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Abstract 

Background:  Physiological preparation for reproduction in small passerines involves the increased secretion of 
reproductive hormones, elevation of the metabolic rate and energy storage, all of which are essential for reproduc-
tion. However, it is unclear whether the timing of the physiological processes involved is the same in resident and 
migrant species that breed in the same area. To answer this question, we compared temporal variation in the plasma 
concentration of luteinizing hormone (LH), testosterone (T), estradiol (E2), triiothyronine (T3) and body mass, between 
a migrant species, the Eurasian Skylark (Alauda arvensis) and a resident species, the Asian Short-toed Lark (Calandrella 
cheleensis), both of which breed in northeastern Inner Mongolia, China, during the 2014 and 2015 breeding seasons.

Methods:  Twenty adult Eurasian Skylarks and twenty Asian Short-toed Larks were captured on March 15, 2014 and 
2015 and housed in out-door aviaries. Plasma LH, T (males), E2 (females), T3 and the body mass of each bird were 
measured every six days from March 25 to May 6.

Results:  With the exception of T, which peaked earlier in the Asian Short-toed Lark in 2014, plasma concentrations of 
LH, T, E2 andT3 of both species peaked at almost the same time. However, Asian Short-toed Larks attained peak body 
mass earlier than Eurasian Skylarks. Plasma T3 concentrations peaked 12 days earlier than plasma LH in both species. 
Generally, plasma LH, T, E2, T3 and body mass, peaked earlier in both species in 2014 than 2015.

Conclusions:  The timing of pre-reproductive changes in the endocrine system and energy metabolism can be the 
same in migrant and resident species; however, residents may accumulate energy reserves faster than migrants. 
Although migration does not affect the timing of pre-breeding reproductive and metabolic changes, migrant species 
may need more time to increase their body mass. T levels in resident species may be accelerated by higher spring 
temperatures that may also advance the pre-breeding preparation of both migrants and residents.
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Background
Reproduction is one of the most energetically demand-
ing activities in the life of birds. At mid and high latitudes, 
suitable conditions for breeding are relatively brief and 
birds that live at these latitudes must therefore time their 
reproductive activity to coincide with periods when food 
suitable for the survival of parents and offspring is rela-
tively abundant (Dawson et al. 2001). Birds must complete 
three stages of physiological preparation to begin breed-
ing. First, the hypothalamic-pituitary–gonadal axis (HPG) 
is activated. The hypothalamus secrets the gonadotro-
phin-releasing hormone cGnRH-I when stimulated by the 
longer days of early spring (Yasuo and Yoshimura 2009). 
This hormone is then transported in the blood to the 
pituitary where it stimulates the secretion of the lutein-
izing hormone (LH) and the follicle-stimulating hormone 
(FSH). LH and FSH induce development of the ovaries 
or testes, which then regulate the production of the sex 
hormones, mainly estradiol (E2) and testosterone (T) will 
enter the circulation to start the reproductive behavior 
(Aurélie et  al. 2010). Secondly, birds must increase their 
metabolic rate in preparation for higher energy consump-
tion during breeding (Ricklefs 1974; Carey 1996; Nilsson 
and Raberg 2001). Pre-reproductive energy metabolism is 
an important factor affecting the timing of breeding (Ste-
venson and Bryant 2000). Thyroid hormones, especially 
triiothyronine (T3), play an important role in substrate 
metabolism and thermogenesis, and T3 plasma concen-
tration is positively correlated with BMR (basic metabolic 
rate) (Yen 2001; Chastel et  al. 2003; Li et  al. 2010; Wel-
cker et al. 2013; Zheng et al. 2013). Plasma T3 levels are 
known to increase before breeding in several bird species 
(Smith 1982; Pathak and Chandola 1983). It has also been 
found that individual birds that increase their plasma T3 
levels sooner start breeding earlier (Chastel et  al. 2003). 
Thirdly, after going through a period of relative food 
shortage in the winter, or depleting their energy reserves 
during migration, birds have to increase their food intake 
before breeding in order to meet the increased nutritional 
requirements of the breeding season (Hegemann et  al. 
2012). Body mass, which can be regarded as the balance 
between energy intake and its expenditure (Zhao et  al. 
2015) usually increases before breeding (Wang and Lei 
2011; Hegemann et al. 2012).

