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Abstract

Post-natal growth has long-term consequences for survival and fitness in birds and is subject to strong directional selection.
Highly variable patterns of nestling development are influenced by an array of extrinsic and intrinsic factors. This study
analysed the impacts of hatching order, nestling subperiod, brood size and weather conditions, all of which could influence
the growth rate of Marsh Harrier Circus aeruginosus nestlings. It was conducted over a period of 6 years, during which
measurements of 173 nestlings from 66 nests were made at fishpond complexes in eastern Poland. Relative growth rates
(RGR) were calculated on the basis of tarsus and wing lengths during two subperiods of nestling development. Linear mixed
models showed that the hatching order and nestling subperiod influenced nestling growth, whereas brood size did not affect
wing or tarsus relative growth rates. The effect of hatching order differed between the two traits and between subperiods.
Marginal nestlings in broods of five exhibited poor wing growth and perished before fledging. In contrast to wing growth,
tarsus growth rates were similar in all the siblings in the first subperiod. During the second developmental subperiod, the
growth rates of both locomotor traits exhibited the same pattern, i.e., higher values in the later-hatched chicks than in the
earlier ones. Precipitation, but not temperature, had a negative impact on growth in the second subperiod. Our results show a
variation in growth patterns between nestmates, which was the most evident in the rate of wing growth. The study enhances
our understanding of brood reduction and cainism in birds of prey.

Keywords Growth rate - Post-hatching growth - Brood reduction - Sibling competition - Growth strategy - Wing growth,
Tarsus growth, Raptor

Zusammenfassung

Unterschiedliche Wachstumsmuster von Nestlingen der Rohrweihe Circus aeruginosus: Auswirkungen von
Schliipfreihenfolge, Entwicklungsphase, Brutgrofie und Wetterbedingungen

Das postnatale Wachstum hat langfristige Auswirkungen auf das Uberleben und die Fitness von Vogeln und unterliegt einer
starken gerichteten Selektion. Die sehr unterschiedlichen Entwicklungsmuster der Nestlinge werden von einer Reihe duferer
und interner Faktoren beeinflusst. In der vorliegenden Untersuchung wurden die moglichen Auswirkungen der Reihenfolge
des Schliipfens, der Entwicklungsphase im Nest, der BrutgroBe und der Witterungsbedingungen analysiert, die alle einen
Einfluss auf die Wachstumsrate der Nestlinge der Rohrweihe Circus aeruginosus haben konnten. Die Untersuchung lief iiber
einen Zeitraum von sechs Jahren, in denen 173 Nestlinge aus 66 Nestern in Fischteichanlagen in Ostpolen gemessen wurden.
Anhand von Tarsen- und Fliigellingen wurden relative Wachstumsraten (RGR) wihrend zweier Entwicklungsphasen im
Nest berechnet. Lineare, gemischte Modelle zeigten, dass die Reihenfolge des Schliipfens und die Entwicklungsphase im
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Nest das Wachstum der Nestlinge beeinflussten, wohingegen die Brutgrofle keinen Einfluss auf die relativen Wachstumsraten
der Fliigel oder Tarsen hatte. Die Auswirkung der Reihenfolge des Schliipfens unterschied sich zwischen diesen beiden
Merkmalen und zwischen den beiden Entwicklungsphasen im Nest. In Fiinferbruten zeigten die Nestlinge am Nestrand
ein schlechtes Fliigelwachstum und starben noch vor dem Fliiggewerden. Anders als beim Fliigelwachstum @hnelten sich
die Wachstumsraten der Tarsen in der ersten Entwicklungsphase im Nest bei allen Geschwistern. Wihrend der zweiten
Entwicklungsphase im Nest wiesen die Wachstumsraten beider bewegungsrelevanten Merkmale, - Tarsen- und Fliigelldngen,
das gleiche Muster auf, d. h. bei den spiter geschliipften Kiiken gab es hohere Werte als bei den frither geschliipften. In der
zweiten Entwicklungsphase wirkte sich Regen, aber nicht die Temperatur, negativ auf das Wachstum aus. Unsere Ergebnisse
zeigen, dass die Wachstumsmuster zwischen den Nestbewohnern unterschiedlich waren, was sich am deutlichsten in der
Geschwindigkeit des Fliigelwachstums zeigte. Diese Untersuchung verbessert unser Wissen iiber Gelegeverkleinerung und

Kainismus bei Greifvogeln.

