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ORIGINAL ARTICLE

Do weather conditions during the brood rearing period affect 
the survival of owl chicks on a subtropical island?

Naoki KANASUGI1,*, Akira SAWADA2, Haruka NAKAMURA1, Shun KUMAGAI1, Haruka ONO1,  
Mari ESASHI1, Shuya NAGAI1, Ryota MURAKAMI4, So SHIRAIWA1, Tetsuya IWASAKI3 and  
Masaoki TAKAGI1,#

1	 Department of Natural History Science, Graduate School of Science, Hokkaido University, Kita 10, Nishi 8, 
Kita-ku, Sapporo 060–0810, Japan

2	Biodiversity Division, National Institute for Environmental Studies, Ibaraki 305–8506, Japan
3	 Department of Biology and Geosciences, Graduate School of Science, Osaka City University, Osaka 558–8585, 

Japan
4	Atmosphere and Ocean Research Institute, The University of Tokyo, Kashiwa 277–8564, Japan

Abstract	 Suitable climatic conditions for the species are known to improve the 
breeding success of birds, and the ways in which climatic conditions affect bird breed-
ing have been well studied in temperate and subarctic zones. However, hypotheses 
made from limited regional information may not be adaptable to other regions, and 
studies in other areas are needed. It is important to determine the impact of weather 
conditions on birds on isolated islands, because it is difficult for them to adjust their 
habitats in response to climate conditions. This study elucidated the effects of weather 
conditions on the breeding of Ryukyu Scops Owls Otus elegans on the subtropical 
Minami-daito Island, Japan. The study used data from 806 chicks over a six-year 
period from 2016 to 2021. We found that heavy rain caused increased chick mortality. 
Chicks weighed less and had shorter tarsi and wings when precipitation was higher. 
Structural equation analysis showed that high precipitation reduced chick weight and 
indirectly increased mortality. Heavy rains were thought to have restricted the forag-
ing behaviour of the parents, resulting in a decrease in chick weight.
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The effects of climate change have been noted in 
many species, and are becoming better understood 
(Scheffers et al. 2016). It is important to assess cli-
matic factors that affect the breeding of birds to pre-
dict the effect of long-term climate change on the 
population. Most previous studies have been con-
ducted in temperate and subarctic zones (Feeley et 
al. 2017). Hypotheses made from limited regional 
information may not be adaptable to other regions 
(Gordo & Doi 2012; Charmantier & Gienapp 2014; 
Hidalgo Aranzamendi et al. 2019). Consequently, 
studies from regions other than temperate and subarc-

tic zones are needed to assess global impacts better.
Species living at low latitudes, where seasonal 

changes are minimal, have adapted to a limited range 
of climatic conditions, making them potentially more 
vulnerable to climate change effects (Deutsch et al. 
2008; Sheldon et al. 2018). In fact, few studies on 
the impacts of climate change on birds at low lati-
tudes show that birds shift to a higher elevation with 
increased temperature (Freeman & Class Freeman 
2014; Freeman et al. 2018; Bender et al. 2019; Neate-
Clegg et al. 2021). This is probably because climate 
change has made the climatic conditions of their 
original habitat unsuitable for breeding. Additionally, 
for species that inhabit small, isolated islands with 
little variation in climate factors, it is difficult for 
them to change habitats even when weather condi-
tions are no longer suitable. From this perspective, 
it is an immediate priority issue to study species in 
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a geographically isolated habitat at lower latitudes 
(Shiao et al. 2015, 2020; Taylor et al. 2021).