Migratory species must compete with residents for 
breeding resources, including territories and food, after 
their arrival at the breeding grounds. However, unlike 
resident birds, migratory birds consume a large amount 
of energy in the course of migrating to the breeding 
grounds (Jenni et al. 2000). Therefore migratory species 
might attain breeding condition later than residents for 
their migration energy consumption. They would there-
fore be expected to be at a disadvantage in subsequent 

competition for breeding resources (Morbey and 
Ydenberg 2001). Because the duration of physiologi-
cal preparation for breeding determines the timing of 
reproduction, it is important to determine if the timing 
of the physiological processes involved in activation of 
the reproduction endocrine system and, at the same time, 
increasing their metabolic rate and energy storage is the 
same in migratory and resident species. To the best of 
our knowledge, no one has yet conducted the necessary 
research to address this question in wild birds.

In our study, we compared the timing of physiological 
preparation for breeding in two members of the Alaudi-
dae, the Eurasian Skylark (Alauda arvensis) and the Asian 
Short-toed Lark (Calandrella cheleensis), both of which 
breed in the grasslands of northeastern Inner Mongolia, 
China. The Eurasian Skylark is a migratory species that 
arrives at the Inner Mongolian grasslands in early March 
and begins nesting in mid-April (Lou 1966). The Asian 
Short-toed Lark is a resident that also starts breeding in 
mid-April. The breeding periods of the two species are 
therefore highly synchronous, with the main food of nest-
lings of both species as grasshopper nymphs which are 
only seasonally abundant on the grasslands in the breeding 
season (Tian et  al. 2015). In order to compare the timing 
of physiological preparation of the reproductive endocrine 
system, energy metabolism and energy storage in these two 
species, we compared their pre-breeding temporal trends 
in LH, T, E2 and T3, plasma concentrations and body mass 
during the spring of 2014 and 2015. We hypothesize that 
migratory and non-migratory birds will show differences in 
elevating LH, T, E2 and T3 levels and body mass.

Methods
Study area
Our study site was in the Dalai National Nature Reserve 
(47°45′50″‒49°20′20″N; 116°50′10″‒118°10′10″E), located 
in the northeastern part of Inner Mongolia, China. This 
is a semiarid, steppe region where the mean annual tem-
perature is −0.6  °C, with 283  mm precipitation and a 
potential evaporation of 1754  mm. The dominant plant 
species are Stipa krylovii, Leymus chinesis and Cleis-
togenes squarrosa. Winters are longer than summers and 
the approximate average maximum daytime temperature 
is −20.02 °C in January and 22.72 °C in July.

Study design
Twenty adult Eurasian Skylarks and twenty adult Asian 
Short-toed Larks (sex ratio  =  1:1) per year were cap-
tured in mist-nets on the same date, March 15, in 
2014 and 2015. Birds were housed in out-door aviaries 
(50 cm × 40 cm × 35 cm) (one bird per aviary), in which 
they were acclimatized to captivity for 10 days. Birds were 
fed mixed seeds, boiled eggs, mealworms and provided 
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with water during this period. At least 100 μL of whole 
blood was collected from each bird every four days from 
March 25 to May 6 in 2014 and 2015. Blood was collected 
into heparinized micro-capillary tubes within 1–3 min of 
capture by puncturing a brachial wing vein with a disin-
fected 23G needle. The skin around the puncture site was 
disinfected with medical alcohol before and after punctur-
ing. Pressure was applied to the puncture site for 1  min 
with an alcohol-soaked cotton wool swab to stop bleeding 
immediately after blood samples had been collected. Blood 
samples were stored at 4 °C for up to 8 h until centrifuged 
at 3000 r/min for 10 min. The resultant blood plasma and 
cells were separated into different micro-centrifuge tubes 
and then kept frozen until assayed. The blood plasma sam-
ples were used for hormone assay, while the blood cells 
were used to extract DNA for molecular sex discrimina-
tion based on methods described by Griffiths et al. (1996). 
We also considered the ambient temperature effect on the 
difference between the two study years. Daily maximum 
and minimum temperature data in March and April of our 
study site were obtained from the Inner Mongolian Mete-
orological Bureau (http://www.nmgqxfw.com/).