Introduction

Growth and early development have been shown to have long-
term consequences for survival and fitness in a variety of taxa
(Gotthard 2001; Metcalfe and Monaghan 2001; Lummaa and
Clutton-Brock 2002), including birds (Richner et al. 1989;
Lindstrom 1999; Mainwaring and Hartley 2012; Remes§ and
Matysiokova 2016). The post-natal growth rates of altricial
terrestrial birds are among the fastest of all vertebrates (Case
1978). Because of its survival advantages, growth rate is an
important trait in the life-history strategy of avian ontogeny
and is subject to strong directional selection (Dmitriew 2011).
Highly variable patterns of avian post-natal growth are influ-
enced by an array of extrinsic and intrinsic factors. The most
important extrinsic factors which explain growth patterns
include environmental conditions, such as food availability
(Emlen et al. 1991; Tremblay et al. 2005; Mccarty and Winkler
2008), weather (Mccarty and Winkler 2008; Mainwaring and
Hartley 2016; Morganti et al. 2017) and latitude (Benharzallah
et al. 2015; Remes et al. 2020). Among the weather factors,
ambient temperature, windspeed and precipitation can influ-
ence nestling growth (Konarzewski and Taylor 1989; Dawson
et al. 2005; Salaberria et al. 2013; Kasprzykowski et al. 2014;
Sauve et al. 2021). During periods of adverse weather, access
to food resources is often impeded by the limited foraging effi-
ciency of adult birds, which, in turn, negatively affects the rates
of both provisioning and nestling growth (Cox et al. 2019).
On the other hand, the intrinsic factors that influence nestling
growth include maternally induced effects in relation to the
species’ reproductive biology, such as hatching asynchrony
(Mainwaring et al. 2009), clutch size and the extent of paren-
tal care (Kasprzykowski et al. 2014). Asynchronous hatching
leads to intra-brood size hierarchy, and sibling competition
is thought to exert a strong selective pressure on growth in
many bird species (Ricklefs 1982; Nilsson and Svensson 1996;
Mainwaring et al. 2010). The resulting age and size disparities
frequently offer significant growth and survival advantages to
the larger siblings. Sibling rivalry, especially among raptor
broods, varies with the size hierarchies created by hatching
asynchrony, and its consequences are often the poor growth
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and high mortality of the youngest nestling (Morandini and
Ferrer 2015). Although the poor growth of the youngest
nestlings in a brood has been well documented, only a few
empirical studies have investigated whether and how hatch-
ing asynchrony affects growth patterns of different body traits
during growth between nestlings (Kasprzykowski et al. 2014;
Hildebrandt and Schaub 2018), especially in raptors (Donazar
and Ceballos 1989; Krijgsveld et al. 1998).

In this study, we investigated the rate of wing and tarsus
growth in nestlings of Marsh Harrier Circus aeruginosus in
relation to intrinsic and extrinsic factors during two consecu-
tive subperiods of the nestling phase. The main idea of the
study was to: (1) investigate how nestlings differ from one
another in their developmental pattern, depending on their
hatching order and brood size, (2) determine how growth
patterns of nestlings respond to local climatic conditions,
and (3) investigate variation of nestling growth patterns
during two subperiods of nestling rearing. We hypoth-
esized that brood size, hatching order and weather condi-
tions would affect growth rates, although we expected that
the biological factors would have a greater impact on the
growth rate of nestlings than the meteorological parameters
(see Kasprzykowski et al. 2014). Marsh Harrier is a species
with obligatory cainism, so brood reduction occurs in most
nests as a result of siblicide, and the youngest nestling is
killed by older, dominant nestmates. Partial brood losses
occur at a level of ca 1.5 nestling per successful brood and
usually only three nestlings fledge from a complete clutch
of five eggs (Witkowski 1989). We, therefore, focused on
finding out how growth patterns in nestlings of different rank
change as a result of strong competition between nestmates
across two subperiods of nestling rearing and which biom-
etric trait exhibits the greatest variation. In the context of
climate change, it is also important to study the effects of
local weather conditions on the evolution of nestling growth
traits (Sauve et al. 2021). Understanding the growth patterns
of body components in relation to birds of prey biology may
lead to a better understanding of the life-history strategy of
species with brood reduction and their adaptation to variable
ecological conditions.
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Materials and methods
Study system

