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Abstract

The breeding phenology of birds is often timed to coincide with a peak in food avail-
ability. However, the shortening of the vegetation period with increasing elevation
may force bird species at high elevations to breed earlier in relation to optimal envi-
ronmental conditions due to time constraints. We investigated differences in fledging
dates in five Alpine woodland songbird species along an elevational gradient from
1500 to 2200 m in Switzerland. We estimated fledging dates from a nationwide citi-
zen science bird monitoring dataset and used the date when the proportion of obser-
vations of ‘fledged young’ reached 50% among all observations indicating breeding
behaviour. This measure had the advantage that we could estimate average timing
of the broods across a wide geographic range and over many years without the need
to search for individual nests. We then compared differences in timing of the broods
with climatic conditions and larch budburst across different elevational bands. The
daily mean air temperature of 10-15°C was reached 34-38 days later at 2200 m com-
pared to 1500 m, which is a similar delay as found in previous reports on snow melt-
out date. The average delay in larch budburst was 19.2days at 2200 m compared to
1500 m. In comparison, the average timing of the birds' broods was only 5.4 days later
in coal tits and 0.5 days later in Alpine tits at 2200 compared to 1500m (the two spe-
cies for which we had the narrowest interval estimates). Also, the estimated delay at
higher elevations in the broods of song thrushes, mistle thrushes and Eurasian chaf-
finches was relatively small. Rather than postponing breeding dates to better environ-
mental conditions later in the season that would match the earlier conditions at low
elevation, songbirds breeding at higher elevations may thus have evolved adaptations

to cope with the harsher conditions.
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1 | INTRODUCTION

Physical environmental factors such as temperature or snow melt-
out change with increasing elevation. In the Swiss Alps, for example,
temperature decreases by an average of 0.65°C per 100 m increase
in elevation (ISO 2533:1975), and mean snow melt-out date is de-
layed by about 40days at an elevational difference of 700m (1500
vs 2200m asl; Schano et al., 2021). Due to later snow melt-out
dates, harsher climatic conditions and resulting differences in food
availability, the breeding season of birds is usually shorter at higher
compared to lower elevations (Dillon & Conway, 2015; Labarbera &
Lacey, 2018; Yeh & Price, 2004), and thus breeding at higher eleva-
tions is under time pressure (lllan et al., 2012; Stier et al., 2014 for
butterflies).

At lower elevations, the timing of breeding in birds is often cor-
related with the peak of insect abundance in spring (Daan et al., 1989;
Hinks et al., 2015; Lack, 1950; Visser & Both, 2005), and this peak is
usually correlated with spring temperatures (Thackeray et al., 2016;
Visser & Holleman, 2001; Vitasse et al., 2021). Accordingly, birds
may fine-tune their phenology to that of lower trophic levels; for
example, in a lowland population of great tits (Parus major), there was
a strong correlation between oak budburst (as a proxy for plant phe-
nology) and the peak in caterpillar abundance, and oak phenology
close to the nest was related to the timing of egg-laying and hatch-
ing of the young (Hinks et al., 2015). The (possibly indirect) relation-
ship between bird breeding phenology and spring temperatures
was investigated by Verhagen et al. (2020) who found that great
tits started breeding earlier when exposed to warmer compared to
colder temperatures in climate-controlled aviaries. Similarly, Saracco
et al. (2018) found a difference of 11-14 days in mean capture dates
of the young of 25 North American bird species between the warm-
est and coldest spring in their study.

Cold temperatures and late snow melt-out date can thus
delay the timing of breeding in birds (e.g. Pereyra, 2011; Smith &
Andersen, 2014; Williams, 2012). Accordingly, previous studies
found a delayed breeding phenology of songbirds at higher com-
pared to lower elevations (Table 1). For example, Perfito et al. (2004)
investigated changes in the testis volume of adult male song spar-
rows (Melospiza melodia morphna) and found a delay in testis growth
of 1-2months between coastal (0-10m) and montane (280-1220m)
habitats. Further, Johnson et al. (2018) found that tree swallows
(Tachycineta bicolor) began egg-laying 10days later at 2482 m (+41m,
SD) compared to 1359 m (+99 m), and Gil-Delgado et al. (1992) found
a delay of 7days in the mean egg-laying date for blue tits (Cyanistes
caeruleus) at 900-1000 m compared to 500-750 m. Most of the stud-
ies on elevational differences in the timing of breeding investigated
the start of egg-laying of single populations by observing nests in the
field (Table 1). While birds at higher elevations generally breed later,
it is unclear whether this delay in reproduction allows them to expe-
rience the same optimal environmental and ecological conditions as
birds that breed earlier at low elevations.

Several previous studies also investigated national or inter-
national datasets and used data from bird nest record cards to

deduce the start of breeding (Bairlein et al., 1980; Dunn et al., 2000;
Gibbs, 2007). For example, Bairlein et al. (1980) investigated eleva-
tional differences in the start of egg-laying of four Sylvia species,
using more than 2000 nest record cards from Germany, Finland,
France and the Canary Islands; they found a delay in egg-laying date
of 5-9 days between the highest and lowest elevational belt (<250m
and >500m) depending on the species. The interpretation of the
delay is difficult, since Bairlein et al. (1980) investigated three eleva-
tional belts (including 250-500m) and it is unclear where the eleva-
tional gradient ended. Another study also used data from nest record
cards: Gibbs (2007) found a delay in breeding of Australian Magpies
(Gymnorhina tibicen) of 2.7-3.9 days per 100 m increase in elevation,
depending on the dataset used. Gibbs (2007) investigated data from
different databases like the Australian Nest Record Scheme (NRS),
the Garden Bird Survey of the Canberra Ornithologists (GBS), the
Atlas of Australian Birds and the NSW Bird Atlas to estimate hatch-
ing and fledging dates of Australian Magpies. The NRS and the GBS
represented suitable sources for their study because detailed breed-
ing data were available. In contrast, only little information on the
timing of breeding was available in the Atlas of Australian Birds and
the NSW Bird Atlas (Gibbs, 2007). Thus, nationwide datasets can be
used to investigate the timing of breeding in birds, but suitability of
a dataset depends on how information on the timing of the brood is
recorded.

