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Abstract 

Evolution of life history traits has fascinated biologists for decades. For a better 

understanding of this issue, the cost and benefit in survival and mating success are 

needed. Nevertheless, field studies are relatively rare due to the challenges of 

accessibility of real cost in the wild that leads ambiguous conclusions in literature. In 

this dissertation, I focused on two critical life history traits, reproduction and autotomy, 

of Takydromus viridipunctatus under ecological contexts that showed the cost and 

benefit of these traits in survival and mating success. 

These series of studies began at a monthly capture-mark-recapture (CMR) 

experiment at Jinshan Cape of northern Taiwan during 2006 to 2013. This 8-yeared 

study have accumulated over 20,000 pieces of CMR data from around 11,000 

individuals with their morphological records. I first described their fundamental 

demography and the reproductive cycle in Chapter 1. My results showed annual 

patterns of reproductive traits in adults and a following emergence of juvenile 

indicating the breeding season of this species, starting in May and end in October. Males 

were slightly bigger than females in body weight, as well as had higher survival rate 

than female during the breeding season. The sex differences in morphology and survival 

consisted to the seasonal sexual dimorphism in this species. 

In Chapter 2, I examined the cost of reproduction and its association to 

ectoparasitism under natural condition. The tradeoff between reproduction and survival 

is a central theme in life-history theory, however, empirical studies that link the cost to 

survival in the wild are rare. By using lateral coloration in males, and biting scars and 

pregnancy situation in females as reproductive indexes, I tested the association between 

reproduction and ectoparasitism, then linked them to survival with CMR modeling. I 

found a positive association between reproductive indexes and ectoparasitism, as well 
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as a substantially negative association between survival and ectoparasite load in both 

sexes. These results suggested that individuals with higher reproductive indexes had 

higher ectoparasitism and lower survival rate than that with lower indexes. The wild 

correlations from this long-termed and huge dataset clearly indicated a severe survival 

cost of reproduction and implied the extrinsic agent, ectoparasites, may playing a 

critical role in this trade-off. 

In Chapter 3, I examined the immunocompetence handicap hypothesis in males, 

the potential mechanism causing the association in Chapter 2. In Takyromus lizards, the 

lateral coloration are assumed as a sexual signal but no study address on it so far. Here, 

I tested this assumption, then linked this color to testosterone, mating success and the 

immunity cost of reproduction. I used wild correlation, hormone manipulation and 

female preference experiments to confirm the cause-effect relationships among lateral 

coloration, testosterone, immunity, and mating success. There was a positively 

association between testosterone level and the area of green color in wild males. The 

hormone manipulation indeed enhanced the area of green spots, locomotor performance 

and size of genital while reduces immunity simultaneously. However, males with 

testosterone treatment and green spots were preferred by female indicating the function 

of lateral coloration, as a sexual signal for females. This chapter showed a possible 

mechanism of the associations in males appeared in Chapter 2 and linked the green 

spots to mating success. Summarizing Chapter 2 and 3, I suggested that testosterone 

was the physiological factor to cause the benefit of mating success and the cost of 

immunity. Then extrinsic ectoparasite may played an ecological role that link this 

intrinsic tradeoff to survival under natural condition. 

In Chapter 4, I studied survival cost and benefit of autotomy and regeneration. 

Caudal autotomy has intrigued scientists over one century. Nevertheless, the lack of 

empirical study in wild remains this topic equivocal. I used the long-termed CMR data 
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and a contemporary bird census to unravel the complicated associations among tail loss, 

predation pressure, and the survival cost and benefit of tail loss and regeneration. 

Autotomy records and abundance of 4 candidate bird predators were used to examine 

the association between tail loss and predation pressure. CMR modelling was 

performed to evaluate the survival cost of tail loss and the alleviation by regeneration. 

The results suggested that cattle egrets cause direct mortality while shrikes and kestrels 

influenced autotomy, showing the mismatch between autotomy rate and predation 

pressure. The survival cost of autotomy was severe, especially the 30% decline in males 

during the breeding season. Surprisingly, the survival revived after tail regrowth clearly 

indicating the survival benefit of regeneration. This chapter provided field evidences to 

resolve debates of autotomy and regeneration that increase our understanding about 

how this dramatic behaviour are maintained in lizards. 

 

Keyword: capture-mark-recapture, cost and benefit, life history, population 

demography, squamata, tail loss. 
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Chapter 1 

The demography and reproductive pattern of green-spotted grass 

lizard Takydromus viridipunctatus (Squamata, Lacertidae) in a long-

term monitored population in North Taiwan 

Abstract 

I provided an 8-yeared capture-mark-recapture (CMR) study of Takydromus 

viridipunctatus, accumulating over 20,000 pieces of data from around 11,000 

individuals, to show their population structure, reproductive pattern, sexual size 

dimorphism, and survival situation. As a sexual dimorphic species, males were 8% 

heavier than females (male: 1.97±0.01; female: 1.82±0.01) without significant 

difference in snout-vent length, moreover, this weight difference increased when 

snout-vent length increased. The sex ratio was 1.1:1 that males were slightly more 

than females in this population. The dynamics of the appearance of lateral green spots 

in males, the biting scars and pregnancy situation in females, and the emergence of 

abundant juvenile were concomitant annually. These cyclic fluctuations precisely 

indicated the period of breeding season in this population, beginning in May and 

ending before October. By using CMR modeling, I found that monthly survival in the 

breeding season tended to lower than that in the non-breeding season. Furthermore, 

female had lower monthly survival rate than male during breeding season (female: 

0.78; male: 0.81). The sex differences in body size and survival rate consisted with the 

sexual dimorphism in this small lizard. The lower survival in breeding season than 

non-breeding season implied the cost of reproduction. Our work is the first long term 

demographic study in Takydromus lizards that provide valuable ecological foundation 

for relative research in the future. 
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Introduction 

Lizards have become one of the model organisms in evolutionary biology and 

ecology due to the plenty of literature in diverse fields, such as population 

demography, life history strategies, functional morphology, and ecophysiology 

(Camargo et al. 2010). The base of this long-term accumulation of knowledge is 

constructed by demographic study. Population demography provide fundamental 

information of organism which is substantial for knowing life history and 

reproduction pattern in detail, and could further provide the insight on the evolution 

with ecological context (Stearns 1992). Lizards are good target for demographic 

studies because they are easy to approach and capture which facilitate capture-mark-

recapture studies in the wild (Camargo et al. 2010). Field demographic studies of 

lizards rose in 1960s and have contributed prominently in the development of life 

history theory (Huey et al. 1983). In addition, lizards are tolerant to manipulation 

makes following experiments performable after the interesting patterns are found 

from the field demography. Therefore, lizard demographic studies and subsequent 

research from several well-known species have taken the progresses of knowledge in 

microevolution (Sinervo et al. 2007, Stuart et al. 2014), natural selection (Tinkle et al. 

1970, Pianka and Parker 1975, Calsbeek and Irschick 2007, Calsbeek and Cox 2010), 

sexual selection (Carothers 1984, Olsson et al. 2002, Cox and Calsbeek 2009), 

adaptive radiation(Losos et al. 1997, Losos 2009), and species distribution (Huey 

1982, Kearney and Porter 2004, Kearney and Porter 2009, Sinervo et al. 2010) in this 

handful decades. For example, the demographic studies of Uta stansburiana started in 

1960s (Tinkle 1967), now this lizard is one of the most famous species in evolutionary 

biology and ecology. Nevertheless, the literature is seriously bias among geographic 

regions and taxa. Research mainly focused on species in temporal region, especially 

in North American and Europe, while the Asian species in tropical region receives far 
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less attention (Du et al. 2005) that leads limited knowledge about species in this area. 

For comprehensively understanding life history of lizards, demographic data of 

species in tropical Asian is requisite. 

The East Asian grass lizard Takydromus is a small sized lacertid lizard which 

wildly distributed in the Oriental and eastern Palaearctic regions. There are currently 

around 20 species in this genus with particular high species diversity in Taiwan, and 

new species were continuously described in the past decades (Arnold 1997, Lue and 

Lin 2008, Wang et al. 2017). After better understanding to their phylogeny and 

biogeography (Lin et al. 2002, Ota et al. 2002), the studies of this genus expended 

into diverse fields, such as physiological-caused plasticity (Chen et al. 2003, Du and 

Ji 2006, Ji et al. 2007), genetics-fitness correlation (Shaner et al. 2013), and speciation 

(Tseng et al. 2014, Tseng et al. 2015). The rise and the diversity of studies in this 

genus within this two decades showed the potential to become a model group in 

evolutionary biology. However, the long term demography of grass lizards in the wild 

has rarely been addressed. The limited data of life history in this genus is reproductive 

output of females (Huang 1998, Ji et al. 1998, Du et al. 2005, Huang 2006, Luo et al. 