Understanding the specific mechanisms behind 
these weather condition impacts, e.g. high or low tem-
peratures, heavy rainfall, drought, or strong winds, is 
also crucial. However, many studies, regardless of the 
region, have only clarified the relationship between 
weather conditions and reproductive success, and 
there is insufficient verification of the mechanisms 
by which weather conditions affect reproductive suc-
cess (Anctil et al. 2014). Potential mechanisms could 
be direct ones, such as heat stroke (Salaberria et al. 
2014; Rodríguez & Barba 2016) and hypothermia 
(Anctil et al. 2014), or indirect such as starvation due 
to infrequent parental feeding and a resulting slowing 
of growth rates (Winkler et al. 2013). We speculated 
that by considering the relationship between chick 
survival, chick growth and weather, it would be pos-
sible to clarify which weather factors influence the 
fate of chicks and through which mechanisms. We 
chose structural equation models (SEM) to perform 
this analysis. By using SEM, the direction of causal-
ity can be tested directly. Furthermore, using a vari-
able as both a response in one path and as a predictor 
in another, we can also test indirect effects which 
cannot be represented by any single model (Lefcheck 
2016).

To investigate the impact of weather on chicks and 
its mechanisms on non-temperate and non-subarctic 
islands, this study investigated how weather condi-
tions affect the breeding of Ryukyu Scops Owl Otus 
elegans interpositus on Minami-daito Island, Japan 
(25°50′47″N,131°13′23″E). Minami-daito Island is 
an isolated oceanic island in the subtropical climate 
zone. It is a small island with little variation in envi-
ronmental factors such as elevation, land-use and 
climate. In this study, we determined which weather 
conditions affect the growth and mortality of chicks. 
Furthermore, we examined whether mortality is 
caused directly or indirectly by the weather condi-
tions.

MATERIALS AND METHODS

1)	 Study species
The Ryukyu Scops Owl lives on small islands, rang-

ing from Okinoshima in Kyushu, Japan, to Babuyan 
Islands in the Philippines (Takagi et al. 2015; Gill et 
al. 2023). Minami-daito Island, the location of this 
study, is geographically distant from other islands 
and the owl population on this island is known to 

be genetically isolated, with little genetic exchange 
(Masaoki Takagi & Takema Saito unpublished data). 
This population is considered to be of an endemic 
subspecies, Daito Scops Owl O. e. interpositus, and 
is listed as endangered (Ministry of the Environment 
2020). The owls nest in natural tree cavities and nest 
boxes we set up to raise their chicks (Takagi et al. 
2007). Egg laying takes place from mid-March to 
mid-May, and clutches range in size from one to 
four eggs (Takagi et al. 2007; Akatani et al. 2011; 
Sawada unpublished data). Feral Cat Felis catus and 
Japanese Weasel Mustela itatsi, which were intro-
duced by humans, inhabit the island, and sometimes 
prey on owl chicks (Takagi et al. 2007; Akatani & 
Takagi 2020).

2)	 Study area
We studied a population of Ryukyu Scops Owl on 

Minami-daito Island, Okinawa prefecture, Japan. The 
island is small and flat (30.57 km², highest eleva-
tion 75 m), situated approximately 360 km east of 
Okinawa Island, the next nearest island in the range 
of the species. The population on Kita-daito Island, 
an island only 8 km away from Minami-daito Island, 
is known to have become extinct (Anezak 2012). 
Minami-daito Island features a subtropical climate, 
with an annual average temperature of 23.5°C and 
an annual average precipitation of 1,639 mm between 
1991 to 2020 (Japan Meteorological Agency 2021). 
The heaviest precipitation of the year is in May 
(Japan Meteorological Agency 2021), which often 
coincides with the brood-rearing period. Most of 
the island is covered with sugar cane fields and the 
owls inhabit the windbreak forest around the crop 
fields. The windbreak forest is composed of Chinese 
Fan Palm Levison chinensis var. amanoi, Casuarina 
Casuarina spp., Chinese Banyan Ficus acrocarpa 
and Lead Tree Leucaena lencocephala. The owls nest 
in natural cavities in Chinese Fan Palm or Casuarina, 
or in the 170 nest boxes set up around the island.