Several nationwide or continent-wide citizen science breeding
bird monitoring schemes are primarily used to gain information
on population trends and ranges (e.g. Keller et al., 2020; Knaus
et al., 2018). Because such nationwide bird monitoring schemes
may not involve systematic nest searches, the resulting data often
may not be suitable to directly deduce egg-laying or fledging dates.
However, there may be sufficient information to estimate the timing
of the broods if the observed bird behaviour is recorded in a stan-
dardised way such as using international breeding codes (e.g. Keller
etal., 2020).

In this study, we used data from the Swiss monitoring of common
breeding birds (Knaus et al., 2018) and opportunistic observations
from the online database ornitho.ch (Ornitho, 2023; data obtained
from the Swiss Ornithological Institute; Figure 1, Tables 2 and 3) to
investigate the breeding phenology of five woodland songbird spe-
cies all over Switzerland along an elevational gradient from 1500
to 2200m. We estimated the dates when the fledged young were
reported in 50% of the observations that indicated a brood, which
means that no nest searches and thus no disturbance at the nests
were necessary. We also compared climatic conditions and larch
budburst between 1500 and 2200 m. Since previous studies found
strong correlations between plant phenology and food availability
(e.g. Hinks et al., 2015), we used larch budburst as a proxy for food
availability. The European larch (Larix decidua) is a suitable species to
investigate plant phenology in our study because the main distribu-
tional area of the European larch is between 1500 and 2000m (up
to 2250 m; Brandli, 1998), and measurement of larch budburst is a
common proxy for plant phenology at higher elevations (Briigger &
Vasella, 2003). We expected a later rise of spring temperatures, later
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snow melt-out dates and a delay in larch budburst at higher eleva-
tions; accordingly, we expected later observations of fledged young
birds at 2200 m compared to 1500 m.

2 | MATERIALS AND METHODS

All data used in this study were collected throughout the moun-
tainous regions of Switzerland. Larch budburst data were collected
across the same elevations and in close proximity to the breeding
phenology observations, but not at the exact locations of the breed-
ing bird observations (Figure 1). Data on temperature covered the
elevational range between 1500 m and 2200 m of the whole country
(i.e. a similar region as for bird and larch budburst observations). The
elevational range for data on temperature and breeding phenology
was the same (1500-2200m); for larch budburst, we used a slightly
lower elevational range because data were only available up to
1933 m (i.e. there were no Swiss Phenology stations of MeteoSwiss
above 1933 m), and we predicted larch budburst for the higher el-

evations (see below for further explanation).

2.1 | Temperature and larch budburst

To compare the timing of the warm-up between 1500 m and 2200 m,
we used the dates when the mean daily temperature exceeded
thresholds between -5 and +15°C (mean daily temperatures above
15°C are rarely reached at 2200m), in steps of 1°C, at 1500 m and
2200m throughout Switzerland. This analysis was based on the daily
mean air temperature grid at 2 x 2 km resolution of Switzerland, that
is, on the TabsD dataset for the years 1991-2022 by MeteoSwiss
(Frei, 2013). For each year and temperature threshold, the first day
of the year (in the following called exceedance day) on which the
respective temperature threshold was exceeded in spring or early
summer was determined. Each exceedance day was calculated using
a stepwise procedure for each temperature threshold separately.
First, we calculated the exceedance day for a particular threshold
at each of the grid cells of the countrywide dataset for each year
separately. We then determined the median exceedance day on each
of the two elevational bands separately. The elevational bands are
defined as all grid cells within £100m around 1500 m and 2200m,
respectively. We calculated the difference of the exceedance days
between the two elevational bands for each year, and our final result
was the median difference in exceedance days of all years between
1991 and 2022 per temperature threshold. To investigate differ-
ences in plant phenology, we calculated differences in larch budburst
between 1500 m and 2200m using data from MeteoSwiss. Data
were available from 2013 to 2022 from 41 sites (Swiss Phenology
Network) distributed over Switzerland between 1000 and 1933 m
(Figures 1 and 2). For those sites, we extracted the date when 50%
of the young tufts of needles of a single tree or tree stand began to
loosen up and spread (= larch budburst, Briigger & Vasella, 2003).
We used the R base package (R Core Team, 2020) to build a linear
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model on the date of larch budburst as predicted by the two continu-
ous variables elevation and year, and used the regression line of best
fit to predict the expected difference in number of days of average
larch budburst between 1500 m and 2200 m, since data were only
available up to 1933 m.

2.2 | Estimation of the timing of the broods

We analysed data on five common woodland bird species that breed
across a large elevational range in Switzerland: song thrush (Turdus
philomelos), mistle thrush (Turdus viscivorus), Eurasian chaffinch
(Fringilla coelebs), coal tit (Periparus ater) and Alpine (Poecile mon-
tanus montanus) or willow tit (Poecile montanus rhenanus/salicarius;
Table 3). In Switzerland, both Poecile montanus forms exist, occupy-
ing different ecological niches. The Alpine tit can be found in higher
regions, especially in the Alps, whereas the willow tit is more fre-
quent in the lowlands (Glutz von Blotzheim & Bauer, 1993; Knaus
et al., 2018). We summarised all observations as Alpine tits because
morphological differentiation between the two forms in the field is
difficult, and because the elevational range considered in this study
starts at the upper range of the willow tit distribution and covers the
main distribution of the Alpine tit (Knaus et al., 2018).

For estimation of the timing of the brood (as defined below),
we used data from the Swiss monitoring of common breeding
birds (Knaus et al., 2018), which is part of the Swiss Biodiversity
Monitoring program (BDM Coordination Office, 2014; data ob-
tained from the Swiss Ornithological Institute; Figure 1, Tables 2 and
3). We additionally used opportunistic observations from the online
database ornitho.ch (Ornitho, 2023; data obtained from the Swiss
Ornithological Institute; Figure 1, Tables 2 and 3) that were collected
between 2013 and 2022 (before 2013, there were not enough data
available). Both datasets are mostly collected by volunteer natural-
ists and thus are from nationwide citizen science projects.