The study was conducted over six breeding seasons (2007,
2008, 2009, 2011, 2018 and 2019) in the agricultural
landscape of eastern Poland on four fishpond complexes:
Siedlce, Rudka, Szostek and Moscibrody (52°05'-52°11" N,
21°58'-22°18" E), all of which are used mainly for the com-
mercial breeding of Common Carp Cyprinus carpio. The
ponds varied in area from 65 to 203 ha, and the total area of
all four was 443 ha. Most of the ponds were partially cov-
ered by tall marsh vegetation consisting of Bulrush (Com-
mon Reedmace) Typha latifolia, Common Reed Phragmites
australis and Sedges Carex spp., creating a suitable breed-
ing habitat for Marsh Harriers. The study species is long-
distance migrant that builds its nests on the ground in tall
reedbeds. Marsh Harriers rear only one brood per year and
female lay 2—8 eggs in a clutch, with an average of 5.0 eggs.
Incubation lasts for 30-36 days and nestlings start to fly
after 37-44 days (Witkowski 1989). Eggs are laid at 2-day
intervals, and this can lead to significant differences in the
size hierarchy. The last-hatched nestlings in broods of five
suffering a strong competitive disadvantage compared to
their older siblings. Marsh Harriers are sexually dimorphic
in size and also exhibit pronounced sexual dimorphism in
their adult plumage (Simmons and Simmons 2000).

Field procedures

To locate active nests, each study pond was visited at inter-
vals of 1-3 days between mid-April and mid-May. The
birds were observed carrying nest material to the emergent
vegetation belt and during aerial food-passes near their
potential nest site. Having identified a potential nest site,
the observers inspected the vegetation belt on foot along
fixed line transects. Once located, the nests were numbered
and their positions recorded on a GPS device. A total of 66
nests (3 in 2007, 18 in 2008, 14 in 2009, 19 in 2011, 4 in
2018 and 8 in 2019) in the study area were visited at inter-
vals of 5-7 days during the nestling period. After hatching,
the chicks were marked with coloured plastic rings to allow
individual identification; these were subsequently removed
just before they fledged. During each visit, the number of
nestlings was noted, and biometric measurements of each
nestling were made, including the wing and tarsus lengths.
Wing lengths were measured on the folded wing from the
carpal joint to the tip using a ruler accurate to the nearest
1 mm, while tarsus lengths were measured using callipers
(+0.1 mm). The aim was to assess the growth rates of all
hatched chicks in the two nesting subperiods. The average
6-day interval between measurements seems to best fit the

description of the chick growth of a medium-sized bird spe-
cies (see Kasprzykowski et al. 2014). Therefore, nestlings
were measured on three occasions: (1) 1 day after the last
chick had hatched in the first week of a nestling’s life (up to
7 days); (2) after the elapse of a mean period of 6.44 days
(range 5-8 days) when it was 10-14 days; (3) after the elapse
of a mean period of 6.37 days (range 4-8 days) when it was
16-21 days. The difference in time covered by the period
was not significant (¢ test=0.54, p=0.585, df =310). In the
first nestling subperiod, 11 nests with two nestlings, 17 with
three nestlings, 20 with four nestlings and 4 with five nest-
lings were monitored. In the second subperiod, 10 broods
with two nestlings, 16 with three nestlings and 14 with four
nestlings were analysed. For the first subperiod, growth rates
for both wing and tarsus were obtained from 173 nestlings,
and for the second period from 138 nestlings. There were
fewer measurements of nestlings from the second subperiod,
because some did not survive to the second phase of devel-
opment. Of the 66 nests, 12 were depredated before the end
of second nestling subperiod, and 17 experienced partial
losses, including all the last-hatched nestlings from broods
of five. An average of 2.5 young fledged from the nests that
were successful.

