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Abstract

Background: The behavior of cranes reflects many of their survival strategies, but little has been known of the incu-
bation strategies of cranes, in which both parents share incubation duties, in response to cold temperatures in alpine
environments. The lack of information may restrict the effective conservation of the threatened Black-necked Crane
(Grus nigricollis), a biparental bird nesting in high elevation wetlands.

Methods: We directly observed and used infrared video cameras from 2014 to 2015 to study the incubation behav-
ior and quantitatively measured the frequency and details of egg turning behavior in the Black-necked Crane at the
Yanchiwan National Nature Reserve in western Gansu Province, China.

Results: At lower ambient temperatures in the morning, crane parents spent more time on the nest with less recess
frequency and prolonged on-bout duration, while at higher temperatures around noon, the parents had more
frequent recesses from incubation and shorter periods between nest exchanges. They adjusted the amount of time
incubating by varying the recess frequency and the length of on-bout duration. Mean nest attendance and egg turn-
ing frequency of females were significantly higher than those of the males. The nest attendance and on-bout duration
of females showed a significantly negative relationship with those of males. The two parents responded differently

to the change of temperature. Females spent more time on the nest at lower morning temperatures, while males
increased their time on the nest at higher temperatures after noon. Higher incubation recess frequency and egg turn-
ing frequency were observed at noon, probably because parents spent more time foraging, taking advantage of the
lower egg cooling rate.

Conclusion: Both Black-necked Crane parents in the alpine environment adjusted their behavior in response to the
thermal requirements of eggs and the weather conditions experienced. Our findings demonstrate that parents of this
species incubated in different but complementary ways and efficiently enhanced egg care in a dynamic environment,
5o as to maximize benefits from the warm portion of the day and the intense solar radiation while minimizing the cost
of rewarming eggs and the risks of cooling eggs.
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Background

The majority of extant avian species must defend and
incubate eggs until hatching (Weathers and Zaun 2010).
Incubation may provide various evolutionary benefits for
birds, including a decreased incubation period, acceler-
ated rate of embryonic development, and greater man-
agement of incubation conditions (Deeming 2002).
Incubation is energetically costly for birds because incu-
bating parents must balance the thermal needs of the
eggs with self-maintenance (Smith et al. 2012). Ambient
temperature affects energetic costs during incubation
and embryonic development during recesses from incu-
bation (Conway and Martin 2000). However, incubation
behavior is often neglected as a method for investigating
relationships between animals and their environment for
conservation and many of their survival strategies and
adaptations (Spiegel et al. 2012). Most studies of incuba-
tion rhythms in birds have been conducted in moderate
environments (Camfield and Martin 2009) and studies
under alpine environments have focused mainly on uni-
parental incubators. However, the situation in species
with biparental incubation is more complex due to the
potentially different responses of each parent to changes
in the cost of incubation (Smith et al. 2012). Spencer et al.
(2010) emphasized that birds may exhibit sexual differ-
ences regarding incubation effort in relation to variation
in their own developmental processes and current envi-
ronmental conditions. Very few studies, however, have
investigated the ambient temperature influence on the
relative incubation contribution by each sex (Conway
and Martin 2000; Bulla et al. 2014), especially in alpine
environments.

Egg turning is unique to birds and crucial for embry-
onic development in most avian species (Shaffer et al.
2014). Optimum egg turning frequency during incuba-
tion has been of interest since the observations of feral
fowl incubation behavior by Elibol and Brake (2006). Reg-
ulation of egg temperature through egg turning by incu-
bating parents is crucial to both the survival and proper
development of avian embryos. However, egg turn-
ing behavior has not been studied as widely as parental
attendance pattern, egg physiology, or hatching success
(Shaffer et al. 2014). In addition, egg turning frequency
in wild birds is rarely studied due to difficulty of observa-
tions in darkness (Weathers and Zaun 2010).