3)	 Data collection
Nest monitoring

We studied the survival of chicks from hatching 
to fledging, from 2016 to 2021. From late February 
to late May, we determined the clutch initiation date 
by inspecting nest boxes and natural nests for the 
presence of eggs, every two to four days. The incu-
bation period of Ryukyu Scops Owl is about 26 days 
(Takagi et al. 2007). Consequently, we monitored 
nest boxes daily, beginning 26 days after clutch ini-
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tiation, to determine the hatching date of the first 
chick. If that date could not be determined, the chicks 
were weighed when discovered and the date was esti-
mated using a growth curve (Sawada et al. 2021).

Survival data
Knowing that chicks typically leave the nest around 

25 days old, with the hatch date considered as day 
0, we checked the nests daily from day 25 onward 
to count the number of chicks that had successfully 
fledged. The number of dead chicks was recorded 
if a dead body was found in the nest box between 
predicted hatching and fledging dates. If signs of an 
attack were observed, such as scattered feathers in 
the nest, we attributed the death to predation.

Morphometric data
Morphometric measurements of chicks were taken 

at 20 days of age. We measured weight, tarsus length, 
and wing length. Weight was recorded to the nearest 
0.1 g using an electronic scale. Tarsus length was 
measured to the nearest 0.01 mm using a digital cal-
liper. Wing length was measured to the nearest 0.5 
mm by lightly pressing the wing against a ruler. We 
measured tarsus and wing length twice, and the aver-
age value was used for analysis. These morphometric 
measurements were performed by the same investi-
gator.

Meteorological data
Climate data from 2016 to 2021, recorded at Minami-

daito Meteorological Station (25°49′7″N,131°13′7″E, 
15 m) by the Japan Meteorological Agency (JMA), 
were utilized for this study (Japan Meteorological 
Agency 2021). We used three weather condition 
parameters: temperature, precipitation and wind 
speed. Specifically, we used ‘daily temperature’, 
‘cumulative daily precipitation’ and ‘average daily 
wind speed’ as our data points.

4)	 Data analysis
Description of the effect on reproductive output

The impact of weather conditions on chick sur-
vival was analysed using a generalized linear mixed 
model (GLMM). This model included binary vari-
ables for chick survival (death: 1, survival: 0) as 
response variable, with weather condition parameters 
(temperature, precipitation, and wind speed) and nest 
type (natural nest: n=64 or nest box: n=742) as the 
explanatory variable, and each clutch ID and year as 
random effects. The chicks identified between 2016 

and 2021, excluding those killed by predation, were 
used in the analysis. The data set included 806 indi-
viduals, of which 135 chicks died before fledging. 
Because the earliest chick left the nest at about 25 
days old, the weather parameters were as follows: 
for temperature, the cumulative average temperature 
from 0 to 25 days of age; for precipitation, the cumu-
lative daily precipitation from 0 to 25 days of age; 
and for wind speed, the cumulative average wind 
speed from 0 to 25 days of age; all variables were 
standardised. All explanatory variables were tested 
for multicollinearity using R package ‘car’ (Fox & 
Weisberg 2019) and were not correlated with each 
other (all VIF<3.0, Table S2). We performed GLMM 
using R package ‘lme4’ (Bates et al. 2015), using a 
binomial distribution for the error distribution and 
‘logit’ for the link function. Model selection was 
performed by determining the AIC for all variable 
combinations. Models with a difference of less than 
two from the minimum AIC were averaged using the 
‘MuMIN’ package (Bartoń 2020).

Mechanism of the effect on reproductive output
We examined the effect of weather conditions on 

chick growth using GLMM with morphometric mea-
surements (weight, tarsus length, and wing length) 
of chicks at 20 days of age as response variables, 
weather condition parameters, hatching order and 
nest type (natural nest: n=44 or nest box: n=650) as 
explanatory variables, and each clutch ID and year 
as random effects. A total of 694 individuals whose 
body weight, tarsus length, and wing length were 
measured at 20 days of age from 2016 to 2021, were 
included in the analysis. The weather parameters were 
as previously described, except the accumulation was 
taken between 0 to 19 days of age. Owls start incu-
bating before the entire clutch is complete, resulting 
in a common occurrence of asynchronous hatching 
(Iwasaki unpublished data). We could estimate hatch 
order from the order of body mass because weight 
gain had not yet reached the upper limit at the time 
of measurement (Sawada et al. 2021). The hatching 
order was determined by considering the order to 
correspond to the chick weight at 20 days of age, 
with the first hatching chick as ‘1’. If two chicks 
weighed the same, they were given the same hatch-
ing number. All explanatory variables were tested for 
multicollinearity using R package ‘car’ and were not 
correlated with each other (all VIF<3.0, Table S2). 
We performed GLMM, using a gamma distribution 
for the error distribution and ‘log’ for the link func-
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tion. Model selection was performed with the same 
method described above.