The combined dataset included records on species, date, co-
ordinates, elevation and the ‘Atlas code’ providing descriptions
of bird behaviour and specifying whether a brood is either possi-
ble, likely or certain; the Atlas codes used in Switzerland (Knaus
et al., 2018; Swiss Ornithological Institute, 2019) are based on the
international Atlas codes (Keller et al., 2020). In the online database
ornitho.ch, the Atlas codes are required for entries of all breeding
birds in Switzerland during the breeding season (Ornitho, 2023).
We selected observations that indicated a brood and that allowed
to distinguish between early and late stages of the brood (Tables 2
and S1). For each breeding observation, we thus assigned one of
the two developmental stages ‘early; certainly or likely not fledged’
and ‘late; certainly fledged’ and then calculated the proportion of
broods with certainly fledged young among all observed broods at
a given elevation. We included the observation ‘adults with food
for their young’ in the early stage even though in the investigated
species adults continue feeding their young for a few days up to
2-3weeks after fledging (Figure Al; Glutz von Blotzheim, 1988,
1997; Glutz von Blotzheim & Bauer, 1993). Eurasian chaffinch
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TABLE 1 Listof different studies investigating timing of breeding along elevational gradients.

Low elevation

Low High Elevational
Species Region References Observation elevation elevation difference N SD SE
Alpine tit Parus Switzerland Paterno et al. Citizen 1500 2200 700
montanus montanus science data
observations
Carrion Crow Corvus UK Driver (2005) Nest search 75 646 571 61
corone
Coal Tit Periparus Germany Zang (1980) Nest boxes 450 920 470
ater France Bison et al (2020) Nest boxes 1324 1874 550 60 nest boxes
Clouet (2005) Nest boxes 1325 1900 575 Nest boxes were
occupied from O
to 30%
Switzerland Paterno et al. Citizen 1500 2200 700
science data
observations
Common Germany Bairlein et al. (1980) Nest record <250 >500 47
Whitethroat Curruca cards
communis
Eurasian Blackcap Germany Bairlein et al. (1980) Nest record <250 >500 224
Sylvia atricapilla cards
Eurasian Blue Tit Spain Gil-Delgado Nest boxes 625 950 325 25 7.25
Cyanistes caeruleus etal. (1992)
Germany Zang (1980, 1982) Nest boxes 120 540 420
France Brandli (1998) Nest boxes 532 1181 649 353 7
Eurasian chaffinch Switzerland Paterno et al. Citizen 1500 2200 700
Fringilla coelebs science data
observations
European Pied Germany Zang (1980) Nest boxes 100 900 800

Flycatcher Ficedula
hypoleuca
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High elevation Egg-laying date Fledging
Difference
Difference in days
in days high
Low High highversus  Delay in Low High versus Delay in
N SD SE elevation elevation low days/100m elevation elevation low days/100m
169.7 [164.2; 1709 +1.1 0.19
175.3] [153.3; [-19.8;
182.3] +15.9]
17 13 April-15 22 +9 1.58
April April-24
April
1.68
50 nest boxes 1.5
37 nest boxes First=19 First=30 +10 First=1.91
Nest boxes April April Mean=1.74
were occupied Mean=5 Mean=15
in max 55% May May
163.2 173.4 +10.5 1.48
[157.9;169.0]  [161.8; [-2.2;
183.2] +20.6]
38 17 May 26 May +9
129 14 May 20 May +6 Incubation
and nestling
period
increase
with
increasing
elevation
83 8.43 6 May 13 May +7 2.15
Overall 5.24
Birds that are
older than 1
year 5.37
1-year-old
birds 4.17
74 15 First=27 First=27 +11 First=0
March March Mean=1.69
Mean=13 Mean=24
April April
174.8[166.2;  193[156.3; +19.6 2.80
182.8] 241.3] [-22.6;
+68.5]
17
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Comments

A total quantity
of 10%-45%

of nest boxes
were occupied
in different
years and
elevations

No information
on the number

of nest boxes at
low elevation

Three
elevational
belts: <250,
250-500
and>500m.
Unclear at
which elevation
the gradient
ends

Three
elevational
belts: <250,
250-500

and >500m.
Unclear at
which elevation
the gradient
ends

(Continues)
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TABLE 1 (Continued)

Species

Garden Warbler
Sylvia borin

Great Tit Parus major

Grey Wagtail
Motacilla cinerea

Grey-backed Shrike
Lanius tephronotus
House Wren
Troglodytes aedon

Lesser Whitethroat
Curruca curruca
Marsh Tit Poecile
palustris

Mistle thrush Turdus
viscivorus

Mountain Bluebird
Sialia currucoides

Northern Raven
Corvus corax

Oregon Juncos
Juncus hyemalis
oregonus

Pacific Wren
Troglodytes pacificus
Red-billed Chough
Pyrrhocorax
pyrrhocorax
Red-faced Warbler
Cardellina rubrifrons
Rock Sparrow
Petronia

Russet Sparrow
Passer cinnamomeus
former rutilans

Region

Germany

Germany

Austria

UK

Tibet

California

Germany

Germany

Switzerland

Wyoming

France,
Corsica

Canada

Canada

Spain

Arizona

Italy

China

References

Bairlein et al. (1980)

Zang (1980, 1982)

Schéll and
Hille (2014)

Ormerod & Tyler
(1987)

Lu et al. (2010)

Levin et al. (2023)

Bairlein et al. (1980)

Zang (1980)

Paterno et al.

Johnson et al. (2006)

Delestrade (2002)

Bears (1999)

Ogden et al. (2012)

Blanco et al. (1998)

Dillon and
Conway (2015)

Tavecchia et al.
(2002)

Yang et al (2012)

PATERNO ET AL.