We investigated these issues in a population of the
Black-necked Crane (Grus nigricollis), a species breed-
ing exclusively on the high-altitude wetlands of the
Qinghai-Tibetan Plateau (Li and Bishop 1999). The spe-
cies is a monogamous and long-lived migrant waterbird,
with pair bonds lasting for years. Both males and females
participate in nest building, incubation, and rearing nest-
lings and fledglings. Early observations suggested that
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males and females contribute almost equally to incuba-
tion with regard to time spent on the nest (Zhang et al.
2017a). Several studies have been attempted to determine
the incubation rhythms of the Black-necked Crane with
direct observations and data analysis (Kuang et al. 2007;
Yang et al. 2007). However, few data are available on the
incubation strategies of biparentally incubating cranes in
response to cold temperatures in alpine environments.
Such strategies could relate to nest attendance, recess
frequency, on-bout duration and egg turning frequency.
Those behaviors could alter egg temperatures and the
time that developing embryos are exposed to cold tem-
peratures. In the present study, we investigated the effects
of time of day and variation in ambient temperature on
male and female incubation behaviors in a cold environ-
ment at the Yanchiwan National Nature Reserve, western
Gansu Province, China.

Methods

Study species and study site

The Black-necked Crane is a large ground-nesting bird
that breeds only on high-altitude wetlands from Ladakh
north to Gansu (Bishop et al. 2012). Their average clutch
size is two eggs, with one egg laid per day, and the incu-
bation period ranges from 30 to 34 days (Zhang et al
2017a). For details about the study area see Zhang et al.
(2017b).

General field methods

We located 20 nests (10 nests in 2014, 10 nests in 2015)
at the Yanchiwan National Nature Reserve. Presence
or absence at the nest was detected by observation and
recorded using remote infrared thermistor sensor sys-
tems (FC-5210 mm, MMS Trail Camera, Shenzhen Baird
Share Co., Ltd). Each sensor system consisted of a small
(9.4 cm x 14.6 cm) weatherproof miniature video cam-
era with twelve R6 AA size batteries and a 32 G mem-
ory card allowing a continuous recording of 4-5 days.
These cameras were programmed on a motion sensor
with 1280 x 720 video size, high sensitivity, 10 s trigger-
ing interval, 60 s video length and 24 h operation mode.
Cameras were placed 2—-3 m away from nests, and were
elevated 1.5-2 m above the ground with a metal stake.
The data were also confirmed by direct observation. The
ambient temperature was measured by a thermo-probe,
which was placed in areas with similar protection from
the wind and aspect as the nest and around 25 cm away
from the nest scrape at ground level. The probe was con-
nected to a data logger (Tinytag, Gemini Data Loggers
Ltd.). Temperatures were logged at 1 min intervals with
an accuracy of 0.1 °C. Each video-monitored nest was
visited every four days to change batteries and memory
cards and download temperature data when both parents
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left their nest for foraging or other activities. Cameras
were collected after each recording session and vide-
otapes were later reviewed for scoring. From these vid-
eos, we were able to determine the time of initiation and
calculate each recess and on-bout duration. Sex identifi-
cation referred to the method described by Kuang et al.
(2007) and Zhang et al. (2017a). For each of seven peri-
ods during the day (6:30-8:29, 8:30-10:29, 10:30-12:29,
12:30-14:29, 14:30-16:29, 16:30-18:29 and 18:30-
20:29 h, Beijing time), we calculated: (1) nest attend-
ance, estimated as the percentage of total time when
the eggs were incubated by each parent (individual nest
attendance) and pair (total nest attendance), (2) recess
frequency, estimated as the average number of breaks
taken by each parent (individual recess frequency) and
pair (total recess frequency), (3) on-bout duration, esti-
mated as the mean length (in minutes) of uninterrupted
incubation by either parent (individual on-bout duration)
and pair (total on-bout duration), and (4) egg turning
frequency, estimated as number of egg turning times by
each parent (individual egg turning frequency) and pair
(total egg turning frequency). The behavior was consid-
ered as two behaviors if one behavior occurred during
two time periods. The average ground temperature out-
side the nests was taken as the ambient temperature for
each period.