Weather data

The meteorological data were obtained from the Siedlce
weather station, the nearest one to the pond complexes
(52°25" N, 22°26' E), with distances to the ponds ranging
from 1 to 20 km. Four weather parameters were measured
for each nestling growth period: mean temperature, mean
minimum temperature, mean daily precipitation (mm/day)
and mean wind speed (km/h). The mean daily temperature
at the beginning of the breeding period in April ranged from
8.3 °C in 2007 to 12.9 °C in 2018, while the mean daily
precipitation range was from 0.1 mm in 2009 to 1.5 mm in
2008. At the end of the breeding period in July, the mean
daily temperature varied from 17.9 °C in 2019 to 19.9 °C
in 2018, and the mean daily precipitation range was from
1.3 mm in 2019 to 6.6 mm in 2011.

Statistical analyses

In accordance with Brody (1945) and You et al. (2009), we
calculated the relative growth rate (RGR) for each individual
nestling as

RGR = [(In W,—In W) /7] % 100 (%),

where W, and W, —the respective biometric measurements
taken at the beginning and the end of the growth period
t (days). This yielded the daily wing length increments,
expressed as the percentages of the initial values in the two

@ Springer



460

Journal of Ornithology (2022) 163:457-467

periods of nestling growth between the first and second, and
between the second and third weeks of life. The analysis
focused on seven possible predictors of RGR for Marsh Har-
rier nestlings: (1) brood size, estimated as the number of live
nestlings in the nest; (2) hatching order of nestlings within
the brood, labelled 1, 2, 3, 4 and 5; (3) the first and second
nestling subperiods; (4) mean daily precipitation (hereafter
rainfall) during the time window (mm/day) between two
consecutive measurements of a nestling; (5) mean wind
speed (km/h); (6) mean temperature (°C) during the same
time and (7) mean minimum temperature (°C). Originally,
we analysed four weather parameters during the period of
measured nestling growth—temperature, rainfall, minimum
temperature and wind speed. Variation in these variables was
summarized by principal component scores, acquired from
principal component analysis, to obtain predictors free from
multicollinearity problems. Here, the first principal compo-
nent reflected mostly the contrast between rainfall (loading
0.32) and mean temperature (loading —0.70). Therefore, we
decided to include only mean temperature and rainfall in the
models (Table S1).

All statistical analyses were performed using RStudio (R
Core Team 2020). The possible effect of predictors on the
growth rate of Marsh Harrier nestlings was analysed using
an information theoretic approach (Burnham and Ander-
son 2002). Multiple competing models were assessed with
regard to their fit to the data using AIC as the leading cri-
terion. Linear mixed models (LMM) with Gaussian family
and identity link function were employed to analyse the rela-
tionship between the daily RGRs of the response variables
(wing and tarsus length) and the seven predictors. The main
predictors were considered fixed factors, while nest identity
nested within year was further introduced as a random fac-
tor. Following Zuur et al. (2009), we identified the optimal
structure of the random component of our candidate models,
by comparing models with the same beyond-optimal struc-
ture of fixed effects but differing in their random effects. For
wing increments, the model with nest identity nested within
year performed better (AIC =849.49) than the model with
no random component (AIC =865.14) or a random compo-
nent including year only (AIC =880.42). By calculating and
comparing the AIC scores of several possible interaction
terms between predictors, we identified the final structure of
the global model: this included an interaction term between
nestling subperiod and rainfall as well as interaction between
nestling subperiod and hatching order (AIC =788.42). The
global model for the relative growth rate of wing length was
thus: RGR ~brood size + nestling subperiod*rainfall + nest-
ling subperiod*hatching order 4+ temperature + (1lyear/nest).