To investigate the relationship between chick 
survival, chick growth and weather, SEM was per-
formed to determine whether chick mortality was 
due to direct or indirect climate factors. The analysis 
included 694 individuals measured for morphometric 
traits (weight, tarsus length, and wing length) at 20 
days old, from 2016 to 2021, with 68 of these chicks 
dying before leaving the nest. The weather parameter 
was the cumulative daily precipitation from 0 to 19 
days of age. The hatching order was determined by 
considering the heaviest nestling at 20 days of age to 
have hatched first. The nest type included 42 chicks 
in natural nests and 652 chicks in nest boxes. We 
performed the analysis with the ‘psem’ function of 
the ‘piecewiseSEM’ package in R (Lefcheck 2016), 
which can accommodate multiple error structures. 
This is important because the response terms of our 
component models have different distributions. Since 
precipitation was considered to be the primary influ-
ence on chick survival and growth from the rela-
tionship between climate and morphological traits, 
the analysis focused on precipitation. All explanatory 
variables were tested for correlation. We assumed 
that morphological traits are correlated, because tar-
sus length and wing length were correlated (Tarsus 
length: VIF=3.200, Wing length: VIF=3.054). None 
of the other variables showed any correlation with 
each other (all VIF<3). We made the following 
three hypotheses: (1) Chick survival is influenced 
by morphological traits (weight, tarsus length, and 
wing length at 20 days of age), precipitation prior to 
measurement, and nest type, as estimated by a Gener-
alized Linear Mixed Model (GLMM) with a binomial 
error structure and a ‘log’ link function, considering 
clutch ID and year as random effects. (2) Chick body 
mass is likely influenced by the precipitation before 
measurement, hatch order and nest type. Addition-
ally, tarsus length and wing length are expected to 
be affected by the precipitation before measurement 
and hatch order. These factors were considered the 
primary influencers of growth, as determined by 
GLMM with a gamma error structure and a ‘log’ for 

the link function, incorporating clutch ID and year as 
random effects). (3) Three morphological traits (body 
weight, tarsus length, and wing length) were assumed 
to be correlated. The adequacy of the piecewise SEM 
was evaluated using a Shipley’s d-separation with the 
model considered adequately fitted if the p-value was 
greater than 0.05. We calculated chi-square values 
with the ‘LLchisq’ function of the ‘piecewiseSEM’ 
package in R. This value was used to calculate the 
RMSEA according to the formula of Kenny et al. 
(2015) and we considered the model to be fitted if 
RMSEA<0.05.

RESULTS

1)	 The effect of weather conditions on chick sur-
vival

From 2016 to 2021, the hatch dates of 832 chicks 
were recorded, of which 26 were considered to have 
been predated and an additional 135 individuals died 
from other causes. Thus, predation accounted for 
approximately 16% of the total 161 deaths. Overall, 
mortality was low, but varied between years (Fig. 
S1). Model selection suggested that any weather fac-
tor (precipitation, temperature, or wind speed) and 
nest type may affect the survival of chicks (Table 1). 
Precipitation, wind speed and nest type were specifi-
cally included in all selected models. The averaged 
model showed that the mortality rate was signifi-
cantly higher with higher precipitation (Table 2, Fig. 
1-A, Estimate coefficient=0.546 P=0.0267). Based 
on this estimate, an increase of 1 standardised precip-
itation value (174.90 mm during 26 days after hatch-
ing), would result in a 1.73-fold increase in mortality 
odds. Temperature was not significantly associated 
with mortality rates (Table 2, Fig. 1-B), although 
there was a tendency toward higher mortality with 
lower temperature. When wind speed increased, mor-
tality rate significantly decreased (Table 2, Fig. 1-C, 
Estimate coefficient=−0.404 P=0.0353). An increase 
of 1 standardised value in wind speed increase (8.49 
m/s during 26 days after hatching) in wind speed can 
cause a 0.67-fold decrease in mortality. The mortality 
rate in nest boxes was slightly higher than in natural 