Statistical analysis

To determine whether four incubation behaviors and
ambient temperatures varied with time, we examined
relationships of nest attendance, recess frequency, on-
bout duration and egg turning frequency with time of
day using curvilinear regression. Ambient temperature,
nest attendance, recess frequency, on-bout duration and
egg turning frequency failed to meet assumptions for a
parametric test. We also included year (2014 and 2015)
as a fixed effect. Thus, yearly difference of ambient tem-
perature was tested by Mann—Whitney U test, and sexual
differences of nest attendance, recess frequency, on-bout
duration and egg turning frequency were tested by non-
parametric paired tests. Means are reported with stand-
ard error, and all significance values are at 0.05 level
based on two-tailed tests. All the statistical analyses
were performed by the software SPSS (version 22.0, IBM
2013).

To explore the influences of potential factors on incu-
bation behaviors (nest attendance, recess frequency,
on-bout duration, and egg turning frequency), we used
generalized linear mixed models (GLMMs) in SPSS. To
control for repeated measures of incubation behaviors at
a given nest, we included nest identity as a random effect.
Year (2014 and 2015), date, days of incubation and time
of day were also added as fixed effects since they might
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potentially influence the incubation behavior (Camfield
and Martin 2009). Partner’s behavior was also a fixed
factor, and partner’s behavior x time period interaction
was included to determine if the relationship between
the incubating crane’s behaviors on the nest and part-
ner’s behaviors varied over time. Square temperature was
added into the model as a fixed effect because there was a
significant quadratic relationship between mean ambient
temperature and time of day (R*> = 0.31, F) 664 = 149.57,
p < 0.001). No linear correlations were found between
ambient temperature and incubation behaviors (Addi-
tional File 1: Fig. S1). Thus, no interaction of ambient
temperature x temperature zone was added into the
models. Akaike’s information criteria (AIC-based model
selection) were used for model selection.

Results

A total of 153 incubation days (1334 h with 667 time
periods) for Black-necked Cranes were monitored in 11
nests (5 nests in 2014 and 6 nests in 2015) between 20
April 2014 and 15 June 2015. The mean number of days
for each nest was 13.91 + 2.15 (range 5-25 days) and
mean number of periods was 121.27 + 23.39 (range
12-134 periods). Throughout the breeding season, the
mean daytime ambient temperature was 10.13 £ 0.27 °C
with the highest temperature 30.24 °C and the lowest
—1.63 °C, occasionally varying by more than 30 °C in one
day. There were no marked differences in mean ambi-
ent temperature between years (2014: 10.15 £ 0.34 °C;
2015: 10.10 £ 0.44 °C; Mann—Whitney UZ = —0.60,
p = 0.547). The highest mean daytime temperature
occurred between 14:30 and 16:29 h (15.01 + 0.61 °C,
Fig. 1) and the lowest occurred between 06:30 and 08:29 h
(2.49 £ 0.52 °C, Fig. 1). Moreover, the mean ambient
temperature was significantly different among different
time periods (Kruskal-Wallis y = 242.03, p < 0.001).

Nest attendance

For every 2-h interval, the mean total nest attendance was
90.72 + 0.57% and was significantly quadratic to time of
day (R* = 0.03, F, ¢64 = 9.46, p < 0.001; Fig. 1). The high-
est nest attendance was 95.46 £ 1.15% between 06:30 and
08:29 h while the lowest was 86.71 £ 1.64% between 10:30
and 12:29 h. The mean female nest attendance was signif-
icantly higher than that of males (females: 47.88 + 1.32%;
males: 42.85 + 1.32%; Wilcoxon Z = —2.01, p = 0.044).
Among the seven time periods, the highest female nest
attendance (58.88 + 4.28%) occurred between 06:30
and 08:29 h, and the lowest (40.64 + 3.19%) between
12:30 and 14:29 h (Fig. 1). Conversely, the highest male
nest attendance (47.69 £ 3.32%) was between 12:30 and
14:29 h, and the lowest (36.60 + 4.15%) was between
06:30 and 08:29 h (Fig. 1). Meanwhile, we found a
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Fig. 1 Changes of ambient temperature (mean =+ SE; a), and total
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also applying to Figs. 2, 3,and 4

quadratic relationship between female nest attendance
and time of day (R* = 0.02, F, ¢, = 6.46, p = 0.002).