2012) which is mainly collected from laboratory studies. Most of the demographic 

parameters under natural condition are still unknown, leading a gap of knowledge in 

this genus. 

Green spotted grass lizard Takydromus viridipunctatus was identified as a new 

species from T. formosanus in northern Taiwan in 2008 due to the significant genetic 

difference and its special seasonal dichromatism. Male individuals present intense 

green spots on their lateral body during breeding season, while females remain in dull 

brown whole year similar to the color pattern of T. formosanus. There is a dense 

population surrounded by ocean and urban area found by my lab that is appropriate to 

understand the demography of this species under natural condition. I conducted a 
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monthly capture-mark-recapture (CMR) experiment since May 2006 to August 2013. 

Herein, I investigated the 8-yeared CMR data to know their demography and 

population dynamics. Specifically, first, I inspected the dynamic of population 

structure and the temporal variation in the morphological and reproductive traits, 

including body size and reproductive index, which recorded from the captures to 

reveal their life cycle in detail. Second, I tested the sexual size dimorphism in this 

sexual dichromatic species. Final, by using CMR modeling, I estimated the survival 

rate of adults and examined whether this fitness component varied by sex and their 

reproductive cycle. 

 

Material and methods 

Study system and Field work 

The long-term monitored population was at Shitoushan Park in Cape Jinshan, 

northeastern coast of Taiwan (25°13′34″N, 121°38′55″E). The vegetation on the cape 

was consisted of grass lands (dominant species are Miscanthus spp., Bidens pilosa and 

Wedelia triloba) and mosaic secondary forest. This study site was in a coastal 

promontory surrounded by ocean and developed regions where emigration and 

immigration are less possible. The climate is typically subtropical monsoon climate 

with 22.6°C annual temperature and 3,772 annual precipitation.  

A monthly capture-mark-recapture (CMR) survey of T. viridipunctatus was 

conducted one night per month during May 2006 to August 2013. The capture night 

was one of the sunny days in the beginning of every month. Seven to 12 experienced 

fieldworkers searched several transects totally around 800 m in length for two to three 

hours and captured all of the observed individuals by hand as they slept on grass and 

herb leaves. All captured individuals were weighed to the nearest 0.01 g using an 

electronic scale, and their snout-vent lengths (SVL) were measured to the nearest 0.01 
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mm using a digital caliper. Sex was recorded according to the existence of lateral 

green spots and the lump of hemipenes in the basal of tail. Small Individuals without 

obvious sign to distinguish sex were assigned as juvenile. The number of the 

trombiculid mites (Leptotrombidium sp.) on each lizard was counted, then the 

situation of reproduction and autotomy were evaluated (see below). All captured 

individuals were uniquely tagged by toe clipping after measurement, and then 

released back to the study site after measurement. Previous study has suggested that 

there was no systematic bias in this capture procedure (Shaner et al. 2013). 

 

Evaluation of reproduction 

 The lateral green spots, which appearing only on males and being intense during 

breeding season, is the critical trait to identify this species and may play an important 

role in their reproduction (Lue and Lin 2008). I used this trait as an index of 

reproduction for male individuals (Fig. 1.1A). I defined three levels in the index of 

reproduction for males depend on the total area of green spots. Level one denoted no 

green spots on lateral side; level two denoted <40% lateral area are green; level three 

represented >40% lateral area are green. On the other hand, I used the V-shape bite 

scars and pregnancy situation as an index of reproduction for female. These scars are 

caused by the biting from male during copulation that show the copulation times a 

female recently experienced (Fig1.1B). I defined this reproductive index into three 

levels. Individuals without any mating scar were assigned into level one; individuals 

with one biting scar were assigned into level two; individuals with more than 2 biting 

scars were assigned into level three. The pregnancy situation was evaluated through 

palpation to abdomen of each female. Females without egg were assigned as non-

pregnant. Females with eggs were assigned as pregnant and the number of eggs was 

recorded. 
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Survival estimation 

I used CMR data of males and females to estimate the survival rate of adults by 

using Cormack-Jolly-Seber (CJS) model in program MARK (White and Burnham 

1999). Juvenile data was not included here because the transition rate from juvenile to 

adult is inaccessible in CJS model. Here I only estimated survival rate of adults. The 

CJS model simultaneously estimates the probability of any given individual remaining 

in the population between capture occasions (φ) and capture probability (p) at each 

capture occasion. It allows users to incorporate categorical and/or continuous 

variables as predictors to explain both probabilities. Although there is a constraint to 

separate the possibility of emigration from φ in CJS model, my study site was 

surrounded by urban areas and ocean, making successful emigration unlikely. 

Therefore, φ is inferred as survival rate in this chapter and the rest of this study. The 

noise p was first evaluated then used to construct the model of φ. The model of sex- 

and time-varied p (psex*time) was supported by comparing Akaike’s Information 

Criterion (AICc). I used psex*time to construct the 7 models with different function of φ: 

costant (φ.), sex-varied (φsex), season-varied (φseason), time-varied (φtime), sex- and 

season-varied with interaction (φsex*season), sex- and season-varied without interaction 

(φsex+season), and sex- and time-varied with interaction (φsex*time). The best model was 

found according to AICc, then likelihood ratio test (LRT) was used to test the 

significance of predictors. Program RELEASE GOF and bootstrap GOF were used to 

evaluated the goodness of fit of the global model (φsex*time, psex*time) for understanding 

the model fit of this survival analysis. Both estimates suggested a fairly good model 

fit in my survival analysis (RELEASE GOF: 2=279.07, df=307, p=0.8721; bootstrap 

GOF: c-hat=0.7028). 
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Results 

There were 20,552 captures of 11,415 individuals in total 88 captured occasion 

during 8 years. The mean number of captured individuals during each sampling event 

was approximately 233 and was over 500 at some fall occasions. The number of total 

captured individuals fluctuated annually that was low in late winter and high in fall 

(Fig. 1.2A). The recapture rates in the census region ranges from 0.2 to 0.9 with the 

highest rate in summer, around 0.6-0.9, and the lowest rate in fall, especially in 

October (Fig.1.2D). The pattern of the dynamic of captured adults was similar to that 

of total individuals, while the highest amount appeared in summer but not in fall (Fig. 

1.2B). The abundance of juveniles varied more dramatically than adults. The number 

of juveniles was extremely low in June and July, then it increased starting at late 

summer and was become highest in fall, which could over 300 in some fall occasions 

(Fig. 1.2C), suggesting the large reproductive potential in this species. 

The temporal variation of proportion of juveniles/adults and SVL of all capture 

individuals showed a conspicuously seasonal pattern. The relative frequency of 

individuals in male, female, and juvenile changed seasonally that the proportion of 

juvenile increased in late summer, and became the major component of population in 

fall, then decreased until next summer (Fig. 1.3A). This pattern suggested the large 

reproductive potential in this species again. The temporal variation in body size of all 

captured individuals also presented a seasonal pattern year by year (Fig. 1.3B) clearly 

showing that juveniles hatched and joined to the population as early as June and 

ended in late fall. Therefore, the proportion of newly hatched juveniles increased after 

summer that resulted in the annual decline of recapture rate (Fig. 1.2D). All of these 

juveniles then grew up and attained the sex maturity next year. 

The smallest male showing lateral green spots was 36.19 mm in SVL, and the 

smallest pregnant female was 37.89 mm, therefore, males and females larger than this 
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body size were considered as adults. The temporal variation of reproductive indexes 

in adults showed similar annual pattern as well. The proportion of males with 

different level of green area (Fig. 1.4A) and that of females with different scar index 

(Fig. 1.4B) and pregnant index (Fig. 1.4C) varied seasonally. Large proportion of 

individuals with higher reproductive indexes rose beginning in late spring and early 

summer in both male and female that indicated most individuals joined reproduction 

in this period. The annual pattern of pregnancy situation clearly suggested that the 

breeding season of T. viridipunctatus started in May and ended before October. The 

clutch size of pregnant females was range from 1 to 3 (1709 pregnant females, 810 

with one egg, 870 with two eggs, 29 individuals with 3 eggs) with mean at 1.5470. 