Table 1.  AIC values for each model of chick mortality (ΔAIC≦2.0).

Response variable Model AIC ΔAIC

Chick mortality ~Precipitation+Temperature+Wind+Nest type 662.6 0

~Precipitation+Wind+Nest type 665.4 1.27
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nests, but not significantly so (Table 2, Fig. S2-a).

2)	 The effect of weather conditions on chick 
growth

Model selection suggests that precipitation, tem-
perature, wind speed, hatching order and nest type 
may affect morphological traits of chicks (Table 3). 
Precipitation was included in all selected models 
for weight and tarsus length (Table 3). In addition, 
averaged models showed that when precipitation 
increased, chicks weighed less and had shorter tarsi 
and wings (Table 4, Fig. 2-a, b and c, P<0.05). This 
result suggests that an increase of 1 standardised 
value in precipitation (133.92 mm during 19 days 
after hatching) produced a 0.96-fold decrease in 
body weight, a 0.99-fold decrease in tarsus length 
and a 0.99-fold decrease in wing length. Addition-
ally, the averaged model of wing length showed a 
trend towards longer wing lengths with higher tem-
perature (Table 4, Fig. 2-f). This result suggests that 
an increase of 1 standardised value in temperature 
(26.24°C during 19 days after hatching) produced 
a 1.01-fold increase in wing length. The effects of 
wind speed were not significant. Hatching order was 
included in all models (Table 3). In all averaged 
models, the younger siblings had smaller morpho-
metric measurements (Table 4). However, since the 
“hatching order” used in this study was estimated 
according to the weight order within the brood, this 
is almost an inevitable result. The effect of nest type 
was significant only in body mass. Chicks in nest 
boxes were 0.96-fold lighter than those in natural 
nests (Table 4, Fig. S2-b).

3)	 How weather conditions affect survival
The Structural Equation Modelling explained 

67% of chick mortality (Fig. 3 and Table S1, 
Fisher’s C=0.608 (p=0.738), χ²=0.113 (p=0.737), 
RMSEA=0.00). High precipitation before measure-

Table 2.  Estimate of GLMM for chick mortality.

Response  
variable

Explanatory  
variable Coefficient P value

Chick mortality Intercept −3.271 0.0000
Precipitation 0.547 0.0267
Temperature −0.304 0.0630
Wind −0.404 0.0353
Nest type :  
Nest box 1.027 0.0700

Fig. 1.	 The effect of weather conditions on chick mortality 
rate estimated by GLMM with 95% confidence intervals. (A) 
The effect of precipitation; The standardised precipitation of 0 
is 184.79 mm. (B) The effect of temperature; The standardised 
temperature of 0 is 650.96. (C) The effect of wind speed; The 
standardised wind speed of 0 is 106.30 m/s.
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ment resulted in increased mortality, primarily due 
to decreased body weight. Additionally, precipitation 
prior to measurement influenced tarsus length; how-
ever, tarsus length did not show a significant correla-
tion with mortality. The direct relationship between 
precipitation and mortality was not significant. The 
study also found correlated errors among different 
morphological traits.