Open Access,

Observation

Nest record
cards

Nest boxes

Nest boxes

Nest search

Nest search

Nest boxes

Nest record
cards

Nest boxes
Citizen

science data
observations

Nest boxes

Nest search

Nest search

Nest search

Nest search

Nest search

Nest boxes

Nest boxes

Low
elevation

<250

100

544

75

480

<500

120

1500

1482

1021

200

330

1964

1570

200

High
elevation

>500

900

789

370

2164

>500

540

2200

2504

1500

1985

1010

1300

2711

1780

1500

Elevational
difference

800

245

295

1684

420

700

1022

1480

964

810

970

747

210

1300

Low elevation

126

35

83 nest boxes

31

2004:30+33,
2005: 18 nest
boxes

72

40

33

79

24

sD

6.8

15

SE
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High elevation Egg-laying date Fledging
Difference
Difference in days
in days high
Low High highversus  Delay in Low High versus Delay in
N SD SE elevation elevation low days/100m elevation elevation low days/100m
221 22 May 31 May +9 Incubation
and nestling
period
increase
with
increasing
elevation
Overall 2.19
Birds that are
older than 1
year 2.13
1-year-old
birds 2.45
21 13 Apr 20 Apr +7 2.86
First-egg dates
~13days/100m
Later
73 nest boxes 2-8 1 April-9 20 +26 1.54 6 June 30 June 1.54
June May-11
June
51 17 May 22 May +5
1.97
188.0 187.6 +32.8 4.69
[-134.6; [172.7; [-295.7;
479.4] 214.4] +329.4]
2004: 68, 2005: 26 Apr 10 May +14 1.37
112 nest boxes
Later
45 17 April-5 27 -6 First=4.15
August May-15
June
6 ca. 21 April ca.31May  +40 493
60 10.9 24 March 04 Apr +11 1.13
1.82
65 22 June 27 June +5 2.38
57 19 9 May 7 June +29 2.23

Ecology and Evolution 7 of 20
=t S VY LEY- 7o

Comments

Three
elevational
belts: <250,
250-500

and >500m.
Unclear at
which elevation
the gradient
ends

The number of
observations is
unclear, since
additional data
were used for
this particular
analysis

No information
about how
many nest
boxes were
occupied

No information
about how
many nest
boxes were
occupied

(Continues)
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TABLE 1 (Continued)

Open Access,

Low elevation

Species Region References Observation

Small Ground Finch Galapagos Kleindorfer (2007) Nest search

Geospiza fuliginosa Archipelago

Song Sparrow Washington Perfito et al. (2004) Mist nets

Melospiza melodia State

Song Thrush Turdus Switzerland Paterno et al. Citizen

philomelos science data
observations

Thorn-tailed Chile Altamirano Nest boxes

Rayadito Aphrastura etal. (2015) direct

spinicauda observations
camera traps

Tree Swallow Wyoming Johnson et al. (2018) Nest boxes

Tachycineta bicolor

Whinchat Saxicola Switzerland Miiller et al. (2005) Nest search

rubetra France Fontanilles (2022) Nest search

White-bellied Tibet Lu et al. (2010) Nest search

Redstart Luscinia

phaenicuroides

White-throated Scotland Logie (1998) Nest search

Dipper Cinclus cinclus

fledglings are relatively independent after about 1 week, but oc-
casional feeding by adults can occur up to 3weeks after fledging
(Glutz von Blotzheim, 1997); and Alpine tits become independent
about 5-6days after fledging, with occasional feeding events up
to 2weeks after fledging (Glutz von Blotzheim & Bauer, 1993).
Because feeding frequency decreases after fledging (e.g. mistle
thrush chicks are fed up to six times more often during the nestling
period than after fledging; Glutz von Blotzheim, 1988), we assume
that a record ‘adults with food for their young’ refers to the nestling
period (early breeding stage) in the majority of the cases. However,
a substantial portion of the Atlas code 16 observations may actually
include fledged broods, because observers are instructed to record
the highest Atlas code when more than one behaviour is observed.
Therefore, ‘adults with food for their young’ (Atlas code 16) in-
stead of ‘freshly fledged young’ (Atlas code 13) is usually recorded
in cases when adults with food and fledged young are observed
simultaneously.

Low High Elevational
elevation elevation difference N SD SE
50 500 450 90
5 750 745 11
1500 2200 700
368 952 584 High and low
together=103
1359 2482 1123 80
1160 1600 440 12
440 1468 1028 10
1325 4325 3000 38 4
106.08+ - 305.75+~ 200 305
64.80 97.56

As an alternative to estimating the dates when the fledged young
were reported in 50% of the observations that indicated a brood
from a combination of different Atlas codes, we could have used
only the dates of observations of ‘recently fledged birds’ (Atlas code
13) to calculate average dates of fledging; in this case, however, re-
sults would have been strongly influenced by observer effort: Early
in the season, there are probably fewer observers present at higher
elevations, and thus average fledging dates at higher elevations
would have been biased towards a later date simply because there

are fewer early observations available.