Hormone assays and measurement of body mass
Plasma LH, T, E2 and T3 levels were measured using 
chicken enzyme immunoassay kits from MyBioSource 
(cat#MBS165746), Assay Design (cat #ADI-901-065 and 
-174) and Cygnus (cat # KL023681), respectively. In order 
to confirm that these kits would work on the plasma of 
the two lark species we first used the kits to analyze the 
concentration-dependent binding dynamics of diluted 
plasma samples from 20 birds of each species. These 
samples had been pooled and diluted by 1, 1/2, 1/4, 1/8, 
1/16 and 1/32, according to the methods used by Chas-
tel et al. (2005) and Washburn et al. (2007). The resulting 
LH, T and E2 dilution curves obtained for each species 
closely approximated the standard ELISA Kit curves, 
confirming that the kits could reliably assess plasma LH, 
T, E2 and T3 levels in both species. Body mass was meas-
ured with a spring balance (PESOLA200060, Germany). 
For the Asian Short-toed Lark, the inter- and intra-plate 
coefficients of variation for LH were 7.06 and 6.5%, for 
T 9.1 and 7.7% and 8.5 and 2.4% for E2. For the Eurasian 
Skylark, the inter- and intra-plate coefficients of variation 
for LH were 7.12 and 6.3%, for T 8.7 and 7.4% and 8.1 and 
2.01% for E2.

Data analysis
We used Linear Mixed Models (LMMs) to determine the 
effects of sex, sample date and species on LH, T3, as well 
as body mass in each of the two years. Sex, sample date, 
species and their interactions between these factors, were 
modeled as fixed factors with individual bird as a random 

factor. The LMMs were also used to determine the effects 
of sample date and species on T and E2 in both years. Sam-
ple date, species and the interactions between these factors 
were modeled as fixed factors, again with individual bird 
as a random factor. The response variables LH, T, E2 and 
T3 and body mass were first logarithmically transformed 
to correct for departures from normality and homogeneity 
of variance. If there was no significant difference between 
males and females of each species in a given variable based 
on the results of LMMs, then the relevant data from each 
sex were pooled for analysis, otherwise data from males 
and females were analyzed separately. Repeated measure 
ANOVA was used to analyze the difference between males 
and females when the variable “sex” showed significant 
effects in the LMMs. Finally, we used the dates on which 
peak plasma LH, T, E2, T3 concentrations and body mass 
were recorded as indicators of the speed of pre-breeding 
physiological preparation in both species.

Results
Temperature difference between 2014 and 2015
Mean daily maximum and minimum ambient tempera-
tures in March and April in 2014 and 2015 are shown in 
Fig.  1. Both March and April daily maximum tempera-
tures were significantly higher in 2014 than in 2015.

Reproductive hormones
Because there were no significant differences in LH levels 
between males and females of either species in both years 
of the study (Table 1), LH data from each sex were pooled 
for subsequent analyses. The LMMs indicated that 

Fig. 1  Mean daily maximum and minimum temperatures in the 
Dalai National Nature Reserve, Inner Mongolia, China, in March and 
April 2014 and 2015. MHT March highest temperature, MLT March 
lowest temperature, AHT April highest temperature, ALT April lowest 
temperature. The average temperature of March and April in 2014 
were higher than in 2015

http://www.nmgqxfw.com/
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sampling date and species significantly affect the plasma 
LH, T and E2 concentrations in both years (Table 1). Gen-
erally, LH, T and E2 levels first increased, then decreased 
(Figs. 2, 3, 4). Mean LH levels in both species peaked on 
April 12th in 2014 and on April 18th in 2015 (Fig. 2). In 
2014, mean plasma T levels of Asian Short-toed Larks 
peaked on April 18th, whereas those of Eurasian Skylarks 
peaked on April 24th (Fig.  3). In 2015, mean plasma T 
levels of both species peaked on April 24th (Fig. 3). The 
mean plasma E2 levels of both species peaked on April 
18th in 2014 and on April 30th in 2015 (Fig. 4).