We applied the same approach to the construction
of models for tarsus increments: models with a random
effect of nest identity nested within year performed bet-
ter (AIC=582.27) than those with no random component
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(AIC=662.56) or those including only the random effect
of year (AIC=678.50). Log-likelihood ratio test was used
to confirm the significance of random effect nest identity
nested within year. The subsequent analyses thus included
nest (brood) identity nested within year as a random effect.
The global model also contained an interaction term between
nestling subperiod and rainfall as well as interaction between
nesting subperiod and hatching order (AIC =558.35) in
the LMM component. The global model for the relative
tarsus growth rate was thus the same as for wing growth:
RGR ~brood size + hatching order*nestling subpe-
riod + nestling subperiod*rainfall + temperature + (1lyear/
nest). Brood size, hatching order and nestling subperiod
were formatted as factorial variables, while rainfall and
temperature were numerical variables. Using the MuMIn
package we calculated AICc for all possible subsets of the
global model (Bartori 2020), and using model averaging
based on an information criterion, we calculated a set of
models that fell within the 95% confidence limits. Pseudo-R>
for the LMM was computed following Nakagawa and Schi-
elzeth (2013), as implemented in the MuMIn package. The
Ismeans package was used to extract least-squares means
and 95% confidence limits for all categorical effects (Lenth
2016). Differences in wing and tarsus growth rates between
hatching order categories were checked in separate analyses
using Tukey’s post-hoc test. The assumptions of normally
distributed residuals and deviations in homoscedasticity
were checked using the R package redres (Goode 2019).

Results

To determine the relative importance of variables, we
summed the Akaike weights of all the models containing a
focal predictor across the entire set of 52 competing mod-
els. According to Burnham and Anderson (2000), the higher
the combined weight for an explanatory variable, the more
important it is for the analysis. Modelling of the factors

Table 1 Relative importance of predictor variables for models of
wing and tarsus relative growth rate increments

Variable Wing Tarsus
Hatching order 1.00 1.00
Nestling subperiod 1.00 1.00
Nestling subperiod*hatching order 1.00 1.00
Rainfall 0.58 0.94
Nestling subperiod*rainfall 0.42 0.91
Temperature 0.30 0.32
Brood size 0.13 0.21

For each response variable, the importance of the summed Akaike
weights of all models containing the focal predictor was calculated
across the entire set of 52 competing models
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influencing variation in daily wing length gain revealed
that the importance of hatching order and nestling subpe-
riod as well as its interaction were the highest, followed
by rainfall, and the interaction between nestling subperiod
and rainfall. In contrast, the importance of temperature and
brood size was low (Table 1). The 95% confidence model set
included seven models (Table 2), five of which were within
AAICc <2 in the candidate model set. The best model for
daily wing length increments included hatching order, nest-
ling subperiod, rainfall, nestling subperiod—rainfall and
nestling subperiod—hatching order interaction (Table 3).
The best model explained 66% of the variation in the relative
wing length gain rate, as estimated by pseudo-R? statistics
for LMM. In the first subperiod of nestling life, wing length
increments averaged 4.99%/day, with extensive variation
between individual nestlings (IQR: 4.48-5.63). Hatching
order affected growth rate in such a way that wing growth
in the fifth, last-hatched nestlings was slower than in their
siblings (Tukey post-hoc test, p <0.012 for four compari-
sons, Fig. 1A). There were also differences in growth rate
between the fourth nestling and other hatching categories
(Tukey post-hoc test, p <0.012 for four comparisons). The
first, second and third nestlings grew at the same rate (Tukey
post-hoc test, p>0.238 for three comparisons). In the second
subperiod of nestling development, wing length increments

were smaller than in the first period, on average 3.45%/day
(IQR: 2.72-4.15). Unexpectedly, the hatching order affected
growth rates in the second subperiod of life inversely in
comparison with the wing growth of young nestlings in the
first developmental subperiod (Fig. 1B). The rate of growth
in the second nestling subperiod was significantly faster in
the fourth nestlings than in the first and second ones (Tukey
post-hoc test, p <0.001 for two comparisons). Differences
were also found between the third nestling and its two older
siblings (Tukey post-hoc test, p <0.006 for two compari-
sons), but not between the first and second ones (Tukey post-
hoc test, p=0.465). In the first nestling subperiod, rainfall
did not significantly affect wing growth, whereas it had a
significant negative effect in the second subperiod (Fig. 2;
Table 3).