2.3 | Statistical analysis of timing of the broods

We used R version 4.0.3 (R Core Team, 2020) and the package bird-
ring (Korner-Nievergelt & Robinson, 2019) to prepare the data. We
used a separate binomial generalized linear model (GLM) to estimate
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High elevation Egg-laying date Fledging
Difference
Difference in days
in days high
Low High highversus  Delay in Low High versus Delay in
N SD SE elevation elevation low days/100m elevation elevation low days/100m Comments
63 27 2 February  -25 -5.56
February
10 April May/June
168.7 [119.7,  169.6 +1.8 0.26
215.3] [163.2; [-47.2;
175.3] +49.5]
High and low 7 October 12 +36 6.16 13 19 +36 6.16
together=103 November November December
140 31 May 10 June +10 0.89 In total, 28
females were
sampled in both
years and not
all data were
obtained for
each female
and clutch
in each year,
so sample
sizes vary
for different
analyses
44 29 May 3 June +5 1.31 1 July 5 July +4 1.14
30 24 June-5 22 +13 0.58
July June-16
July
18 4 9 June 19 June +10 0.33 2 July 21 July +19 0.63 Fledging dates
at low elevation
ranged from
7 May to 9
August and at
high elevation
from 31 May to
9 August
103 8-10 17-19 +9 4.5
March March

the proportion of young birds observed as fledged in relation to the
two continuous variables date (day of year) and elevation for each
year. To do so, we assigned to each observation whether young were
certainly fledged or not (a binary response variable y; Table 2). We
then used elevation, date and a categorical variable ‘year’ as predic-
tors. We included a two-way interaction of elevation and date. To ac-
count for among-year differences in the onset of spring, we included

a random year effect d___ (i.e. the difference between the timing

ear
of the brood in a given i/ear and the average timing from all years)
on the predictor variable ‘date’ (day of year). Thus, we assumed that
the strength of the increase of the proportion of independent young
birds (p) with increasing date as well as its elevational gradient is
equal across years, but we allowed the average timing of the broods

to vary among years according to a normal distribution:

y; ~ Bernoulli(p;)

logit(p;) =B + B elevation; + 8, (date,« +dyearfi] )

+ﬂ3<date,~+d )elevation,-

year([i]

dyear ~ Normal(0, o)

year

We thus used a logit-link function and assumed a Bernoulli dis-
tribution. We also assumed a sigmoid increase of the proportion
of certainly fledged young birds among the observed broods over
the breeding season, and we allowed for a gradual change in slope
with elevation, that is, we allowed for steeper increase in the cer-
tainly fledged young as would be expected when breeding season
is shorter at higher elevations. Elevation and day of the year were
z-transformed. We fitted the model in Stan (http://mc-stan.org,
Carpenter et al., 2017) via the interface rstan (Stan Development
Team, 2023) using Hamiltonian Monte Carlo (Betancourt, 2013).
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The model code is available in Data S1. We simulated four chains of
length 2000 and used the second half of each, that is, we used a total
4000 draws to describe the posterior distributions of the model pa-
rameters. We thus present the difference in the number of days of
the date when 50% of the broods were certainly fledged between
elevations as well as the 2.5% and 97.5% quantiles as lower and

upper limits of the 95% Bayesian compatibility intervals (Amrhein

0 20 40

80km

FIGURE 1 Map of Switzerland, with yellow dots indicating
bird observations used for this study, and blue marks indicating
the 41 Swiss Phenology stations of MeteoSwiss that were used to
calculate the date of larch budburst at different elevations.

& Greenland, 2022). We present the results for the three elevations
low=1650m, medium=1850m and high=2050m, to show the

change in proportion of certainly fledged young birds as the season

progresses.
3 | RESULTS
3.1 | Temperature and larch budburst

In spring, temperature thresholds below 0°C were exceeded at
about the same time at 1500 m and 2200m. With increasing tem-
perature (0-7°C), the difference in exceedance days between 1500
m and 2200m increased, and daily mean air temperatures of 10-
15°C were reached, on average, 34-38days later at 2200 m com-
pared to 1500m (Figures 3 and S1). However, these differences in
the exceedance days between the two elevational bands 2200 m
and 1500m showed a high interannual variability. For temperature
thresholds between 10°C and 15°C, the difference ranged between
5days and approximately 70days in individual years. A clear trend
indicating a smaller or larger difference in the exceedance day be-
tween the two elevations was not evident; thus, we found no indica-

tion that climate change was accelerating warming more rapidly at

TABLE 2 Atlas codes describing observations of a brood in birds (Schweizerische Vogelwarte Sempach, 2019), the developmental stage
associated with the specific Atlas code, category in relation to fledging, assigned response category for the analyses (Bernoulli model) and

the number of observations per Atlas code.

Atlas code

9 Female adult with breeding spot
15 Adult carrying faecal sac from the nest Nestlings

16 Adult with food for nestlings
fledged)

18 Nest with breeding adult
19 Nest with eggs or nestlings

13 Recently fledged birds Fledged
Eurasian

Year Coal tit Alpine/willow tit chaffinch

2013 38 30 11

2014 114 54 23

2015 147 44 36

2016 97 30 54

2017 52 11 12

2018 51 20 24

2019 57 12 22

2020 52 18 28

2021 73 13 30

2022 65 26 24

Total 764 258 264

Developmental stage

Incubation or nestlings

Nestlings (or freshly

Incubation or nestlings

Incubation or nestlings

Value of response Number of

Category variable observations
Certainly before fledging 0 4

Certainly before fledging 0 5

Likely before fledging, but 0 853

after fledging possible

Certainly before fledging 0 72

Certainly before fledging 0 26

Certainly after fledging 1 1020

TABLE 3 Number of observations per

il species and year.

Song thrush thrush
11 50

16 48

21 59

59 91

5 33

14 35

20 45

21 58

8 43

17 58
192 520
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one elevation versus the other. For example, the difference in the
exceedance days increased by 5days per decade for a temperature
threshold of 10°C, by Odays per decade for a 11°C and decreased by
-3days per decade for a temperature threshold of 12°C (Figure 3).
Between 2013 and 2022, larch budburst in Switzerland started
on average 19.2days later at 2200 m compared to 1500m. Larch
budburst, therefore, was delayed by 2.74 days per 100 m increase in

elevation (Table 4).

3.2 | Dates when 50% of the broods are certainly
fledged

Overall, we found strong variation from year to year in the dates
when young broods certainly fledged (as opposed to ‘certainly or
likely not fledged’) in 50% of observations (Figures 4a-8a, Table 5),
with Eurasian chaffinches showing the least variation (Figure 6a,
Table 5). However, we found that the date when broods were

Ecology and Evolution 110f 20
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certainly fledged in 50% of observations was relatively similar be-
tween high and low elevation in most species. In the following, we
compare the date when broods were certainly fledged in 50% of
observations at three elevations (low=1650, medium=1850 and
high=2050; see also Figures 4-8b, Table 6) in an average year. Due
to increased uncertainty in the estimates at high elevation, a com-
parison between high and low elevation was not possible for all spe-
cies, so in some cases, we used the medium elevation for comparison
with the low elevation.