The small and invariant clutch size of females and the large amount of juveniles 

hatched in fall (Fig. 1.2C and 1.3A) indicated that female laid several clutches during 

the breeding season. 

In all data, there was 10,868 captures from 4,504 adult individuals which 

summarized from 5,176 captures of 2,129 females and 5,692 captures of 2,375 males. 

The sex ratio was 1.1:1 that the proportion of male was significantly higher than 

female (Chi square test: 2=24.70, df=1, p<0.0001). The means of SVL of males and 

females were 46.83 mm and 46.55 mm, and the body weight were 1.97 g and 1.82 g 

respectively. There was sexual size dimorphism in this seasonal sexual dichromatic 

species. Male and female were similar in SVL (N=4504, Wilcoxon rank-sum test: 

2=0.23, p=0.6339, Fig. 1.5A), while body weight in male was significantly higher 

than in female (N=4504, Wilcoxon rank-sum test: 2=17.36, p<0.0001, male median: 

2.05g, female median: 1.85g, Fig. 1.5B). This weight difference between sexes 

increased with increasing snout-vent length (multiple regression analysis, total model: 
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R2=0.78, F3,4500=5260.78, p<0.0001; sex: F1,4500=40.71, p<0.0001; SVL: 

F1,4500=5143.58, p<0.0001; sex×SVL: F1,4500=74.23, p<0.0001, Fig. 1.5C) 

In survival analysis, the top three models, φsex*season, φseason, and φsex+season, were 

well supported than rest models according to the low AICc and high model weight 

(Table 1). The influence of season on survival estimation was significant (LRT φseason 

vs φ.: 
2=7.83, df=1, p=0.0051) clearly indicating that survival varied in different 

season. Sex was not a significant predictor when it added in the model with seasonal 

effect (LRT φsex+season vs φseason: 
2=1.84, df=1, p=0.1746). However, the interaction 

between sex and season marginally improved the model performance (LRT φsex*season 

vs φseason: 
2=5.21, df=2, p=0.0740; φsex*season vs φsex+season: 

2=3.36, df=1, p=0.0667). 

According to the model weight, the model with the interaction between sex and 

season (φsex*season) was around 1.70 times better than the one with season effect 

(φseason), and 1.91 times better than the model with season and sex effect 

(φsex+season)(Table 1). Due to the marginal significance of the interaction effect between 

sex and season on survival estimation, here I presented monthly survival rate 

estimated by model average. Male and female had similar monthly survival rate in the 

non-breeding season (φnon-breeding male: 0.85, 0.82-0.87; φnon-breeding female: 0.85, 0.82-

0.88), while the sex difference in survival rose in the breeding season (φbreeding male: 

0.80, 0.76-0.84; φbreeding female: 0.78, 0.73-0.82). In addition, both sexes showed lower 

monthly survival rate in the breeding season than in the non-breeding season, and the 

difference in female was significant (φbreeding female: 0.78, 0.74-0.82, φbreeding female: 0.85, 

0.82-0.88, Fig. 1.6). The survival estimation suggested a strong seasonal pattern on 

survival that both sexes experience survival decline during breeding season, spatially 

in female.  
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Discussion 

My results showed the annual reproduction, fast maturation, large reproductive 

potential, and high mortality of T. viridipunctatus which suggested the fast life cycle 

and r-strategy propensity of this species. The large amount of juveniles and the one 

year maturation were clearly showed in the annual pattern of temporal dynamics. In 

the survival analysis, the monthly survival rate of adults was around 0.85 in the non-

breeding season (seven months), and 0.78 in female and 0.80 in male in the breeding 

season (five months). For adult individuals, the probability to survival to next year 

was around 0.10 (female: 0.857×0.785=0.09; male: 0.857×0.805=0.10) which meant 

90% individuals would die within one year. Summarizing these results, T. 

viridipunctatus is a species that could mature fast within one year and most of adults 

experience only one breeding season after sex maturation. Comparing to T. 

septentrionalis, the other species with report about age of sex maturation in this genus 

(two years for maturation, Ji et al. 1998), T. viridipunctatus showed faster life cycle 

than this larger relative. The difference in fast-slow life-history continuum between 

this two species also show in length of breeding season. The five-month breeding 

season of T. viridipunctatus in this study (May to October) is far longer than T. 

septentrionalis (April to July, Ji et al. 1998, Du et al. 2005). This difference might be 

caused by latitude difference of distribution in this two species: T. septentrionalis 

distributed in temperate area with high variation in temperature and food resources, 

while T. viridipunctatus distributed in tropical habitat with stable environment but 

high predation pressure. However, the breeding seasons of tropical Takydromus are 

diverse from the few studies of reproduction in this genus. T. sexlineatus reproduces 

during April to July (Xu and Ji 2000), while T. sauteri breeds in February to August 

(Huang 2006). The high diversity in the length and period of breeding season in this 
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genus is still unknown. More demographic research is needed for understanding the 

life history in this highly diverse genus. 

The clutch size estimated from over 1,700 pregnant females was one to two with 

handful of three-egg individuals in this species. This small and invariant clutch size 

and the huge number of juveniles hatched during breeding season indicated female 

reproduce frequently in this time period. Laying multiple clutches within single 

breeding season has been reported in several species in Takydromus (Takenaka 1981, 

Huang 1998, Ji et al. 1998, Xu and Ji 2000, Huang 2006, Luo et al. 2012). In the other 

research performed in laboratory, I found that captive females laid 2-4 clutches within 

two months during June to July (Lin unpublished data) that consisted with this 

suggestion in the wild. This small and invariant clutch size laid at frequent intervals 

throughout a lengthy breeding season is similar to the reproduction situation in Anolis 

liazrds and geckos (Andrews and Rand 1974, Kratochvil and Kubicka 2007) and may 

also appear in most small species in Takydromus. The causation in this genus 

therefore become an interesting topic in the future because both hypotheses, 

allometric hypothesis (Shine and Greer 1991) and arboreal hypothesis (Andrews and 

Rand 1974), seem likely in this small and bush-grass lived lacertidae. 

The low survival rate during the breeding season in this study strongly implied 

the cost of reproduction. Here I showed a survival decrease in the breeding season, 

especially in female. For females, the monthly survival rate decreased from around 

0.85 to 0.78 during the breeding season. For males, it decreased from 0.85 to 0.80. 

The survival difference between breeding and non-breeding season was unlikely 

attributed by the difference in food availability and temperature because food 

resources, arthropods, are usually abundant in summer and fall, and the temperature in 

this period is suitable for lizards. The tradeoff between reproduction and survival, the 

central theme in life history theory, is a plausible causation. Although there is no field 

 



12 
 

work in this topic in Takydromus and other Asian lizards, the serial studies of Anolis 

sagrei in the wild provides an analogue case of tropical lizards with short life span. A. 

sagrei has severe costs of reproduction in both male and female that the reproduction 

reduces the energy storage (Reedy et al. 2016). In female, evidences are 

comprehensively showed in several physiological measurements and the survival rate 

in wild (Cox and Calsbeek 2010, Cox et al. 2010). T. viridipunctatus is ecologically 

similar to A. sagrei, including small body size, the short live span (1-2 years), the 

habitat preference, breeding season (late spring to fall), the frequent-laid and invariant 

clutch size, and the annual survival rate (around 0.1). Therefore, the cost of 

reproduction might occur in in T. viridipunctatus. The alternative causation is the 

temporal change of intensity of predation pressure. The abundance of predators may 

vary among different seasons. For example, bird migration in Taiwan are common 

that creates different predator fauna and variant intensity of predation pressure to this 

small and fragile species. The sex difference in the change of survival rate between 

breeding and non-breeding season consisted with the seasonal sexual dichromatism in 

this species that might reflects the sex difference in reproductive investment and/or 

the anti-predator strategy. Further works are requisite for this interesting survival 

pattern in the future. In chapter 2, I further examined the prediction of cost of 

reproduction on survival to reveal the complicate relationships between survival and 

reproduction. 

Sexual size dimorphism was showed in this sexual dichromatic species. SSD is 

common and diverse in Takydromus that two groups of species show male-biased (e.g. 

T. septentrionalis and T. hsuehshanensis) and female-biased SSD (e.g. T. wolteri and 

T. formosanus) respectively. In this species, males were larger than females in body 

weight but not SVL which is differ to the female-bias T. formosanus, the close species 

involving this species last decade. This difference implied these two close species 
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experienced opposite force of sexual selection recently, resulting the opposite 

direction of evolution in SSD. In T. viridipunstatus, the lateral green spots showed 

only in male in the breeding season but not in female. While there are no sexual 

dichromitism in T. formosanus. The difference of this green spots might associate to 

the different direction of sexual selection. I further examined the function of this 

green spots in chapter 3. 
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Tables and Figures 

Table 1 The model selection of seven candidate models for adult survival rate.  