Both female and male optimal nest attendance models
included date and square temperature (Additional File 2:
Tables S1 and S2). Both female and male nest attendances
were significantly positively related to year, date and
time of day and negatively to days of incubation, but not
related to temperature or square temperature (Tables 1,
2). A significant negative relationship was found between
female and male nest attendance (8 = —0.63 £ 0.05,
p <0.001, Table 1; 8 = —0.56 & 0.04, p < 0.001, Table 2).

Recess frequency

The total female and male recess frequency had a sig-
nificant quadratic relation to time of day (R* = 0.02,
F, ¢4 = 6.59, p = 0.001). Among the seven time peri-
ods, the lowest total recess frequency 2.57 £ 0.14 times
was between 06:30 and 08:29 h while the highest was
3.26 £ 0.12 times between 10:30 and 12:29 h. Both par-
ents took recesses more frequently near noon. There
were no significant differences between mean female
and male recess frequency (1.50 + 0.04 vs. 1.39 £+ 0.04
times, Wilcoxon Z = —1.69, p = 0.092). The highest
female recess frequency was 1.72 & 0.10 times between
10:30 and 12:29 h while the lowest was 1.38 & 0.10 times
between 18:30 and 20:29 h (Fig. 2). The mean male recess
frequency had a significant quadratic relationship to time
of day (R* = 0.01, F, ¢, = 3.85, p = 0.022). The highest
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male recess frequency was 1.53 £ 0.10 times between
10:30 and 12:29 while the lowest was 1.16 £ 0.10 times
between 06:30 and 08:29 h (Fig. 2).

Both optimal female and male recess frequency mod-
els included date and square temperature (Additional
File 2: Tables S1 and S2). Female recess frequency was
significantly positively related to year, date, time of day,
and negatively related to day of incubation, temperature,
square temperature, male recess frequency and male by
time (Table 1). Male recess frequency was significantly
positively related to year, date, and time of day, and nega-
tively related to day of incubation, temperature, square
temperature and female by time (Table 2).

On-bout duration

The longest on-bout duration was 57.90 + 4.17 min/
bout between 06:30 and 08:29 h while the shortest was
37.96 £ 2.09 min/bout between 10:30 and 12:29 h
(Fig. 3). Mean total on-bout duration had a signifi-
cantly quadratic relation with time of day (R*> = 0.02,
F, 464 = 6.82, p = 0.001). There were no significant dif-
ferences in mean daily on-bout duration between females
and males (females: 40.93 + 1.44 min/bout; males:
37.66 £+ 1.38 min/bout, n = 930 bouts from 11 nests,
Wilcoxon Z = —1.17, p = 0.243). The longest female on-
bout duration was 51.99 + 4.99 min/bout between 06:30
and 08:29 h while the shortest was 31.39 &+ 2.97 min/bout
between 12:30 and 14:29 h (Fig. 3). Female on-bout dura-
tion had a significantly quadratic relation with time of day
(R*=0.02, F, ¢, = 7.03, p = 0.001). The longest male on-
bout duration was 42.41 + 3.52 min/bout between 12:30
and 14:29 h while the shortest was 33.96 + 3.07 min/bout
between 10:30 and 12:29 h (Fig. 4).