For coal tits (Figure 4a, Table 5), the date when broods were
certainly fledged in 50% of observations was 5.4days later
(1.48days/100m) at high compared to low elevation (Figure 4b,
Table 6). For Alpine tits (Figure 5a, Table 5), the date when broods
certainly fledged in 50% of observations was 0.53days later
(0.19 days/100m) at high compared to low elevation (Figure 5b,
Table 6). For Eurasian chaffinches (Figure 6a, Table 5), we found a
delay of 4.5days (2.86days/100m) in the date when broods were
certainly fledged in 50% of observations at medium compared to
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FIGURE 2 Coloured solid lines show the dates when the broods of coal tit, Alpine tit and song thrush became certainly fledged in 50% of
observations in an average year (in this plot, we used only the species and elevations for which estimates had sufficient precision). Dotted
lines show the date of mean snow melt-out, based on data from Schano et al. (2021); the date when a temperature threshold of 14°C was
exceeded (Figure 3); and larch budburst, defined as the date when 50% of the young tufts of needles of a single tree or tree stand began to
loosen up and spread (Briigger & Vasella, 2003). Grey lines show the mean dates when young of three other songbird species fledged based
on data from the literature (Altamirano et al., 2015; Fontanilles, 2022; Levin et al., 2023; Miiller et al., 2005, see also Table 1).
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low elevation, and the difference between high and medium eleva-
tion was similar (6.7 days) but had higher uncertainty, as shown by
wider compatibility intervals (Figure éb, Table 6). The date when
song thrush broods were certainly fledged in 50% of observa-
tions was about the same at high compared to medium elevation
(Figure 7a,b, Tables 5 and 6, 0.29 days/100m). Nevertheless, we
found later ‘certainly fledged’ observations at high compared to
medium and low elevation (grey empty points in Figure 7c). The
difference between the dates of the first ‘certainly fledged’ ob-
servations between the three elevations was smaller for mistle
thrushes (5.06 days/100m) than for song thrushes (grey points in
Figures 7c and 8c). Song and mistle thrushes often have more than
one brood per season, leading to high uncertainty in our estimates
at all elevations especially for the mistle thrush (Figure 8b, Table 6).
Additionally, there was a lack of observations of ‘certainly fledged’
broods for mistle thrushes at the end of the season at low eleva-
tions, when we still found observations of ‘certainly or likely not
fledged’ broods (see grey points in Figure 8c); thus, it seems like
mistle and song thrushes became ‘certainly fledged’ later at lower

compared to higher elevations.
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FIGURE 3 Difference in the number of days that a certain
temperature threshold was reached at 2200 m compared to
1500 m. Data are based on the dataset TabsD (years 1991-2020)
by MeteoSwiss (Frei, 2013). Red data points show the change in
number of days per decade over the last 30years.

3.3 | Comparison of environmental variables and
fledging dates

The delay in snow melt-out date across elevations (5.7 days/100m;
Schano et al.,, 2021) was similar to the delay in temperature ex-
ceedance days at 14°C (4.9-5.4days/100m; Figure 2). However,
the delay in larch budburst timing across elevations was smaller
(2.7days/100m), and the delay in dates when 50% of the broods
were certainly fledged was even smaller (coal tits: 1.48days/100m,
Alpine tits: 0.19days/100m, song thrushes: 0.29days/100m;
Figure 2).

4 | DISCUSSION

We found a similar delay in temperature threshold exceed-
ance (daily mean air temperature 10-15°C) at higher elevations
(a delay of 34-38days at 2200 m compared to 1500m, i.e. 4.9-
5.4days/100m) as Schano et al. (2021) found for the mean snow
melt-out date (about 40days delay at 2200 m compared to 1500 m,
i.e. 5.7days/100m). The timing of larch budburst was delayed by an
average of 2.7days/100m increase in elevation; thus, the delay was
slightly shorter than in temperature and snow melt-out.

Despite the harsher conditions at higher elevations earlier in the
season, birds were raised with a relatively small delay at higher el-
evations: The mean delay in the time when broods were certainly
fledged in 50% of observations was 1.48 days/100m in coal tits and
0.06days/100m in Alpine tits, the two species for which we had the
clearest results (the narrowest compatibility intervals). Therefore,
the investigated songbird species were likely raised under harsher
environmental conditions at higher elevations.

Previous studies reported similar elevational differences
when investigating fledging dates (Table 1, Figure 2). For exam-
ple, Miiller et al. (2005) found an average delay in fledging date
of 1.14days/100m for whinchats (Saxicola rubetra) in Switzerland,
and Fontanilles (2022) found a delay of 0.58days/100m in the
French Pyrenees. Lu et al. (2010) found a delay in fledging dates of
0.63days/100m for white-bellied redstarts (Hodgsonius phaenicuroi-
des) in Tibet, and Levin et al. (2023) a delay of 1.54days/100m for
house wrens (Troglodytes aedon) in California. Altamirano et al. (2015)
found the largest elevational effect, with a delay in fledging dates of
6.16days/100m for thorn-tailed rayaditos (Aphrastura spinicauda) in
an Andean temperate forest in Chile. Apart from this latter study, it
therefore seems not unusual that there is only a slight delay in fledg-

ing dates at higher elevations.

TABLE 4 Parameter estimates and 95% Cl for larch budburst in relation to elevation and year.