As regards daily tarsus length increments, the impor-
tance of hatching order, nestling subperiod, rainfall as
well as interaction between nestling subperiod and hatch-
ing order was the greatest, followed by the nestling sub-
period—rainfall interaction and temperature, whereas that
of brood size was lowest (Table 1). Five models included
the 95% confidence model set (Table 2). The best model
for daily tarsus length increments included hatching order,
nestling subperiod and rainfall, as well as the nestling
subperiod—rainfall and nestling subperiod—hatching

Table 2 Results of seven models for wing relative growth rate and five models of tarsus relative growth rate; these make up the selected 95%

confidence set

Model (fixed effects) df LL AICc AAICc AICcwt
RGR wing
Intercept + hatching order + nestling subperiod + nestling subperiod*rain + nestling 14 -377.875 7852 0.00 0.281
subperiod*hatching order + rain
Intercept + hatching order + nestling subperiod + nestling subperiod*hatching order 12 —-380.077 785.2 0.01 0.279
Intercept + hatching order + nestling subperiod + nestling subperiod*hatching order + temp 13 —379.793 7869 1.63 0.124
Intercept + hatching order + nestling subperiod + nestling subperiod*rain + nestling 15 —-377.655 787.0 1.78 0.115
subperiod*hatching order 4 temp +rain
Intercept + hatching order + nestling subperiod + nestling subperiod*hatching order +rain 13 —379.966 787.2 1.98 0.104
Intercept + hatching order + nestling subperiod + nestling subperiod*hatching order + nestling 17 =376.271 788.7 3.49 0.049
subperiod*rain + rain + brood size
Intercept + hatching order + nestling subperiod + nestling subperiod*hatching order + rain + temp 14 —-379.653 788.7 3.49 0.046
RGR tarsus
Intercept + hatching order + nestling subperiod + nestling subperiod*rain + nestling 14 -263.735 557.0 0.00 0.531
subperiod*hatching order +rain
Intercept + hatching order + nestling subperiod + nestling subperiod*rain + nestling 15 —263.489 558.7 1.72 0.224
subperiod*hatching order 4+ temp +rain
Intercept + hatching order + nestling subperiod + nestling subperiod*rain + nestling 17 —=261.753 559.7 2.74 0.135
subperiod*hatching order + brood size + rain
Intercept + hatching order + nestling subperiod + nestling subperiod*hatching order + nestling 18 —-261.179 560.8 3.86 0.077
subperiod*rain 4+ brood size +rain + temp
Intercept + hatching order + nestling subperiod + nestling subperiod*hatching order 12 —268.698 562.5 5.54 0.033

df degrees of freedom, LL model log-likelihood, AICc corrected AIC criterion, AAICc the difference between AICc of the focal model and the

best model in the data set, AICcwt the weight for the model
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Table 3 Estimated model coefficients for the best LMM model of wing relative growth rate and tarsus relative growth rate increments

Fixed effects RGR wing RGR tarsus

Estimate SE p value Estimate SE p value
Intercept 5.195 0.185 <0.001 3.836 0.132 <0.001
Hatching order 2 —0.051 0.152 0.739 0.210 0.095 0.027
Hatching order 3 —0.296 0.163 0.071 0.451 0.102 <0.001
Hatching order 4 —1.052 0.196 <0.001 0.369 0.124 0.003
Hatching order 5 —2.574 0.424 <0.001 —0.187 0.270 0.489
Nestling subperiod: second —1.708 0.382 <0.001 —1.658 0.260 <0.001
Rainfall 0.024 0.037 0.518 —-0.023 0.026 0.382
Nestling subperiod: second*rainfall -0.414 0.200 0.040 -0.413 0.137 0.002
Hatching order 2*nestling subperiod: second 0.335 0.230 0.147 -0.015 0.144 0.915
Hatch order 3*nestling subperiod: second 1.245 0.249 <0.001 0.248 0.156 0.115
Hatch order 4*nestling subperiod: second 2.418 0.313 <0.001 0.884 0.197 <0.001
Random effects Variance SD p value Variance SD p value
Nest: year 0.189 0.435 <0.001 0.242 0.492 <0.001
Year 0.043 0.208 0.152 0.015 0.122 0.337
Residual 0.601 0.775 0.235 0.485

For fixed effects, standard errors (SE) and p values are shown. For random effects, the values are variance estimates and their standard deviations