Model AICc ∆ AICc Weights 
Model 

Likelihood 
No. Par Deviance 

φsex*season psex*t 11560.55 0.00 0.46 1.00 82 2160.46 

φseason psex*t 11561.64 1.09 0.27 0.58 80 2165.67 

φsex+season psex*t 11561.85 1.30 0.24 0.52 81 2163.83 

φ. psex*t 11567.40 6.86 0.02 0.03 79 2173.50 

φsex psex*t 11567.73 7.18 0.01 0.03 80 2171.76 

φt psex*t 11582.15 21.61 0.00 0.00 111 2122.00 

φsex*t psex*t 11595.96 35.41 0.00 0.00 134 2087.70 

sex: female, male; season: breeding season (May-Oct), non-breeding season (Oct-May); t=time 

varied; .=constant. 
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Fig.1. 1 The indexes of  reproduction in (A) male, green side coloration, and in (B) 

female, mating scar. 
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Fig.1. 2 The dynamics of (A) total captured individuals, (B) adults (white bar: female; 

black bar: male), (C) juveniles, and the recapture rate (D) in total 88 captured 

occasions. 
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Fig.1. 3 (A) The dynamic of relative frequency of male (black bar), female(white bar), 

and juvenile (gray bar), and (B) the temporal variation in SVL of all captured 

individuals in total 88 captured occasions. 
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Fig.1. 4 The dynamics of relative frequency of (A) males with three color level (level 

1: white bar; level 2: gray bar; level 3: black bar) and (B) females with three scar level 

(level 1: white bar; level 2: gray bar; level 3: black bar) and (C) non-pregnant females 

(white bar) and pregnant females (black bar) in total 88 captured occasions. 
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Fig.1. 5 Sexual size dimorphism of male and female in (A) SVL, (B) weight, and (C) 

the relation between SVL and weight. There was no difference in (A) SVL between 

male and female (Wilcoxon rank-sum test: 2=0.23, df=1, p=0.6339), while body 

weight in male (median: 2.05g) was significantly higher than that in female (female 

median: 1.85g; Wilcoxon rank-sum test: 2=301.23, df=1, p<0.0001). Considering the 

snout-vent length (C), males were bigger than females when body size increased (total 

model: R2=0.78, F3,4500=5260.78, p<0.0001; sex: F1,4500=40.71, p<0.0001; SVL: 

F1,4500=5143.58, p<0.0001; sex*SVL: F1,4500=74.23, p<0.0001). 
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Fig.1. 6 The differences of monthly survival rates of male (black) and female (white) 

in the breeding and the non-breeding season. Both male and female tended to have 

lower survival rate in the breeding season. The survival difference between breeding 

season and non-breeding season was significant in female (φbreeding female: 0.78, 0.74-0.82, 

φbreeding female: 0.85, 0.82-0.88). In addition, the sex differences was larger in the breeding 

season than in the non-breeding season. 
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Chapter 2 

The costs of reproduction: the relationship among reproduction, 

ectoparasite load and survival in a dense population of grass lizard 

Takydromus viridipunctatus 

Abstract 

The trade-off between reproduction and survival, also known as “costs of 

reproduction”, is a central theme in evolutionary biology and ecology. These costs 

could be divided into two major categories: physiological costs and ecological costs. 

Research focusing on ecological costs was comparatively rare because of the 

difficulties in directly linking between extrinsic agents and survival. A long-term 

capture-mark-recapture(CMR) program of the green spotted grass lizard Takydromus 

viridipunctatus at Jin-shan cape, northern-Taiwan has initiated since 2006, 

accumulating over 20,000 pieces of data from roughly 11,000 individuals. From this 

huge dataset, we found a cyclic fluctuation of ectoparasite infection congruently match 

the breeding season of T. viridipunctatus that might imply the ecological costs of 

reproduction in this population. By using lateral green coloration of males, and 

copulation scars and pregnancy of females as indicators of reproductive investments, 

we found that adults with higher reproductive investments have more severe 

ectoparasitism than that with lower reproductive investments. Furthermore, through the 

CMR modeling, we found a clear negative association between survival and 

ectoparasite load. Despite that individuals with high reproductive investment had 

slightly higher tolerance to ectoparasite than that with lower reproductive investment, 

the serious infection still caused a severe survival cost on these individuals. Our results 

implied that the extrinsic agent, ectoparasites, plays a crucial role in the trade-off 

between reproduction and survival in this population.  
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Introduction 

The inherent tradeoff between current reproductive investment and future 

reproduction is a central theme in life-history theory which has been thought to 

explain diverse biological phenomena (Williams 1966, Reznick 1985, Stearns 2000, 

Zera 2001, Harshman and Zera 2007). The decrease of future fitness resulted by 

current reproduction, also known as “the costs of reproduction”, occurs on either 

fecundity or survival or both in the future. The costs are caused from at least two 

distinct, nonexclusive processes: the physiological costs, referring to the intrinsically 

reduced allocation of resources to future reproduction; and the ecological costs, 

referring to the decrease of future reproduction that extrinsically interacted with 

ecological agents such as predation and/or parasitism (Reznick 1992, Harshman and 

Zera 2007). This two distinct processes of the tradeoff between current and future 

reproduction connect to the fundamental question of how organism itself and 

environment they surrounded shape life history evolution (Williams et al. 2006). In 

addition to evolutionary significance, this inherent tradeoff can also lead to ecological 

consequences on population dynamics by affecting on reproduction or survival which 

may change the population demography dramatically.  

Evidences of artificial selection studies have shown this inherent tradeoff 

evolutionarily associates with the phenotypic evolution (Rose and Charlesworth 1981, 

Reznick et al. 1990, Gasser et al. 2000, Harshman and Hoffmann 2000, Reznick et al. 

2004), and plenty studies have documented the potential underling mechanism that 

current reproduction impairs future reproductive success (Shine 1980, Birchard et al. 

1984, Seigel et al. 1987, Schwarzkopf 1993, Lee et al. 1996, Hosken 2001, Bonnet et 

al. 2002, Cox and John-Alder 2007, Christe et al. 2012, Reedy et al. 2016). 

Nevertheless, most of the empirical literature were performed in laboratory with 

artificial or semi-natural environment that the inferences may not reflects the actual 
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situation in the wild (Schwarzkopf and Shine 1992, Landwer 1994, Calisi and Bentley 

2009), especially the costs interacts with environmental factors. Furthermore, most of 

these studies only showed the decrease of measured variable, such as physiological 

status, locomotor performance, and body condition, resulted by current reproduction 

but not linked the measurements to the fecundity or survival to show the true costs of 

fitness. The costs in these variables are assumed to link to the subsequent decrease in 

survival and/or future reproduction. However, this assumption may not always true 

when organism has ability to use their behavior to compensate for the decrease of the 

measured variables in the wild. Therefore, field study that connects current 

reproduction to the true fitness cost is requisite. According to the prediction of life 

history theory, the costs of reproduction in short lived organism is likely to occur on 

survival more than future fecundity (Van Noordwijk and de Jong 1986). Short lived 

organism is also fragile and influenced by ecological agents much seriously than long 

lived organism. Consequently, the research of cost of reproduction in short lived 

organism needs to address the survival changes caused by reproduction under 

ecological context. However, quantifying animal survival under natural condition is a 

challenged task (Lebreton et al. 1992). 

Parasites are recognized as one of the most important ecological agents that 

prominently influence many ecological and evolutionary processes (Hamilton and 

Zuk 1982, Hamilton et al. 1990, Hudson et al. 2002, Poulin 2007) by altering 

reproduction and/or survival of their host, as well as the tradeoff between this two 

components of fitness (Sheldon and Verhulst 1996, Zuk and Stoehr 2002). Unlike 

predator-prey interaction which only focus on survival, parasites influence many 

aspect of their hosts in multiple level, including metabolic processes, physiological 

condition, mating success and survival. Therefore, the influences from parasites to the 

hosts is more complicated and obscured than that from predators to the preys. In 
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reptiles, parasitism is documented as an indicator showing the tradeoff between 

reproduction and survival (Cox and John-Alder 2007, Václav et al. 2007, Cox et al. 