Both optimal female and male on-bout duration mod-
els included date and square temperature (Additional
File 2: Tables S1 and S2). Both female and male on-bout
duration were significantly positively related to year,
date and time of day (Tables 1, 2). Female on-bout dura-
tion was significantly negatively related to day of incuba-
tion and male on-bout duration but not to temperature,
square temperature or male by time, while male on-
bout duration was significantly negatively related to
day of incubation, female on-bout duration and female
by time but not to temperature or square temperature
(Tables 1, 2). Female on-bout duration and male on-
bout duration showed a significant negative relationship
(B = —0.55 £ 0.07, p < 0.001, Table 1; 8 = —0.45 % 0.06,
p <0.001, Table 2).

Egg turning frequency

A crane turns its eggs by standing up, moving backward
to the nest’s rim, reaching down and hooking the farthest
egg with its bill and feet, then drawing the egg backward,
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thereby rolling it (Additional File 3: Video 1). Total egg
turning frequency was 3.75 £ 0.08 turns every 2-h inter-
val and had a significantly quadratic relation with time of
day (R* = 0.04, F, ¢, = 12.20, p < 0.001; Fig. 4). The lowest
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egg turning frequency (3.07 £ 0.19 turns) was between
18:30 and 20:29 h and the highest (4.50 £+ 0.22 turns)
was between 12:30 and 14:29 h. Mean female egg turn-
ing frequency was significantly greater than mean male
egg turning frequency (females: 2.01 + 0.07 turns; males:
1.74 £ 0.07 turns, Wilcoxon Z = —2.44, p = 0.015). Both
mean female and male egg turning frequencies had a
significantly quadratic relation with time of day (female:
R? = 001, Fyeq = 3.94, p = 0.020; male: R = 0.02,
F, ¢64 = 5.30, p = 0.005; Fig. 4). Both the highest female
and highest male egg turning frequencies occurred
between 12:30 and 14:29 h (females: 2.29 + 0.19 turns;
males: 2.20 =+ 0.18 turns), and the lowest female and male
egg turning frequencies were between 18:30 and 20:29 h
(females: 1.70 £ 0.17 turns; males: 1.37 4 0.20 turns).

Both optimal female and male egg turning frequency
models included date and square temperature (Addi-
tional File 2: Tables S1 and S2). Both female and male
egg turning frequencies were significantly related to
year, date, and were negatively related to day of incuba-
tion and temperature. Female and male egg turning fre-
quencies showed no significant negative relationship
(8= —0.10 £ 0.08, p = 0.234, Table 1; § = —0.11 £+ 0.10,
p = 0.254, Table 2).

Discussion

In the alpine environment, an optimal incubation sched-
ule trades off the incubators’ energetic cost against the
demand for eggs to be maintained suitably warm. This
complicated trade-off can be driven by various influences
such as incubation energetic needs and the egg chilling
tolerance. Our study demonstrated a multimodal pattern
in the parental incubation behaviors of the Black-necked
Crane in response to cold temperatures in an alpine envi-
ronment throughout the entire incubation period. The
highest nest attendance, the longest on-bout duration
and the lowest total recess frequency all occurred in the
early morning (06:30-08:29 h) when the mean ambient
temperature is the lowest. This is consistent with parent
inactivity of the Black-necked Crane in the morning dur-
ing incubation in northern Tibet (Kuang et al. 2007). The
highest total recess frequency, lowest nest attendance
and the shortest on-bout duration occurred between
10:30 and 12:29 h. Meanwhile, the highest egg turning
frequency of both parents occurred between 12:30 and
14:29 h when the mean ambient temperature was high.
We suggest that biparental behaviors of the Black-necked
Crane may reflect the predictable patterns in tempera-
ture and solar radiation throughout the alpine day. Both
parents took the longest and highest recess frequencies
in the warmer hours of the day, and nests were incubated
more constantly during the cooling temperatures. Simi-
lar parental care was reported in the female King Eider
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(Somateria spectabilis) which preferred to take advantage
of the warmest part of the day to reduce cooling of eggs,
despite that their predators were also more active during
the same period (Bentzen et al. 2010). We also noticed
that Black-necked Cranes were more active between
10:30 and 12:29 h, much earlier than the most active peri-
ods of this species in northern Tibet (Kuang et al. 2007).
This difference might be explained as incubation behav-
ior being functionally driven by local foraging conditions
(Bentzen et al. 2010).