Standardised coefficients

Standard deviation of the

Unstandardized coefficients Unit of the predictor

mean [95% Cl] in days

predictor variable

Intercept +904.48 +430.10
Elevation +0.03+0.00 243m
Year -0.41+0.21 2.9days

mean [95% Cl] in days

+0.01+0.00
-0.14+0.07

variable

100m
1day
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FIGURE 4 Coaltit. Grey dots are all observed broods (empty =certainly or likely not fledged, full=certainly fledged; for our definition of
those stages, see main text). Lines in (a) show the dates when the broods were certainly fledged in 50% of observations from a given year
(for a more straightforward comparison, the uncertainty in our estimates is depicted in the plots (b)). The horizontal grey dashed lines show
the average elevations used in (b). Plots in (b) show the modelled proportions of observations from broods certainly or likely not fledged at
1650 m, 1850 m and 2050 m in an average year; dotted lines are 95% Bayesian compatibility intervals. Red dots show the dates when the
broods became certainly fledged in 50% of observations of a brood in an average year; red lines are 95% Bayesian compatibility intervals.
Plots in (c) show the proportions and 95% Bayesian compatibility intervals of certainly fledged observations, based on raw data, over 20-day
bins summarized for three elevational belts (1500-1733, 1734-1967 and 1968-2200m). Note that what matters are the relative differences
in dates among elevations. Estimates and 95% Bayesian compatibility intervals to plots in (a) and (b) are in Tables 5 and 6.

However, elevational gradients in gonadal development may dif-
fer from those in fledging dates. In Canada, Bears (2007) found a
delay of more than 30days in breeding readiness (defined as the av-
erage date when the functional gonads had developed) of male dark-
eyed juncos (Junco hyemalis) at 2000 m compared to 1000m. This
delay in breeding readiness reversed when birds were kept under
controlled environmental conditions (constant temperature and
photoperiod, unlimited food supply). Birds captured at 2000m and
brought to the laboratory were 4-8days earlier ready to breed com-
pared to birds captured at 1000m (Bears, 2007). Thus, dark-eyed
junco males captured at high elevation were ready to breed earlier
compared to birds captured at low elevations when exposed to the
same conditions (Bears, 2007) and males at high elevations initiated
breeding at lower temperatures than their conspecifics at lower el-
evations. Our results may be explained by a similar mechanism as

the one described by Bears (2007). If birds at high elevation initiated
breeding at lower temperatures than their conspecifics at low eleva-
tions, the elevational gradient in the timing of the broods is steeper
compared to the elevational gradient of the temperature threshold
exceedance.

The bird species investigated in our study did not seem to adapt to
the harsher environmental conditions at higher elevations by raising
their brood later at a time when conditions were milder. Rather, such
species may have evolved other adaptations to cope with the harsher
conditions at higher elevations (Martin et al., 2023). For example, pre-
vious studies found morphological adaptations, where birds at higher
elevations were smaller but had longer wings, tails or feathers (Bears,
1999, 2007; Lu et al., 2009; Sander & Chamberlain, 2020).

Further, birds living at higher elevations probably have evolved ad-
aptations to cope with increased energy requirements, for example,
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TABLE 5 Estimates to Figures 3-7a. Estimates and 95% Bayesian compatibility intervals (Cl; Amrhein & Greenland, 2022) in number of
days, in relation to species and year for the mean elevation (1743 m).

Year Coal tit

2013 -1.04 [-1.85; -0.38]
2014 +0.24 [-0.23; +0.76]
2015 +0.35 [-0.09; +0.84]
2016 -0.19 [-0.70; +0.34]
2017 +0.11 [-0.44; +0.69]
2018 +0.03 [-0.54; +0.66]
2019 +0.31[-0.21; +0.94]
2020 -0.16 [-0.75; +0.41]
2021 +0.00 [-0.50; +0.51]
2022 +0.41 [-0.13; +1.01]

TABLE 6 Estimates to Figures 3-7b.

for an average year.

Alpine / willow tit

-0.04 [-0.55; +0.44]
+0.15 [-0.21; +0.68]
+0.32 [-0.07; +1.00]
-0.09 [-0.64; +0.35]
-0.13 [-0.95; +0.33]
-0.01 [-0.58; +0.55]
-0.09 [-0.74; +0.35]
-0.04 [-0.58; +0.44]
-0.06 [-0.70; +0.45]
+0.08 [-0.34; +0.62]

Eurasian chaffinch

+0.01[-0.77; +0.93]
-0.13 [-1.26; +0.36]
-0.07 [-0.97; +0.46]
-0.18 [-1.13; +0.25]
+0.01 [-0.83; +0.82]
+0.12 [-0.36; +1.34]
+0.05 [-0.55; +0.98]
+0.05 [-0.53; +0.88]
+0.02 [-0.62; +0.76]
+0.05 [-0.54; +0.84]

Eurasian chaffinch

177.1[167.0; 187.2]
181.6 [169.2; 192.7]
188.9 [153.3; 243.0]

mean year

140 160 180 200 220 240

Day of year [1 = 1 January]

mean year

T T T T T T
140 160 180 200 220 240

Day of year [1 = 1 January]

1650 m

Elevation Coal tit Alpine tit
1650 164.9 [156.7; 173.3] 169.73 [162.8; 177.7]
1850 167.1[158.3; 175.6] 170.02 [163.3; 177.1]
2050 170.1 [157.1; 180.4] 170.45 [155.8; 180.3]
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FIGURE 6 Eurasian chaffinch; for explanation, see Figure 4.

increased parental investment. Badyaev & Ghalambor (2001) inves-
tigated the life history strategies of 24 pairs of bird species along
an elevational gradient and found an increased male investment
additionally to the female investment for species living at higher el-
evations compared to species living at lower elevations. Also, they
found that birds at higher elevations raised fewer but higher-quality
offspring (Badyaev & Ghalambor, 2001). With increased parental in-
vestment at high elevations and fewer offspring, young birds may be
able to grow faster and fledge earlier.