2010, Reedy et al. 2016). However, little is known about the following effects of this 

increase parasitism on mating success and survival. Furthermore, researches address 

on long term effects of parasites on host’s mating success and survival are extremely 

rare that the fitness consequence of parasitism remains equivocal in this taxa 

(Jacobson 2007). Some of the few studies suggested that the parasite load barely 

impairs the fitness of their reptile host (Bull and Burzacott 1993, Brown et al. 2006) 

which is contract to intuitive thought of parasites and also means that using parasitism 

just as an indicator is not comprehensive enough to show the costs of reproduction. 

More empirical studies are needed for uncovering the long term consequences of 

parasitism in reptiles. 

Field demographic studies, with individuals marked and tranced from birth to 

death involving ecological agents in large time scale, provide one of the best 

opportunities to figure out the aforementioned debates. In the long time CMR 

experiment of Takydromus viridipunctatus in north Taiwan, I tranced over 10,000 

individuals with recording reproductive traits and ectoparasitism condition for eight 

years, which is appropriate dataset to address the ecological-drove tradeoff between 

reproduction and survival. In this chapter, I briefly described the situation of the 

ectoparasitism on adults in this population during this time period. Second, I 

examined the association between reproductive traits and intensity of ectoparasitism 

to know the cost of reproduction in parasitism. Finally, I linked reproduction and 

ectoparasitism to survival by using capture-mark-recapture modeling to examine the 

ectoparasite impairment on survival. Specificly, I predict that 1) ectoparasitism 

associates with breeding season of T. viridipunctatus. 2) Individuals with a stronger 

reproductive trait have more serious ectoparasitism. 3) Intensity of ectoparasitism 
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negatively associates with survival rate. 4) Individuals with stronger reproductive trait 

have greater impairment of survival caused by ectoparasites. 5) Overall, individuals 

with stronger reproductive trait have lower survival rate. 

 

Materials and methods 

Study system and Field work 

The long-term monitored population was at Shitoushan Park in Cape Jinshan, 

northeastern coast of Taiwan (25°13′34″N, 121°38′55″E). The vegetation on the cape 

was consisted of grass lands (dominant species are Miscanthus spp., Bidens pilosa and 

Wedelia triloba) and mosaic secondary forest. This study site was in a coastal 

promontory surrounded by ocean and developed regions where emigration and 

immigration are less possible. The climate is typically subtropical monsoon climate 

with 22.6°C annual temperature and 3,772 annual precipitation.  

A monthly capture-mark-recapture (CMR) survey of T. viridipunctatus was 

conducted one night per month during May 2006 to August 2013. The capture night 

was one of the sunny days in the beginning of every month. Seven to 12 experienced 

fieldworkers searched several transects totally around 800 m in length for two to three 

hours and captured all of the observed individuals by hand as they slept on grass and 

herb leaves. All captured individuals were weighed to the nearest 0.01 g using an 

electronic scale, and their snout-vent lengths (SVL) were measured to the nearest 0.01 

mm using a digital caliper. Sex was recorded according to the existence of lateral 

green spots and the lump of hemipenes in the basal of tail. Small Individuals without 

obvious sign to distinguish sex were assigned as juvenile. The number of the 

trombiculid mites (Leptotrombidium sp.) on each lizard was counted, then the 

situation of reproduction and autotomy were evaluated (see below). All captured 

individuals were uniquely tagged by toe clipping after measurement, and then 

 



27 
 

released back to the study site after measurement. Previous study has suggested that 

there was no systematic bias in this capture procedure (Shaner et al. 2013). 

 

Evaluation of reproduction 

  As mentioned above in first chapter, I used the lateral side coloration, the 

intense green spots appear only in male and enhance during breeding season, as an 

index of reproductive investment (Fig. 1.1A). This trait was postulated as a sexual 

signal in previous study and in this chapter. The function of this coloration was further 

confirmed in Chapter 3 that indicated the postulation here is correct. I defined three 

levels in the index of reproduction for males depend on the total area of green spots. 

Level one denoted no green spots on lateral side; level two denoted <40% lateral area 

are green; level three represented >40% lateral area are green. For females, biting 

scars and pregnancy were used as reproductive indexes. The V-shape biting scar is 

caused by male during copulation (Fig1.1B). Therefore, more scars suggested that 

female is attractive and experienced several mating recently. I also defined biting 

scars into three levels according to the number of this mating marks. Individuals 

without any mating scar were assigned into level one; individuals with one biting scar 

were assigned into level two; individuals with more than 2 biting scars were assigned 

into level three. The pregnancy situation was evaluated through palpation to abdomen 

of each female. Females without egg were assigned as non-pregnant. Females with 

eggs were assigned as pregnant and the number of eggs was recorded. 

 

Quantifying the ectoparasitism 

 The number of ectoparasite on each individual were counted directly after the 

field work. Three calculations, prevalence, abundance and intensity, were estimated to 

quantify the situation of ectomarasitism (Margolis et al. 1982, Bush et al. 1997). 
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Prevalence is how pervasive a disease is which presented by the ratio of number of 

infected individuals versus number of total individuals. Abundance and intensity show 

how serious the disease on each individual. Abundance is the mean number of 

ectoparasites on each individual in whole population. Intensity focuses on infected 

individuals only, which is the mean number of ectoparaties on infected individuals. 

After quantification of ectoparasitism, I described the temporal fluctuation of 

prevalence, abundance and intensity in this population during 2006 to 2013, then 

summarized both of them as annual variation to briefly contour the temporal situation 

of ectoparasitism.  

 

Sex-specific ectoparasitism and correlation between reproduction and ectoparasitism 

 I examined sex-specific ectoparasitism during the most serious-infected period to 

know whether the infection varied between sexes. Chisquare test was used to test the 

sex-specific prevalence. Wilcoxon rank-sum test was used to test sex-specific 

abundance and intensity. For examining the association between reproductive indexes 

and ectoparasitism, male and female were inspected separately to test whether 

individuals with higher reproductive indexes have more serious ectoparasitism. 

Chisquare test was used to examine the association between prevalence and 

reproductive index, while Kruskal-Wallis test was used to examine the difference of 

ectoparasite abundance among individuals with different reproductive index. In male, 

I tested whether color level associates with ectoparasitism. On the other hand, both 

scars level and pregnancy were tested in female. Because the incomplete record of 

scars and pregnancy in the beginning of CMR survey, I removed the data in 2006 in 

the analysis of female. All analyses here used the data of first captured individuals to 

prevent the potential bias caused by repeated captured individuals. The results of data 

with recaptured individuals showed similar pattern to that without them. Statistics 
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were performed in JMP® , Version 7. SAS Institute Inc. 

 

Survival analysis 

 I used the Cormack-Jolly-Seber (CJS) model implemented in program MARK to 

estimate the monthly survival of adult lizards as a linear function of reproductive 

index and abundance of ectoparasite. The CJS model simultaneously estimates 

survival rate (φ) and captured probability (p) among captured occasions. Here I built 

and evaluated models in two steps to examine the influence of reproduction and 

ectoparasitism on survival. First, I built and evaluated models of survival/captured 

probability with different sets of category variables as predictors. Category variables 

here include time, season, and reproductive indexes (male: color level; female: scar 

level and pregnancy). Males and females were analyzed separately. The form of p was 

confirmed in this step and used it in second step to know the effect of ectoparasite. 

The prediction, individuals with higher reproductive indexes have lower survival rate, 

was tested in this step by using LRT. Second, according on the best model chose in 

step one, I further constructed several models including continuous variable, number 

of ectoparasites found on each individual, as predictors to estimate survival and test 

whether ectoparasite and the interaction between reproduction and ectoparasite 

influenced survival. As the correlation between reproduction and ectoparasitism, male 

and female are analyzed separately in survival analysis. 

Because the goodness of fit of model cannot assessed in program MARK when 

continuous predictors involved in estimation, therefore, I assessed the model fits of 

the most general models, φcolor*t pcolor*t and φcolor*t pcolor*t in male and female 

respectively in step one. Program RELEASE GOF and bootstrap GOF were used to 

evaluated the goodness of fit of this two models for understanding the model fit of 

this survival analysis. Both estimates suggested a fairly good model fit in my survival 
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analysis (male, RELEASE GOF: 2=167.17, df=265, p=1.0000; female, RELEASE 

GOF: 2=137.10, df=222, p=1.0000). 

