mean temperature in May and June

*julian date of 10% leaf unfolding

b

3



Table S3: Relationships between breeding productivity of long-distance migrants and
climatic variables reflecting spring phenology at breeding grounds estimated by Bayesian
meta-analytic models. Each variable was tested in a single model taking also the potential
effect of population density into account. Significant relationships (95% confidence limits not
overlapping zero) are in bold. See Methods section for more details on model formulation and
variable characteristics.

SEE THE EXCEL FILE



Table S4: Relationships between breeding productivity of bird groups defined by different
migratory strategies and climatic variables reflecting spring phenology at breeding grounds
estimated by Bayesian meta-analytic models. Each climatic variable was tested in a single
model taking also the potential effect of population density (estimated across all bird groups
together) into account. Significant relationships (95% confidence limits not overlapping zero)
are in bold. Model performance was assessed by Deviance Information Criterion (DIC) and
Penalized Expected Deviance (PED). See Methods section for more details on model
formulation and variable characteristics.

SEE THE EXCEL FILE



Table S5: Relationships between breeding productivity of long-distance migrants and
climatic variables reflecting water availability at non-breeding grounds (indicating so called
carry-over effect) estimated by Bayesian meta-analytic models. Water availability was
expressed using ratio of actual to potential evopotranspiration (AET/PET) calculated
separately for species’ whole sub-Saharan non-breeding ranges, Sahelian parts of species’
sub-Saharan non-breeding ranges (north of the 13° northern latitude) and south of the
Sahelian parts of species’ sub-Saharan non-breeding ranges (south of the 13° northern
latitude). Each variable was tested in a single model taking also the potential effect of
population density into account. Significant relationships (95% confidence limits not
overlapping zero) are in bold. See Methods section for more details on model formulation and
variable characteristics.

SEE THE EXCEL FILE



Table S6: Relationships between adult survival of long-distance migrants and water availability in non-breeding grounds estimated by Bayesian
meta-analytic models. Water availability was expressed using ratio of actual to potential evapotranspiration (AET/PET) calculated separately for
species’ whole sub-Saharan non-breeding ranges, Sahelian parts of species’ sub-Saharan non-breeding ranges (north of the 13° northern latitude)
and south of the Sahelian parts of species’ sub-Saharan non-breeding ranges (south of the 13° northern latitude). Each variable was tested in a
single model. Significant relationships (95% confidence limits not overlapping zero) are in bold. See Methods section for more details on model
formulation and variable characteristics.

Species AET/PET (whole range) AET/PET (Sahelian part) AET/PET (south of the Sahelian part)
slope 2.5% 97.5%  slope 2.5% 97.5%  slope 2.5% 97.5%

Acrocephalus arundinaceus -0.183  -0.824  0.459 -0.129  -0.755  0.498 -0.266 -0.937 0.404

Acrocephalus palustris 0.144 -0.077  0.365 0.197 -0.097  0.492 0.127 -0.132 0.386

Acrocephalus scirpaceus 0.090 -0.036  0.217 0.067 -0.055  0.189 0.126 -0.005 0.258

Acrocephalus schoenobaenus  0.168 -0.008  0.345 0.178 -0.005  0.362 0.112 -0.050 0.275

Phylloscopus trochilus 0.769 0.108 1.429 0.757 0.102 1.412 0.724 0.076 1.372

Sylvia borin -0.048  -0.513 0418 0.214 -0.195  0.622 -0.288 -0.701 0.124

Sylvia communis 0.332 -0.238  0.902 0.722 0.107 1.338 -0.067 -0.473 0.338

Sylvia curruca 0.212 -0.266  0.689 0.197 -0.321  0.716 0.131 -0.259 0.521




Table S7: The effects breeding productivity (left column) and adult survival (right column)
on annual population growth rate of long-distance migrants estimated by generalized mixed-
effects models. Significant relationships (95% confidence limits not overlapping zero) are in
bold. Note that the adult survival was not estimated in three species due to small sample size.
See Methods section for more details on model formulation and variable characteristics.

Species Breeding productivity Adult survival
Slope  2.50% 97.50% R? var  Slope 2.50% 97.50% R” var
Acrocephalus arundinaceus 0.529 -0.122 1.198 0.66 0.560 -0.537 1.572 047

Acrocephalus palustris -0.493 -1.419 0.429 0.16 0.590 -0.212 1.339 0.49
Acrocephalus scirpaceus 0.886 0.426 1.376 0.85 0.869 0375 1378 0.81
Acrocephalus schoenobaenus 0.209 -0.824 1.256 -0.06 0.683 0.262 1.184 0.83
Lanius collurio 0.067 -0.945 1.005 0.16
Locustella luscinioides -0.067 -1.110 0.936 0.05
Locustella naevia -0.007 -0.862 0.861 0.19
Phylloscopus trochilus 0.074 -1.028 1.087 0.12 -0.407 -1.707 0.759  0.06
Sylvia borin 0.555 -0.020 1.104 0.69 0.314 -1.054 1.398 0.20
Sylvia communis -0.233 -1.210 0.994 0.23 0.443 -1.506 2.236  0.00

Sylvia curruca 0.638 0.001 1.330 0.71 0.515 -0.703 1.575 0.30




Fig. S1: Regional classification of sub-Saharan Africa according to Cepak et al. (2008): W —
West Africa, E — East Africa, S — South Africa, C — Central Africa. The thin line shows the
borderline of 13°N delimitating the Sahel from the southern part of the non-breeding grounds.
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