Total hourly egg turning frequency was 1.87 turns, which
fell in hourly egg turning rates of three species, e.g. Cassin’s
Auklet (Ptychoramphus aleuticus), Western Gull (Larus
occidentalis), and Laysan Albatross (Phoebastria immuta-
bilis) (Shaffer et al. 2014). The highest egg turning frequen-
cies of both females and males occurred between 12:30 and
14:29 h, and the lowest frequencies of both parents were
between 18:30 and 20:29 h, suggesting that ambient tem-
perature plays a significant role in egg turning behavior for
Black-necked Cranes. Both crane parents took advantage
of the warmest session of the day when solar radiation was
the most intense. This timing indicated they were sensitive
to temperature variation within days and modified their
behavior so as to maximize benefits from the most intense
solar radiation by taking incubation recesses during the
warmest part of the day for saving energy. Such behavior
appears to be adaptive since at higher ambient tempera-
tures, rate of egg cooling was slower, permitting parents to
stay off the nest for a longer time (Deeming 2002).
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Female and male nest attendance, on-bout duration,
and egg turning frequency showed a significantly nega-
tive relationship (Tables 1, 2). We also found that on-bout
durations were generally shorter and nest attendance
was lower for males than for females during the day. This
result was consistent with reports that females conducted
a greater portion of incubation than males (Kuang et al.
2007). The highest female nest attendance was from 06:30
to 08:29 h, when females may be short of energy after an
overnight incubation. This finding is similar to the incu-
bation behavior during early morning for females of a
uniparental species Horned Lark (Eremophila alpestris)
breeding in alpine tundr (Camfield and Martin 2009), but
was in contrast to the uniparental incubation pattern for
the female King Eider, which took more recesses at low
temperatures because recesses were driven by metabolic
expenses and local foraging conditions (Bentzen et al.
2010). Our study demonstrated that female Black-necked
Cranes shifted priority between self-maintenance and
incubation demands depending on various temperature
conditions and their parental cooperation. Similarly,
Magrath et al. (2005) reported that females were more
sensitive to the thermal status and demands of the clutch
than males.

Female cranes tended to reduce attendance during
the warmest period of day, consistent with the biparen-
tal incubation pattern of Arctic-breeding female Semi-
palmated Sandpipers (Calidris pusilla), which were
more often off nest during the warmer period of the
day when foraging might be easier (Bulla et al. 2014).
However, the increase in nest attendance by males may
represent compensation for the reduced attentiveness
by the female, consistent with results of Magrath et al.
(2005). The optimal contribution by one parent should
depend on the level of investment by their partner, with
a reduction in effort by one parent predicted to result
in partial compensation by the other. Sexual differences
in the level of resting and movement observed in our
study can be explained by the dominant role of females
in incubation. Bulla et al. (2014) also suggested that the
female-biased extent of incubation might be compen-
sated for a more favorable timing of incubation. Bipa-
rental care and complementary sexual roles counter the
high risk of predation, with males assuming more vigi-
lance and nest defense behaviors, and females spend-
ing more time on eggs (Kuang et al. 2007). The strong
attachment of the parents to their nest helps to ensure
the egg is well protected. A shortcoming of our study
was that the behavior of birds was not monitored when
birds were absent from the nest or during night. More
complex interactions may also be involved in biparental
incubation behaviors.
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Conclusions

Black-necked Cranes are sensitive to temperature varia-
tions within the day and can adjust their behavior so as
to maximize benefits from the warmest session of the
day and the most intense solar radiation, with decreased
cooling of eggs. Our findings demonstrate that Black-
necked Crane parents incubated in different but com-
plementary ways, and efficiently enhanced egg care in a
dynamic environment. Their incubation behaviors were
modified in response to the thermal requirements of eggs
and the weather conditions experienced.
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