 

Results 

Fluctuated and sex-specific ectoparasitism 

 A total 10,868 captures from 4,504 adult individuals were captured in 88 

captured occasions in eight years. All prevalence, abundance and intensity of 

ectoparatism showed similar pattern which rhythmically fluctuated year by year that 

lowered in winter to early spring and enhanced in summer and fall (Fig. 2.1). The 

infection of ectoparasites rose in late spring and became serious in whole summer, 

particular in July, which congruently matches the breeding season of their host (Fig. 

2.2). The situation of ectomarasitism of males and females showed similar pattern as 

total adults (Fig. 2.3 and 2.4), while there were slight differences between sexes. Male 

have slightly higher prevalence than female, and more number of ectoparasites on 

each individual, especially in summer (Fig. 2.4). In June to August, the high infective 

period, prevalence were greater in male than in female (Chisquare test: 2=9.63, 

N=1763, df=1, p=0.0019, Fig. 2.5A). Both abundance and intensity were significantly 

higher in males than in females as well (abundance, Wilcoxon rank-sum test: Z=4.65, 

N=1763, p<0.0001, Fig. 2.5B; intensity, Wilcoxon rank-sum test: Z=3.52, N=1557, 

p=0.0004, Fig. 2.5C). These results showed significant sex-specific ectoparasitism in 

this population. However, the effect sizes were relatively small, difference of 

prevalence was around 0.04, differences in mean of abundance and intensity were 

around 5.  

 

Association between reproduction and ectoparasitism 

 In males, prevalence (Fig. 2.6A), abundance (Fig. 2.6B), and intensity (Fig. 
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2.6C) of ectoparasitism were varied among individuals with different color level 

(prevalence, Chi square test: 2=19.61, N=828, df=2, p<0.0001; abundance, Kruskal-

Wallis test: 2=30.24, N=828, df=2, p<0.0001; intensity, Kruskal-Wallis test: 

2=16.48, df=2, N=752, p=0.0003). It suggested that males with larger green area 

have more serious ectoparasitism. On the other hand, female showed this pattern 

between reproductive indexes and ectoparasite load as well. Females with higher scar 

level had higher prevalence (Fig. 2.7A), abundance (Fig. 2.7B), and intensity (2.7C) 

of ectoparasitism (prevalence, Chi square test: 2=18.089, N=723, df=2, p<0.0001; 

abundance, Kruskal-Wallis test: 2=47.43, N=723, df=2, p<0.0001; intensity, Kruskal-

Wallis test: 2=31.19, N=623, df=2, p<0.0001). In pregnancy, there was no difference 

in prevalence in pregnant females and non-pregnant females (Chi square test: 

2=0.55, N=723, df=1, p=0.4584). However, pregnant females still showed higher 

abundance and intensity of ectoparasitism (abundance, Wilcoxon rank-sum test: 

Z=2.39, N=723, p=0.0168; intensity, Wilcoxon rank-sum test: Z=2.44, N=723, 

p=0.0148), indicating that pregnant female had higher extoparasitism than non-

pregnant female. 

 

Survival analysis 

In male survival analysis, the model with color-varied φ and time-varied p (φcolor 

pt) was best supported (Table 2.1). The large difference in AICc between this model 

and second supported model φ. pt directly showed that the color level was prerequisite 

predictor in survival estimation. LRT result also suggested the significance of color 

level as a predictor (LRT φcolor vs φ.: 2=22.09, df=2, p<0.0001). According to this 

model, monthly survival rate in males with highest color level was significantly lower 

than that with lower color level (Fig. 2.9), suggesting a survival cost of reproduction 

in male. This model and three model with ectoparasite as a predictor, 1) color- and 

 



32 
 

mite-varied survival (φcolor*mite pt), 2) color- and mite-varied survival without 

interaction (φcolor+mite pt), 3) mite-varied survival (φmite pt), were compared in second 

step to examine ectoparasite influence on survival. The model selection showed that 

φcolor*mite pt was best supported model and significantly better than the rest models 

(Table 2.2). The interaction between color level and ectoparasitism on survival was 

significant (LRTφcolor*mite vs φcolor+mite: 
2=21.35, df=2, p<0.0001). The monthly 

survival rate was lower in males with color level three than in males in other levels 

when no mite infection. Survival in all males decreased with increase ectoparasite 

load, while the declines in males in color level one and two were sharper than in 

males with color level three (Fig. 2.10). It suggested males with larger green area had 

higher tolerance to ectoparasite than males with small green area. 

In female survival analysis with scars, the best model in first stage was model 

with time-varied survival and time- and scar-varied capture probability (φt pt*scar, 

Table 2.3). I used it to construct other 14 models to examine potential scar and 

parasite effect (Table 2.4). The best supported model was survival varied by scar, 

season, and ectoparasite load (φscar*season*p). It was significantly better than the second 

supported model, φseason*p pt*scar (LRTφscar*season*p vs φseason*p: 
2=19.82, df=8, 

p=0.0110).The interaction was also significant for survival estimation 

(LRTφscar*season*p vs φscar+season*p: 
2=18.73, df=6, p=0.0046; LRTφscar*season*p vs 

φscar*season+p:
2=21.44, df=5, p=0.0007; LRTφscar*season*p vs φscar*p+season: 

2=22.36, df=5, 

p=0.0004). According to this final model, monthly survival rates in all females 

decreased with the increase of ectoparasite load during the breeding season (Fig. 

2.11A-C). Female with scar level 3 had slightly higher tolerance than rest females. In 

contrast, the effect of ectoparasite in the non-breeding season was not significant (Fig. 

2.11D-F). The confidence interval in non-breeding season were diffuse or odd, 

perhaps caused by the extremely low ectoparasite load in the nonbreeding season. 
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Overall, females with higher scar level had lower monthly survival rate during the 

breeding season. 

In the female survival analysis with pregnancy, the best model in first stage was 

model with time-varied survival and time- and pregnancy-varied capture probability 

(φt ppregnancy*t, Table 2.5). I used it to construct other 14 models to examine potential 

pregnancy and parasite effect. The best supported model was φpr+s+p+pr*s+pr*p+s*p ppr*t 

(Table 2.6), which was significant better than the second supported model, 

φpr+s+p+pr*s+s*p ppr*t (LRT: 2=3.98, df=1, p=0.04), suggesting the significance of the 

interaction term between pregnancy and ectoparasite load in survival estimation. 

According to this final model, monthly survival rates in all females decreased with the 

increase of ectoparasite load during the breeding season as well (Fig. 2.12A and B). 

Pregnant female had higher tolerance to ectoparasite than non-pregnant females 

during the breeding season. In contrast, the effect of ectoparasite in non-breeding 

season was not significant in both pregnant and non-pregnant females (Fig. 2.12C and 

D). Overall, pregnant females had lower monthly survival rate than non-pregnant 

females during the breeding season. 

 

Discussion 

This study highlights on the finding of positive relationships between 

reproduction and parasitism, and the linking of this relationships to survival under 

natural condition. Previous studies about costs of reproduction usually showed 

decrease of some body condition in laboratory. The decrease of body condition are 

assumed to contribute to the cost in survival. Nevertheless, these results and their 

inferences might not reflect the real ecological situation because organism could 

compromise the condition impairment by shifting their behavior in wild (Schwarzkopf 

and Shine 1992, Landwer 1994, Calisi and Bentley 2009). Here I showed the decrease 
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in parasite resistance of individuals with high reproductive indexes, and further linked 

this cost to survival under natural condition, strongly indicating the real tradeoff 

between reproduction and survival in this species.  

Second, this study is one of the relative few studies to detect the life history 

tradeoff at intra-population level in wild without manipulation. Testing the life history 

tradeoff at this level is challenged because the variation of individual quality would 

blur the negative pattern between tradeoff traits that causes misleading results (Van 

Noordwijk and de Jong 1986, Reznick et al. 2000). In this scenario, even a positive 

association would occurs in a pair of tradeoff traits. Therefore, manipulative 

experiment, which could create large variation in resource allocation and confirm the 

cause effect relationship, is suggested for studies at intra-population level. However, 

manipulation is challenged as well in the wild that results in the problem described in 

first paragraph. Theoretically, species with fast pace of life invest more resources into 

reproduction that increase the higher probability to detect a trade-off within 

population (Van Noordwijk and de Jong 1986, Descamps et al. 2016). The short life 

span and r-strategy propensity of T. viridipunctatus have be shown in first chapter, 

combining the advantages of approaching and captureing, and the high population 

density for CMR methods, making Takydromus lizards become a great material to 

address life history tradeoff. 

Although the results only showed the correlation between ectoparasite load and 

survival rate, this long-term study strongly implied ectoparasite play a substantial role 

in the tradeoff between reproduction and survival in T. varidipunctatus. First, the 

dynamics of parasitism congruently matched the reproductive cycle of the host. 