Another adaptation at higher elevations could be to build bigger
or thicker nests: For example, Widmer (1993) found that Eurasian
blackcaps (Sylvia atricapilla) built bigger and better insulated nests
in the mountains compared to the lowlands. Blue tits also built big-
ger nests (Britt & Deeming, 2011) and changed the nest cup lining
material (Mainwaring & Hartley, 2008) depending on temperatures
during the nest-building period. Britt and Deeming (2011) found
clearer temperature-related differences in nest size for blue tits than
for great tits, and Schéll and Hille (2014) found no clear change in in-
sulation of great tit nests along an elevational gradient (488-878m).
It therefore seems that temperature-related differences in nest insu-

lation or nest size are species-specific.

Birds breeding at higher elevations are often not able to have a
second brood due to a shortened season (Dillon & Conway, 2015;
Labarbera & Lacey, 2018; Yeh & Price, 2004), which can make it
difficult to compare breeding dates with lower elevations, where
second broods may be possible. When birds have more than one
brood, the observations of broods before and after fledging spread
over a longer time, and therefore, it is more difficult to estimate the
dates when 50% of the broods are certainly fledged; this is prob-
ably the main reason why for mistle thrushes and song thrushes,
the estimated proportion of certainly fledged broods was lower
than 100% at the end of the breeding season. Among our study
species, especially song thrushes and mistle thrushes are known
to often have more than one brood (Glutz von Blotzheim, 1988).
For the mistle thrush, we could not obtain reasonable estimates
for the mean date when broods were certainly fledged in 50%
of observations, and mistle thrushes usually have more than one
brood even at higher elevations. In contrast, song thrushes may
have only one brood at medium and high elevations; a reason may
be that the number of broods in song thrushes is more depen-
dent on weather conditions (Glutz von Blotzheim, 1962; Mattes
et al., 2005) than in mistle thrushes.
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FIGURE 7 Song thrush; for explanation, see Figure 4.

Eurasian chaffinches (Glutz von Blotzheim, 1997), coal tits (Glutz
von Blotzheim & Bauer, 1993) and Alpine tits (Glutz von Blotzheim
& Bauer, 1993) seem to usually have only one brood both at lower
and higher elevations in the Alps. For coal tits and Alpine tits, we
were able to estimate the mean date when broods became certainly
fledged in 50% of observations at high, medium and low elevations.
For the Eurasian chaffinch, it was more difficult to examine the mean
date when broods were certainly fledged in 50% of observations at
high elevation, because the number of observations was low. This
may have been due to lower breeding density (Knaus et al., 2018) or
lower breeding success of Eurasian chaffinches at higher elevations
compared to coal tits and Alpine tits. Species with a main distribution
in northern latitudes or high elevations such as coal tits and Alpine
tits might be better adapted to harsher conditions than species with
a main distribution in southern latitudes or lower elevations such as
the Eurasian chaffinch.

Still, there may be differences in detection probabilities of
feeding adults or begging young in different developmental
stages that may have influenced the number of observations
and thus our timing estimates. In our study, we did not take such

detection probabilities into account, since to the best of our

knowledge there are no published estimates on detection proba-
bilities of broods of songbirds for different developmental stages
of the young, which could be addressed in future studies. Our
reported elevational gradients in the timing of the broods there-
fore rely on the assumption that differences in detection proba-
bility among the different breeding stages are not dependent on
elevation.

In summary, and similar to previous studies, we found that song-
birds delay breeding with increasing elevations to a lower degree
than expected if they would breed at similar environmental con-
ditions at all elevations. Therefore, the young of the investigated
songbirds were raised under harsher environmental conditions at
higher elevations and probably have evolved adaptations to cope
with such conditions, rather than postponing breeding dates to
warmer conditions. By using a dataset from a nationwide citizen
science bird monitoring scheme, we were able to obtain estimates
on the date when broods became certainly fledged without the
need to search for nests and thus without causing disturbances at
nests. In the future, it would be interesting to expand the study to
a larger geographic region allowing for comparisons of mountain

regions at different latitudes and of species with differing degrees
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FIGURE 8 Mistle thrush; for explanation, see Figure 4.

of adaptions to living at high elevations and thus to increase our
understanding of how bird species are able to adapt to living at

higher elevations.
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Juni

Juli

August

Eurasian
chaffinch

Atlas code
9 female adult with breeding spot
18 nest with breeding adult
19 nest with eggs or nestiings
15 adult carrying faecal sac from the nest
16 adult with food for nestiings
13 recently fledged birds

stage

Coal tit

Atlas code
9 female adult with breeding spot
18 nest with breeding adult
19 nest with eggs or nestlings
15 adult carrying faecal sac from the nest
16 adult with food for nestiings
13 recently fledged birds

de stage

Partial summer moult
is at the earliest at
the age of 22 — 45d
(June / July until
Septemper /
October)

1 = egg-laying date

2 = hatching date

3 = fledging date

4 = independence date

Partial summer
moultis the end of
June / beginning of
July until August /
September

Alpine tit

Atlas code
9 female adult with breeding spot
18 nest with breeding adult
19 nest with eggs or nestiings
15 adult carrying faecal sac from the nest
16 adult with food for nestiings
13 recently fledged birds

de stage

Song thrush

Atlas code
9 female adult with breeding spot
18 nest with breeding adult
19 nest with eggs or nestiings
15 adult carrying faecal sac from the nest
16 adult with food for nestiings
13 recently fledged birds

de: stage

Mistle thrush

Allas code
9 female adult with breeding spot
18 nest with breeding adult
19 nest with eggs or nestiings
15 adult carrying faecal sac from the nest
16 adult with food for nestiings
13 recently fledged birds

stage

Partial summer
mouttis in July /
August until mid-

August / mid-

October

Partial summer
moult starts shortly
after fledging in July

1 August

14d

Partial summer

moult is from June /
July until end of

|August / September

FIGURE A1 Timeline of breeding dates (data obtained from Bauer et al., 2012), Atlas code descriptions and the developmental stage
assigned for the five investigated songbird species. The dark grey shading shows the minimum time, the light grey shading the maximum
time needed for a certain breeding stage. The lined area indicates the time period where the two developmental stages in our study overlap.
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