Thyroid hormone
The results of LMMs also show that sample date and spe-
cies significantly affect the plasma T3 concentration in 
both years (Table 1). The mean plasma T3 concentration 
of each species is shown in Fig. 5. Generally, T3 levels first 
increased, then decreased. Mean T3 levels of each spe-
cies peaked on March 31st in 2014 and on April 6th in 
2015 (Fig. 5). Plasma T3 levels peaked 12 days earlier than 
plasma LH in both species.

Body mass
The results of LMMs show that sex, sample date and 
species significantly affect the body mass in both years 
(Table  1). Significant sexual dimorphism in body mass 
was detected in the Eurasian Skylark in 2014: females 
had significantly higher body mass than males (Repeated 
measure ANOVA, F1,47 =  8.00, p  <  0.01). Body mass in 
both species first increased, then decreased (Fig.  6). In 
2014, the mean body mass of Asian Short-toed Larks 
peaked on April 12th, whereas that of male and female 

Table 1  Results of  a linear mixed model of  the effects 
of  species, time and  sex on  plasma LH andT3 and  body 
mass in  Asian Short-toed Larks and  Eurasian Skylarks 
in 2014 and 2015

Year Response vari-
able

Explanatory variable F p

2014 LH Species 3.32 <0.05

Sample date 13.96 <0.01

Sex 0.50 0.48

Species * sample date 0.05 1.00

Species * sex 1.30 0.26

Sample date * sex 0.47 0.76

Species * sample date 
* sex

0.48 0.75

T Species 4.86 <0.05

Sample date 6.85 <0.01

Species * sample date 0.81 0.50

E2 Species 0.00 0.95

Sample date 7.63 <0.01

Species * sample date 0.20 0.90

T3 Species 15.52 <0.01

Sample date 4.50 <0.01

Sex 0.88 0.35

Species * sample date 0.58 0.68

Species * sex 0.72 0.40

Sample date * sex 0.46 0.77

Species * sample date 
* sex

0.12 0.98

Body mass Species 1918.50 <0.01

Sample date 22.25 <0.01

Sex 8.44 <0.01

Species * sample date 3.32 <0.01

Species * sex 22.63 <0.01

Sample date * sex 0.42 0.87

Species * sample date 
* sex

0.64 0.70

2015 LH Species 4.30 <0.05

Sample date 14.92 <0.01

Sex 3.39 0.07

Species * sample date 1.09 0.37

Species * sex 1.13 0.29

Sample date * sex 0.56 0.71

Species * sample date 
* sex

1.03 0.39

T Species 1.13 0.29

Sample date 4.22 <0.01

Species * sample date 0.49 0.76

E2 Species 2.96 0.09

Sample date 3.00 <0.05

Species * sample date 0.15 0.96

T3 Species 20.94 <0.01

Sample date 6.24 <0.01

Sex 0.55 0.46

All Asian Short-toed Larks and Eurasian Skylarks had been captured in the wild 
and sampled while held in captivity in 2014 and 2015. Data are presented as 
mean ± SE; italic values expressed probabilities indicate statistically significant 
differences

Table 1  continued

Year Response vari-
able

Explanatory variable F p

Species * sample date 1.33 0.7

Species * sex 0.56 0.48

Sample date * sex 0.34 0.89

Species * sample date 
* sex

3.83 <0.01

Body mass Species 1792.43 <0.01

Sample date 45.30 <0.01

Sex 0.81 0.37

Species * sample date 9.60 <0.01

Species * sex 3.70 0.06

Sample date * sex 2.78 <0.05

Species * sample date 
* sex

1.26 0.28
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Eurasian Skylarks peaked on April 18th (Fig. 6). In 2015, 
the body mass of Asian Short-toed Larks peak on April 
18th, whereas that of male and female Eurasian Skylarks 
peaked on April 24th (Fig. 6). The Asian Short-toed Larks 
attained peak body mass six days earlier than the Eura-
sian Skylarks in both years.