DISCUSSION

1)	 Effects of weather conditions in the subtropics
Precipitation significantly increased chick mortal-

ity and made the growth of chicks worse (details of 
the impact on morphology are discussed below). The 
effect of rainfall in the subtropical zone was more 
similar to that of temperate zones than arid zones. In 
Taiwan, which belongs to the same subtropical zone 
as Minami-daito Island, chick mortality increases 
after heavy rainfall (Shiao et al. 2015). Additionally, 
frequent precipitation increased chick mortality in 
birds in southwestern China, which has a subtropical 
climate (Liu et al. 2021). Not contrary to these stud-
ies, our results also showed that seasonal rainfall was 

Table 3.  AIC values for each model of chick growth (ΔAIC≦2.0).

Response variable Model AIC ΔAIC

Body mass ~Precipitation+Hatch order+Nest type 4412.2 0.00
~Precipitation+Hatch order 4412.6 0.44
~Precipitation+Wind+Hatch order+Nest type 4413.8 1.61
~Precipitation+Temperature+Hatch order+Nest type 4413.9 1.69
~Precipitation+Temperature+Hatch order 4414.1 1.89

Tarsus length ~Precipitation+Hatch order 2007.1 0.00
~Precipitation+Temperature+Hatch order 2007.4 0.30
~Precipitation+Wind+Hatch order 2008.2 1.17
~Precipitation+Hatch order+Nest type 2008.6 1.52
~Precipitation+Temperature+Hatch order+Nest type 2008.6 1.54
~Precipitation+Temperature+Wind+Hatch order 2009.0 1.93

Wing length ~Precipitation+Temperature+Wind+Hatch order 4827.6 0.00
~Precipitation+Temperature+Hatch order 4827.7 0.09
~Precipitation+Temperature+Hatch order+Nest type 4827.9 0.31
~Precipitation+Temperature+Wind+Hatch order+Nest type 4828.0 0.41
~Temperature+Hatch order+Nest type 4828.2 0.56
~Temperature+Hatch order 4828.2 0.57
~Precipitation+Hatch order 4828.9 1.25
~Temperature+Wind+Hatch order 4829.0 1.36
~Hatch order 4829.1 1.47
~Temperature+Wind+Hatch order+Nest type 4829.1 1.48

Table 4.  Estimate of GLMM for chick growth.

Response  
variable

Explanatory  
variable Coefficient P value

Body mass Intercept 4.510 <2e-16
Precipitation −0.039 <2e-16
Temperature −0.005 0.3500
Wind −0.005 0.3515
Hatch order −0.087 <2e-16
Nest type −0.043 0.0233

Tarsus length Intercept 3.379 <2e-16
Precipitation −0.014 <2e-16
Temperature 0.004 0.0822
Wind −0.002 0.2865
Hatch order −0.035 <2e-16
Nest type −0.008 0.2998

Wing length Intercept 4.600 <2e-16
Precipitation −0.012 0.0254
Temperature 0.012 0.014
Wind 0.009 0.0975
Hatch order −0.101 <2e-16
Nest type −0.031 0.0906
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damaging, not beneficial, to subtropical owl species. 
In subarctic to temperate owl species, precipitation 
during the breeding season is also known to nega-
tively affect chicks such as by increasing mortality 
(Peery et al. 2012; Fisher et al. 2015). However, it 
is also known that with owl species in extremely 
dry arid zones, high precipitation increases breed-
ing success (Seamans et al. 2002; Peery et al. 2012; 
Comay et al. 2022). Consistent trends in the effects of 
precipitation in tropical regions are unknown due to 
a lack of sufficient studies, but there are some known 
cases of both increased and decreased mortality with 
high precipitation (Senapathi et al. 2011; Oppel et 
al. 2013; Tarwater & Beissinger 2013), and also 
no effect of precipitation fluctuations (Brawn et al. 

2011; Styrsky & Brawn 2011). Weak rainfall may not 
affect nestling survival in the arid zones and the dry 
regions of the tropics (Chausson et al. 2014; Shiao 
et al. 2015). This is because the precipitation levels 
do not reach a harmful threshold, and the benefits, 
such as increased food availability due to rainfall, 
are more prominent (Lima et al. 2002). However, the 
rainfall on Minami-daito Island is likely to be suf-
ficiently high to increase mortality. Thus, birds in the 
subtropical zone were thought to respond to rainfall 
more similarly to those in temperate zones than those 
in arid zones.