(SD)

order interaction (Table 3). Best model explained 86%
of the variation in the relative tarsus length gain rate, as
estimated by pseudo-R? statistics for LMM. Tarsus length
increments averaged 3.90%/day in the first subperiod of
life, with extensive variation between individual nestlings
(IQR: 3.39-4.47). In contrast to wing growth, all nestlings
had similar growth rates, and no differences between any
of the hatching order categories were found (Tukey post-
hoc test, p>0.072 for ten comparisons, Fig. 3A). In the
second subperiod of nestling development, tarsus length
increments were smaller than in the first subperiod, averag-
ing 1.81%/day (IQR: 1.14-2.39). Hatching order affected
tarsus growth rates in the same way as the wing growth
rates (Fig. 3B). The first and second hatched nestlings grew
significantly more slowly than the third and fourth ones
(Tukey post-hoc test, p <0.005 for four comparisons). No
differences were found between the two oldest nestlings
(Tukey post-hoc test, p=0.524) or between the two young-
est ones (Tukey post-hoc test, p=0.288). As in the case of
wing growth, tarsus growth rates were negatively influenced
by rainfall in the second life subperiod (Fig. 4).

Discussion
Our study showed that overall growth rates were achieved

faster in the first subperiod of nestling life than in the sec-
ond one. The wing growth rate was slower in fourth- and
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fifth-hatched nestlings (Fig. 1A), whereas the tarsus growth
rate pattern did not differ significantly between nestlings
(Fig. 3A). During the critical growing phase, when younger
nestlings are at the greatest risk of brood reduction, the
growth rate of wings is not a prioritized trait. This mode
of development at the beginning of nestling life can be
explained by individual growth strategies. Studies across
species show that competition within the nest can have a
strong effect on the growth strategies of nestlings. Nestlings
may selectively divert resources to body structures and func-
tions that are the most essential for survival and effective
nest-mate competition (Gil et al. 2008; Mainwaring et al.
2009, 2010; Hildebrandt and Schaub 2018). Chicks may
benefit by slowing the growth rates of some body parts to
reduce energy costs but also to protect the growth of those
body structures most useful in competing with nest mates
(Starck and Ricklefs 1998).

We recorded overall slower growth rates during the sec-
ond developmental subperiod than in the first one. However,
we did record faster growth rates of both locomotor traits in
later-hatched Marsh Harrier (third and fourth) chicks than
in the earlier ones (Figs. 1B, 3B). Wing growth at this point
may be a priority for two reasons. First, fast wing growth
can be explained by the need to leave the nest as quickly as
possible. In other bird species, the rapid growth of wings in
later-hatched chicks allows them to leave the nest as soon
as possible (Nilsson and Svensson 1996; Mainwaring et al.
2010), which increases their chances of survival under high
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pressure from predators (Reme§ and Martin 2002; Cheng
and Martin 2012). This could also apply to Marsh Harrier,
because in our study population, the daily nest survival rate
declined with nest age (Zaremba et al. 2020). Second, Marsh
Harrier is a bird of prey nesting in an aquatic environment,
so the ability to fly, as well as wing and feather develop-
ment, may be crucial for the survival of nestlings during
the critical transition when leaving the nest (Simmons and
Simmons 2000). As Marsh Harrier is not so well adapted to
nesting in an aquatic environment as other waterbirds (see
Kasprzykowski et al. 2014), fledglings leaving the nest with
underdeveloped wings could be at risk of drowning.
Although Marsh Harrier exhibits pronounced size
dimorphism between the sexes, this should not be a con-
founding factor, at least for the wing growth rates in our
analysis. According to Krijgsveld et al. (1998), the average
wing length of 51-day-old females was only 1.05 times
that of males, and the difference in wing growth between
the sexes was not significant at any age. Witkowski (1989)
wrote that there were some differences in tarsus length
between males and females but that they were not detect-
able until after the nestlings were 18 days, so this could

Fig. 1 Variation of wing relative A

First nestling subperiod B

have been a confounding factor only in the second sub-
period of growth. In this case, we assumed that the brood
sex ratio was close to parity and was equally represented
in each category.

Overall, faster growth rates of later-hatched nestlings
have been recorded in other species with hatching asyn-
chrony, such as Bittern Botaurus stellaris, which nests in the
same biotope as Marsh Harrier (Kasprzykowski et al. 2014).
Consequently, the faster growth rates of younger Marsh Har-
rier nestlings enable them to “catch up” with their earlier-
hatched siblings, which causes reduced size hierarchy before
fledging. Such a developmental strategy could cancel out
the negative effects of hatching asynchrony and enhance the
survival chances of later-hatched chicks by maximizing size-
related fitness benefits prior to fledging (Jones et al. 2017).