In general, plasma LH, T, E2, T3 levels, and body mass, 
peaked earlier in 2014 than in 2015 in both species.

Discussion
Changes of reproductive hormones
Seasonally breeding songbirds typically have an annual, 
reproductive endocrine cycle (Dawson et  al. 2001). 
Briefly, as spring approaches and day length increases, 
secretion of GnRH and gonadotropins increases (LH 
and FSH) which stimulates gonadal growth leading to an 
increase in plasma concentrations of sex hormones. Our 
results show that temporal trends in LH, T and E2 lev-
els in wild Eurasian Skylarks and Asian Short-toed Larks 

follow this general pattern. The differences in the con-
centrations of these hormones between the two species 
should be explained as species specific features.

In both 2014 and 2015 plasma LH levels in both spe-
cies began to rise at the end of March and peaked in the 
middle of April, then gradually decreased. In European 
Blackbirds (Turdus merula) (Dominoni et  al. 2015), 
Abert’s Towhee (Pipilo aberti) (Davies et  al. 2015) and 
Dark-eyed Juncos (Junco hyemalis) (Greives et al. 2016), 
plasma LH levels were higher in birds that bred earlier 
than in those that bred later (Dawson 2008). Our results 
suggest that the plasma LH levels of the migratory Eura-
sian Skylark and resident Asian Short-toed Lark peak at 
the same time in the spring, suggesting that both species 
activate the HPG axis at the same time.

Because testosterone stimulates territorial behavior, 
courtship and mating in male birds, increases in plasma 
T concentrations are an important indicator that males 
are preparing to breed (Wingfield et al. 2001; Jodie et al. 

Fig. 2  Temporal trends in mean plasma luteinizing hormone (LH) 
levels in Asian Short-toed Larks and Eurasian Skylarks. All Asian Short-
toed Larks and Eurasian Skylarks had been captured in the wild and 
sampled while held in captivity in 2014 (a) and 2015 (b)

Fig. 3  Temporal trends in plasma testosterone (T) levels in Asian 
Short-toed Larks and Eurasian Skylarks. All Asian Short-toed Larks and 
Eurasian Skylarks had been captured in the wild and sampled while 
held in captivity in 2014 (a) and 2015 (b)
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2007; Garamszegi et al. 2008; McGlothlin and Ketterson 
2008; Tonra et  al. 2011). Our results show that plasma 
T concentrations peaked earlier in the Asian Short-toed 
Lark than in the Eurasian Skylark in 2014, but at the same 
time in 2015. This difference may be due to the warmer 
early spring (March and April) temperatures recorded in 
2014. The average March temperature in 2014 was 1.5 °C 
and in April 3  °C, higher than those in 2015. Higher 
spring temperatures have been found to accelerate testis 
maturation in male birds (Silverin et  al. 2008). Resident 
birds are more sensitive to unusually high or low tem-
peratures at the breeding grounds than recently arrived 
migrants (Sol et  al. 2005); male Asian Short-toed Larks 
would therefore be expected to be more easily affected by 
higher than average spring temperatures. The synchrony 
of the timing of peak T plasma concentrations between 
species in 2015 may reflect the lower spring temperature 
recorded in that year.

Estradiol stimulates sexual behavior in female birds via 
the central neural system (Eising et al. 2001; Eda-Fujiwara 
et al. 2003; Hunt and Wingfield 2004; Adkinsregan 2008; 
Aurélie et al. 2010; Christensen et al. 2012). Our results 
show that plasma E2 in both species peaked at the same 
time, suggesting that both migrant and resident females 
can start breeding simultaneously.