In our study, low temperatures tended to increase 
chick mortality and decrease wing growth. Similarly, 
in Taiwan, birds showed lower breeding success at 

Fig. 2.	 The effect of weather conditions on chick morphological traits estimated by GLMM. (a.~c.) The effect of precipitation 
in morphological tarts; The standardised precipitation of 0 is 112.64 mm. (d.~f.) The effect of temperature in morphological 
tarts; The standardised temperature of 0 is 494.64°C. (g.~i.) The effect of wind speed in morphological tarts; The standardised 
wind speed of 0 is 81.34 m/s.
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lower temperatures (Shiao et al. 2015). Regarding the 
effect of temperature, many studies have shown that 
higher temperatures have a positive effect on repro-
ductive performance and growth rate in high latitude 
regions (Peery et al. 2012; Chausson et al. 2014; 
de Zwaan et al. 2019). Unlike in temperate zones, 
in the arid zone higher temperatures often reduce 
breeding success (Seamans et al. 2002; Peery et al. 
2012; Comay et al. 2022). Even in tropical regions, 
high temperatures are known to have reduced bird 
survival (Woodworth et al. 2018). Chick mortality 
of Southern Pied Babbler Turdoides bicolor, a bird 
which inhabits the arid regions of Africa, increases 
dramatically when temperatures exceed 35.4°C 
(Bourne et al. 2020). These examples suggest that too 
high temperatures are detrimental to bird breeding. 
In the subtropics, it is possible that there is no clear 
linear relationship between temperature and mortality 
because of the negative effects of low temperatures 
as well as a few negative effects of high tempera-
tures, as temperatures are higher than in temperate 
zones. In the future, as global warming progresses 
and temperatures rise, there is a risk that mortality 
rates will increase drastically.

In our study, analysis of chick survival showed that 

mortality was lower at lower wind speeds. However, 
the effect of wind speed could not be detected in the 
analysis of morphology. Many studies have focused 
on the effects of temperature and precipitation, and 
only a few papers have detected the effects of wind 
speed (Weimerskirch et al. 2012). In many cases, 
wind speed is known to have a negative effect on 
reproduction, with higher wind speeds reducing chick 
growth (McCarty & Winkler 1999; Mainwaring & 
Hartley 2016) and higher levels of stress hormones 
(Crino et al. 2020). These are related to the effects of 
windy conditions that reduce parental foraging ability 
or that increase noise stress. A rare example of a posi-
tive influence from wind speed is that of the Wander-
ing Albatross Diomedea exulans, where strong wind 
speed in a particular direction increases feeding effi-
ciency and improves breeding success (Weimerskirch 
et al. 2012). However, given the extremely different 
ecology of albatrosses foraging in the pelagic zone, 
it is unlikely that Ryukyu Scops Owls benefit from 
wind speeds through a similar mechanism because 
they live in forests and travel short distances. It is 
known that insects sometimes concentrate down-
wind of windbreaks when wind speeds are high 
(Verboom & Spoelstra 1999), and some wind speed 

Death

Body
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Wing
Length

R²=0.67

R² = 0.68

R² = 0.56

R² = 0.53
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(p<0.0001)
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(p<0.0001)
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Fig. 3.	 Structural Equation modelling for analyzing the causes of chick mortality. Statistically significant paths are 
indicated by solid lines with their coefficients. Statistically non-significant paths are indicated by dotted lines. Estimated 
coefficients and p-values for significant paths and paths related to precipitation are indicated next to the arrows.
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may increase the foraging efficiency of owls. How-
ever, this trend should be considered with caution, 
as it was not consistent across all analyses. Future 
research should involve a detailed re-evaluation of 
these findings.