Only rainfall among the weather factors modelled had
an adverse effect on the second nestling subperiod (Figs. 2,
4). This is despite the fact that more rainfall occurred in the
first subperiod. A possible explanation is that females stay
with the nestlings during their first days of life to protect
them from the poor weather (Witkowski 1989). On the other
hand, the brood’s food demands are usually greater in the

Second nestling subperiod

growth rate in the first (A) and

the second nestling subperiod 6-
(B) in Marsh Harrier nestlings a a

in relation to hatching order. — @

Modelled means +95% confi- —

dence limits for the best model L 'S
selected are shown. Values
extracted using the Ismeans R —
package. Differences in mean
value of growth rates were

checked using Tukey post-hoc
test and are showed by different 41
letters (a, b and c)

RGR wing (% per day)

RGR wing (% per day)

1 2 3

Hatching order

4 5 1 2 3 4
Hatching order
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9 by limiting the foraging time available to adults, which

8 o ::\‘ oo may result in food shortages for the nestlings (Dawson and

Bortolotti 2000; Sergio 2003), and in turn, will affect their

_ 8 o growth rates (Kasprzykowski et al. 2014). Although rainfall

3 o § o 0% . ° has an adverse effect on nestling growth rates, Krynski et al.

%’ 65'%'—5'4—0_8___—‘\ \\é (2016) demonstrated that the weather conditions in our study

% . o o o % population did not appear to cause brood reduction in Marsh
H % ° ° ° Harrier.

?é ° o We did not detect any influence of brood size on tarsus

and wing growth rates in our study. This is surprising, as we

. ° expected larger broods to grow more slowly owing to the

probably higher nestmate competition. However, the lack

o5 5 7 . s 0 of a relationship between brood size and growth rate had

Mean daily precipitation (mm)

Fig.2 Relationship between wing relative growth rate and mean daily
precipitation in the first and the second nestling subperiod in Marsh
Harrier nestlings

later nestling phase. The energy costs of the growth rate may
not be satisfied if neither parent can find sufficient food dur-
ing periods of heavy rainfall. Spells of inclement weather
can affect growth rates either directly by chilling or indirectly

been noted earlier in other species (Platteeuw et al. 1995;
Geiser et al. 2008). This may indicate that adult birds adjust
the number of eggs in relation to territory capacity and their
own abilities and experience in such a way that an optimal
clutch size is achieved.

Fig.3 Variation in tarsus A First nestling subperiod B Second nestling subperiod
relative growth rate in the first
(A) and the second nestling 5- 5-
subperiod (B) in Marsh Harrier
nestlings in relation to hatching 4 3
order. Modelled means +95% —_—
confidence limits for the best 4 T a
model selected are shown. Val- a 1 ¢ —
ues extracted using the Ismeans T & 1 41
R package. Differences in mean ¢ ——
value of growth rates were = *
checked using Tukey post-hoc -
test and are showed by different — — b
letters (a and b) & 1 & R S
2 3 = %
3 g
52 =2 b *
"y Y —_
2 2 ——
& & a [ ]
& 29 % 2 C — e
o 14 —
]
[
1= 1-
0 0
1 2 3 4 5 1 2 3 4
Hatching order Hatching order
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Fig.4 Relationship between tarsus relative growth rate and mean
daily precipitation in the first and the second nestling subperiod in
Marsh Harrier nestlings

Conclusion

Developmental rates of locomotor traits throughout the nest-
ling rearing process in Marsh Harrier are mostly affected by
the hatching order and the nestling subperiod but not brood
size. Younger nestlings, which are exposed to a greater risk of
brood reduction, displayed significant variation in growth pat-
terns compared to their older siblings; this was most evident in
the rate of wing growth in fourth- and fifth-hatched nestlings.
In the second subperiod of development, rainfall depressed
both wing and tarsus growth rates in all nestlings. Our results
support the existence of differences in developmental rates
between nestlings and help to understand the phenomenon of
brood reduction in birds of prey. Further studies are needed
to examine the growth hierarchy of the response of different
morphological traits to hatching rank and developmental stage
to better understand intrabrood growth strategies.
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