Second, infection situation positively correlated to reproductive indexes in both sexes. 

Third, host survival rate negatively associated with ectoparasite load. Fourth, it 

associated with the decrease in survival in the breeding season and in the individuals 
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with high reproductive indexes. Although all of these findings are correlation that is 

hard to understand the cause effect relationship, while such plenty signs from this 8-

yeared study here strongly implies ectoparasite is the ecological agent to cause 

survival cost of reproduction. This is the first study to imply that ectoparasite 

participates the tradeoff between reproduction and survival in reptiles under natural 

condition. The existence of ecological cost could further evolutionarily influenced the 

sexual signal, which have been suggested in the framework of predation in small fish 

(Endler 1980, 1983, Giery and Layman 2015). While this kind of cost are far less 

explored than physiological cost because of the difficulty to link the ecological agent 

to host’s reproduction and survival in wild. Here I presented an empirical evidence of 

ectoparasite-associated survival cost of reproduction within single population. After te 

ecological works of this study, future work could further address on the evolutionary 

consequences of ectoparasitism across populations or species.   

In males, individuals with large green area had severe ectoparasitism which 

consists to one of the prediction of immunocompetence handicap hypothesis (ICHH, 

Folstad 1992). This hypothesis states that testosterone is the key mediator to enhance 

sexual trait and impair immunity simultaneously that causes the serious parasitism in 

males with exaggerate ornament. Consequently, the ornament increases mating 

success and parasitism decreases survival, leading the fascinated tradeoff between 

reproduction and survival. Scientists have focused on this prediction over decades, 

while rare of them successfully presented this pattern with field correlation (reviewed 

in Roberts et al. 2004, Foo et al. 2017).The pattern between ornament and parasitism 

in this study matched the prediction of ICHH, providing one of field correlation cases 

of this hypothesis. However, the function of the green spots and the role of 

testosterone are still unknown in all Takydromus lizards. I invested this topic in next 

chapter with testosterone manipulation to know this tradeoff comprehensively. 
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In females, I also found a positive association between reproductive indexes and 

ectoparasitism. The females with many biting scars had high ectoparasite load. 

Pregnant females had higher parasite load implied the physiological allocation to 

reproduction reduce parasite resistance, therefore resulted in more serious parasitism. 

All this parasitism would contribute to mortality during breeding indicating the severe 

survival cost of reproduction in females despite the small and invariant clutch size in 

this species. Severe cost of reproduction also showed in the single-egged Anolis 

sagrei (Cox and Calsbeek 2010, Cox et al. 2010) despite their small clutch size. 

Female A. sagrei lay eggs at frequent intervals throughout a lengthy breeding season 

which similar to T. viridipunctatus. This egg laying strategy may results a serious cost 

even though the burden of each clutch is small. T. viridipunctatus is ecologically 

similar to A. sagrei in body size, life span, habitat using, period of breeding season, 

invariant clutch size, and annual survival rate. Here I presented the severe cost of T. 

viridipunctatus as well. Future works could address on the physiological impairment 

of reproduction to know the this tradeoff in this species comprehensively. 
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Tables and Figures 

Table 2. 1 The model selection of survival analysis for male with color level and time 

as predictors. 

Model AICc ∆ AICc Weights 
Model 

Likelihood 
No. Par Deviance 

φcolor pt 5501.73 0.00 1.00 1.00 42 1622.30 

φ. pt 5519.69 17.96 0.00 0.01 40 1644.39 

φt pt 5559.91 58.18 0.00 0.00 78 1605.17 

φ. pcolor*t 5568.90 67.17 0.00 0.00 118 1528.06 

φcolor pcolor*t 5569.66 67.92 0.00 0.00 120 1524.44 

φt pcolor 5587.17 85.43 0.00 0.00 42 1707.74 

φt pcolor*t 5616.77 115.04 0.00 0.00 156 1491.64 

φ. pcolor 5631.63 129.89 0.00 0.00 4 1829.53 

φcolor pcolor 5633.42 131.68 0.00 0.00 6 1827.30 

φcolor*t pt 5633.50 131.76 0.00 0.00 156 1508.37 

φt p. 5635.75 134.01 0.00 0.00 40 1760.44 

φcolor p. 5666.98 165.25 0.00 0.00 4 1864.88 

φcolor*t pcolor 5685.37 183.60 0.00 0.00 120 1640.1 

φ. p. 5696.72 194.98 0.00 0.00 2 1898.63 

φcolor*t p. 5699.13 197.40 0.00 0.00 118 1658.29 

φcolor* pcolor*t 5745.11 243.38 0.00 0.00 234 1438.93 

color=1, 2, 3; t=time varied; .=constant. 
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Table 2. 2 The model selection of survival analysis for male with both color level and 

ectoparasite load as predictors. 

Model AICc ∆ AICc Weights 
Model 

Likelihood 
No. Par Deviance 

φcolor*parasite pt 5382.42 0 1.00 1.00 45 5290.88 

φparasite pt 5399.24 16.82 0.00 0.00 41 5315.96 

φcolor+parasite pt 5399.64 17.21 0.00 0.00 43 5312.23 

φcolor pt 5501.73 119.30 0.00 0.00 42 5416.38 

φ. pt 5519.69 137.27 0.00 0.00 40 5438.47 

color=1, 2, 3; t=time varied; .=constant; parasite=ectoparasite load. 
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Table 2. 3 The model selection of survival analysis for female with scar level and time 

as predictors. 

Model AICc ∆ AICc Weights 
Model 

Likelihood 
No. Par Deviance 

φt pscar*t 5737.62 0 1.00 1.00 156 1248.71 

φt pscar 5787.72 50.09 0.00 0.00 42 1543.68 

φscar pscar*t 5794.03 56.40 0.00 0.00 120 1384.65 

φ. pscar*t 5795.03 57.41 0.00 0.00 118 1390.01 

φscar*t pscar 5799.94 62.32 0.00 0.00 120 1390.56 

φscar*t pt 5813.48 75.85 0.00 0.00 156 1324.56 

φscar*t p. 5835.61 97.98 0.00 0.00 118 1430.59 

φscar pt 5845.49 107.86 0.00 0.00 42 1601.45 

φscar pscar 5863.70 126.07 0.00 0.00 6 1692.91 

φscar*t pscar*t  5868.55 130.92 0.00 0.00 234 1199.80 

φ. pscar 5870.57 132.94 0.00 0.00 4 1703.80 

φscar p. 5905.40 167.77 0.00 0.00 4 1738.63 

φt pt 5979.47 241.85 0.00 0.00 78 1660.28 

φ. pt 5979.63 242.00 0.00 0.00 40 1739.71 

φt p. 5990.69 253.06 0.00 0.00 40 1750.77 

φ. p. 6043.78 306.15 0.00 0.00 2 1881.02 

scar=1, 2, 3; t=time varied; .=constant. 
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Table 2. 4 The model selection of survival analysis for female with scar level, season, 

and ectoparasite load as predictors. 

Model AICc ∆ AICc Weights 
Model 

Likelihood 

No. 

Par 
Deviance 

φscar*season*parasite pscar*t 5609.21 0 0.72 1.00 129 5338.90 

φseason*parasite pscar*t 5611.52 2.31 0.22 0.31 121 5358.72 

φscar+season*parasite pscar*t 5614.80 5.59 0.04 0.06 123 5357.63 

φscar+season+parasite pscar*t 5619.69 10.48 0.00 0.01 124 5360.33 

φscar*parasite+season pscar*t 5620.62 11.40 0.00 0.00 124 5361.26 

φseason+parasite pscar*t 5621.73 12.51 0.00 0.00 120 5371.10 

φscar*parasite pscar*t 5622.89 13.67 0.00 0.00 123 5365.71 

φparasite pscar*t 5625.33 16.12 0.00 0.00 119 5376.89 

φscar+parasite pscar*t 5627.08 17.87 0.00 0.00 121 5374.27 

φ. pscar*t 5714.46 105.24 0.00 0.00 118 5468.19 

φseason pscar*t 5714.98 105.76 0.00 0.00 119 5466.53 

φscar pscar*t 5717.19 107.97 0.00 0.00 120 5466.56 

φscar+season pscar*t 5717.58 108.37 0.00 0.00 121 5464.78 

φscar*season pscar*t 5719.39 110.17 0.00 0.00 123 5462.22 

φt pscar*t 5730.44 121.22 0.00 0.00 156 5400.28 

scar=1, 2, 3; t=time varied; .=constant; parasite=ectoparasite load; season=breeding, non-breeding 
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Table 2. 5 The model selection of survival analysis for female with pregnancy and 

time as predictors. 