Changes of thyroid hormone
T3 can promote the synthesis of DNA, RNA, cellular 
proteins and increase metabolic rates (Peng et  al. 2010; 
Vézina et al. 2011; Welcker et al. 2013; Zhang et al. 2013). 
Plasma T3 levels of seasonally breeding birds increase 
during the pre-breeding period in preparation for higher 
energy consumption during breeding (Smith 1982; 
Pathak and Chandola 1983). Our results show that the 
plasma T3 concentrations in both species increased in 
early spring and peaked simultaneously in both 2014 and 

Fig. 4  Temporal trends in plasma estradiol (E2) levels in wild Asian 
Short-toed Larks and Eurasian Skylarks. All Asian Short-toed Larks and 
Eurasian Skylarks had been captured in the wild and sampled while 
held in captivity in 2014 (a) and 2015 (b)

Fig. 5  Temporal trends in plasma triiothyronine (T3) levels in wild 
Asian Short-toed Larks and Eurasian Skylarks. All Asian Short-toed 
Larks and Eurasian Skylarks had been captured in the wild and sam-
pled while held in captivity in 2014 (a) and 2015 (b)



Page 7 of 9Zhao et al. Avian Res  (2017) 8:10 

2015, suggesting that migratory birds can increase their 
metabolic rate at the same time as resident birds. In addi-
tion, our results also show that plasma T3 levels peaked 
earlier in both species than plasma LH. Reproduction 
requires elevated energy consumption (Jorg et al. 2014), 
therefore increasing the metabolic rate is essential prepa-
ration for reproduction. From this perspective, plasma 
T3 concentrations should rise earlier than LH concen-
trations. The differences in the concentrations of T3 on 
the same sample date between the two species should be 
explained as the species specific features.

Changes of body mass
Breeding is so energetically demanding that many bird 
species have a negative energy balance while breed-
ing, necessitating the accumulation of energy reserves 
before breeding commences (Zina and Salvante 2010). 
Body mass is a comprehensive index that reflects the 

balance of energy intake, energy expenditure and nutri-
tional status (McNab 2009). The body mass of birds often 
increases with increasing food abundance in spring (Both 
and Visser 2005; Cooper 2007; Fischer et  al. 2010) and 
females with higher body mass can lay eggs earlier (Neto 
and Gosler 2010). Our results show that Asian Short-
toed Lark attained its maximum body mass earlier than 
the Eurasian Skylark in both 2014 and 2015, suggesting 
that resident species accumulate energy reserves faster 
than migrants. There could be two explanations for this. 
The first is because the digestive organs of migratory 
birds, such as the intestines, liver and pancreas, atrophy 
in order to minimize body weight and facilitate flight; 
these organs take time to regain normal size and func-
tion after arrival at the breeding grounds (McWilliams 
and Karasov 2001). Secondly, in addition to accumulating 
fat, migratory species also need to recover muscle pro-
tein consumed during migration but the rate of protein 
accumulation is slower than that of fat (McWilliams and 
Karasov 2001).

Differences between years
Finally, the difference in the dates when each species 
attained peak body mass in 2014 and 2015 maybe due 
to the higher spring temperature in 2014 (Fig.  1). Our 
results suggest that both the migratory Eurasian Skylark 
and the resident Short-toed Lark can advance their phys-
iological preparation for breeding in response to warmer 
spring temperatures. Temperature-controlled experi-
ments are, however, required to confirm this hypothesis.

Conclusion
Migratory Eurasian Skylarks were able to increase their 
levels of reproductive and thyroid hormones at the same 
time as resident Asian Short-toed Larks, but the latter 
were able to increase their body mass faster. Although the 
Eurasian Skylarks needed more time to regain their body 
condition, migration did not otherwise appear to delay 
their physiological preparation for reproduction. The 
rate of T secretion in Asian Short-toed Larks had been 
accelerated by the higher spring temperature recorded in 
2014, which suggests that resident species might adapt 
to current climate change more quickly than the migrant 
species.
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