2)	 Differential effects of weather conditions on 
growth for different morphological traits

Precipitation affected chick weight, tarsus and 
wing growth. Higher precipitation commonly leads 
to smaller body sizes (Pérez et al. 2016), likely 
due to reduced feeding opportunities during bad 
weather, affecting food availability (Cox et al. 2019; 
Grzędzicka 2019). Given that the effect of precipi-
tation on wing length was not significant in SEM 
analysis, wing length was less affected by precipi-
tation than weight and tarsus length. Wing length 
grows slower than other parts of the body and was 
still growing at 20 days of age when measurements 
were taken (Sawada et al. 2021). If birds leave the 
nest with underdeveloped wings, their flight ability is 
low and the risk of death is increased (Jones & Ward 
2020). Furthermore wing growth may be prioritized 
over weight if there is a risk of delayed fledging 
(Cheng & Martin 2012; Cunningham et al. 2013). In 
other words, they were growing their wings in spite 
of unfavourable weather conditions in order to avoid 
any delay in fledging.

3)	 How does precipitation impact chick survival
The structural equation model allows for the 

separation of direct and indirect effects of weather 
conditions (Bourne et al. 2020; van de Ven et al. 
2020). Higher precipitation, before measurement, 
caused lighter weight, and indirectly affected mortal-
ity. Therefore, it was thought that the chicks were 
not dying from hypothermia (Anctil et al. 2014), but 
from starvation because of heavy rains that inter-
fered with parental feeding (Pérez et al. 2016; Cox et 
al. 2019). Seabird chicks respond to temporary food 
shortages by lowering their body temperature and 
metabolism (Kuepper et al. 2018). However, in owl 
species, adult birds are only known to adapt to star-
vation by hypothermia in winter (Chaplin et al. 1984; 
Smit & McKechnie 2010). Under cooler conditions, 
the risk of hypothermia is known to increase and the 
effects of precipitation are more pronounced (Martin 
et al. 2017). The fact that nestlings were affected 
more indirectly rather than directly by precipitation 
can probably be related to the higher temperature of 
subtropical regions and a lower risk of hypothermia.

Not only precipitation but hatching order also 
influenced chick weight. Thus, chicks that hatched 
later were more likely to die after heavy rainfall. 
A reduction in brood size would increase the food 
available to the surviving chicks, thus decreasing the 
mortality of the remaining individuals. This suggests 
that the strategy of asynchronous hatching facilitates 
improved reproductive success even when weather 
conditions are unfavourable (Takagi 2001).

Research into the mechanisms by which weather 
conditions affect birds has been increasingly con-
ducted in recent years on a variety of species, some 
using SEM analysis (Bourne et al. 2020; van de 
Ven et al. 2020) and others taking an experimen-
tal approach (Wada et al. 2015; Rodríguez & Barba 
2016; Ospina et al. 2018). In a similar study of birds in 
arid regions, precipitation affected mortality directly 
(Bourne et al. 2020). This may reflect the fact that the 
mechanism by which mortality is affected by precipi-
tation, differs between subtropical and arid regions. 
In American Kestrel Falco sparverius and Eurasian 
Hoopoe Upupa epops, it was found that parental feed-
ing frequency or the amount of feeding was reduced 
and chick mortality increased when precipitation was 
higher (Dawson & Bortolotti 2000; Arlettaz et al. 
2010), and our results may be due to this mechanism. 
Converseley, inclement weather is known to elevate 
corticosterone, a known stress hormone (Wingfield 
et al. 2017; Mikkelsen et al. 2022), and it is possible 
that weather conditions affect morphological traits 
through increased corticosterone. More research that 
considers not only climatic conditions but also mor-
phology, feeding rates, and physiological conditions, 
would improve our understanding of the mechanism 
by which weather conditions affect birds from differ-
ent regions and ecologies.

4)	 Conclusion
Based on analyses of the effects of weather con-

ditions on the breeding success of Ryukyu Scops 
Owls on a subtropical island, it can be concluded 
that negative effects on breeding success of birds in 
the subtropics are similar to those in the temperate 
zone. However, the effects of low temperatures were 
unclear. And the mechanism by which high precipita-
tion adversely affects mortality was considered to be 
indirect, via a reduction in body weight.
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