Model AICc ∆ AICc Weights 
Model 

Likelihood 
No. Par Deviance 

φt ppregnancy*t 5774.43 0.00 1.00 1.00 117 5530.35 

φpregnancy*t pt 5809.34 34.91 0.00 0.00 117 5565.26 

φpregnancy*t ppregnency 5812.86 38.43 0.00 0.00 80 5648.19 

φpregnancy ppregnency*t 5813.44 39.01 0.00 0.00 80 5648.77 

φpregnancy*t ppregnency*t 5823.21 48.78 0.00 0.00 156 5493.07 

φ. ppregnency*t 5828.67 54.24 0.00 0.00 79 5666.12 

φpregnancy*t p. 5830.45 56.02 0.00 0.00 79 5667.90 

φt ppregnency 5831.27 56.84 0.00 0.00 41 5748.04 

φpregnancy pt 5867.60 93.17 0.00 0.00 41 5784.38 

φpregnancy ppregnency 5898.14 123.71 0.00 0.00 4 5890.13 

φ. ppregnancy 5919.93 145.50 0.00 0.00 3 5913.92 

φpregnancy p. 5924.14 149.71 0.00 0.00 3 5918.13 

φ. pt 5988.62 214.20 0.00 0.00 40 5907.46 

φt pt 5989.99 215.56 0.00 0.00 78 5829.56 

φt p. 5998.33 223.90 0.00 0.00 40 5917.17 

φ. p. 6052.16 277.73 0.00 0.00 2 6048.15 

pregnancy=pregnant, non-pregnant; t=time varied; .=constant. 
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Table 2. 6 The model selection of survival analysis for female with pregnancy, season, 

and ectoparasite load as predictors. 

Model AICc ∆ AICc Weights 
Model 

Likelihood 

No. 

Par 
Deviance 

φpr+s+p+pr*s+pr*p+s*p ppr*t 5616.06 0.00 0.36 1.00 85 5440.79 

φpr+s+p+pr*s+s*p ppr*t 5617.92 1.86 0.14 0.39 84 5444.77 

φpr*s*pe ppr*t 5618.10 2.04 0.13 0.36 86 5440.70 

φpr+s+p+pr*s+pr*p ppr*t 5618.46 2.39 0.11 0.30 84 5445.31 

φpr+s+p+s*p ppr*t 5619.10 3.04 0.08 0.22 83 5448.07 

φpr+s+p+pr*s ppr*t 5619.15 3.09 0.08 0.21 83 5448.12 

φpr+s+p+pr*p+s*p ppr*t 5619.36 3.29 0.07 0.19 84 5446.21 

φpr+s+p ppr*t 5622.15 6.09 0.02 0.05 82 5453.25 

φpr+s+p+pr*p ppr*t 5622.75 6.69 0.01 0.04 83 5451.73 

φpr*p ppr*t 5676.27 60.21 0.00 0.00 75 5522.17 

φpr*s ppr*t 5722.52 106.46 0.00 0.00 75 5568.42 

φs ppr*t 5730.27 114.20 0.00 0.00 73 5580.39 

φt ppr*t 5774.43 158.36 0.00 0.00 117 5530.35 

φpr ppr*t 5813.44 197.38 0.00 0.00 80 5648.77 

φ. ppr*t 5828.67 212.61 0.00 0.00 79 5666.12 

pr=pregnant, non-pregnant; t=time varied; .=constant; p=ectoparasite load; s=breeding season, non-

breeding season 
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Fig.2. 1 Temporal fluctuation of (A) prevalence, (B) abundance, and (C) intensity of 

ectoparasitism in adult individuals in total 88 captured occasions. 
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Fig.2. 2 Temporal fluctuation of (A) prevalence, (B) abundance, and (C) intensity of 

ectoparasitism in adult individuals in each month. 
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Fig.2. 3 Temporal fluctuation of (A) prevalence and (B) abundance of ectoparasitism 

in adult males (black) and females (white) in total 88 captured occasions. 
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Fig.2. 4 Temporal fluctuation of (A) prevalence and (B) abundance of ectoparasitism 

in adult males (black) and females in each month. 
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Fig.2. 5 Sex-specific (A) prevalence, (B) abundance, and (C) intensity of 
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ectoparasitism in adults in summer. All three estimates showed significant difference 

between sexes (prevalence, Chisquare test: 2=9.63, N=1763, df=1, p=0.0019; 

abundance, Wilcoxon rank-sum test: Z=4.65, N=1763, p<0.0001; intensity, Wilcoxon 

rank-sum test: Z=3.52, N=1557, p=0.0004) 
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Fig.2. 6 Color level depended (A) prevalence, (B) abundance, and (C) intensity of 

ectoparasitism in male individuals in summer. All three estimates showed significant 

difference among males with different color level (prevalence, N=828, Chi square 

test: 2=19.61, df=2, p<0.0001; abundance, N=828, Kruskal-Wallis test: 2=30.24, 

df=2, p<0.0001; intensity, N=752, Kruskal-Wallis test: 2=16.48, df=2, p=0.0003) 
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Fig.2. 7 Scar level depended (A) prevalence, (B) abundance, and (C) intensity of 

ectoparasitism in female individuals in summer. All three estimates showed 

significant difference among females with different color level (prevalence, Chi 

square test: 2=18.089, N=723, df=2, p<0.0001; abundance, Kruskal-Wallis test: 


2=47.43, N=723, df=2, p<0.0001; intensity, , Kruskal-Wallis test: 2=31.19, N=623, 

df=2, p<0.0001) 
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Fig.2. 8 Association between pregnancy and ectoparasitism. (A) Pregnant females and 

non-pregnant female had similar prevalence of ectoparasitism (Chi square test: 


2=0.55, N=723, df=1, p=0.4584). While pregnant females showed higher (B) 

abundance and (C) intensity of infection (abundance, Wilcoxon rank-sum test: 

Z=2.39, N=723, p=0.0168; intensity, Wilcoxon rank-sum test: Z=2.44, N=723, 

p=0.0148). 
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Fig.2. 9 Monthly survival rates of males with different color level. Males in level 

three, larger green area, had lower monthly survival rate than males in level one and 

level 2, suggesting a survival cost of reproduction in male. 
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Fig.2. 10 Monthly survival rate was a function of color level and number of 

ectoparasites in (A) males with color level one, (B) in males with color level two, and 

(C) in males with color level three. 
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Fig.2. 11 Monthly survival rate was a function of scar level and number of 

ectoparasites in (A) females with scar level one, (B) in females with scar level two, 

and (C) in females with color level three during breeding season, and non-breeding 

season (D)(E)(F). 
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Fig.2. 12 Monthly survival rate was a function of pregnant situation and ectoparasite 

load in (A) pregnant females and in (B) non-pregnant females during the breeding 

season, and non-breeding season (C)(D). 
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Chapter 3 

Testing immunocompetance handicap hypothesis in Takydromus 

viridipunctatus 

Abstract 

 Immunocompetence handicap hypothesis (ICHH) states that testosterone induces 

the antagonistic relationship between sexual traits and immunity that eventually leads 

the tradeoff between reproduction and survival. The results in Chapter 2 have shown a 

positive association between lateral coloration and ectoparasitism in males which 

consisted with the prediction of ICHH. However, the function of lateral coloration and 

its connection with testosterone in Takydromous lizards is still unknown. Here I first 

used a wild correlation to check the association between lateral coloration and 

testosterone. Then I performed a physiological experiment on 60 male lizards with 

hormone treatment to examine the effects of testosterone on: lateral coloration, 

locomotor performance, hemipenes, and immunity. Finally, I used a female preference 

experiment to link the function of testosterone and lateral coloration to mating 

success. A positive correlation between the testosterone and area of lateral coloration 

were found in the wild. Testosterone manipulation increased the area of lateral 

coloration, locomotor performance, size of hemipenis, and decreased immune 

function simultaneously. In addition, female preferred male with high testosterone 

treatment and large lateral coloration. This study clearly suggested the pleiotropy of 

testosterone, consisting with the prediction of ICHH, occurs in this species; and 

further confirmed the function of lateral coloration as a sexual signal which was the 

first study of sexual signal in this genus. 
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Introduction  

 In male vertebrates, the androgenic sex steroid testosterone directly associates 

with reproductive investment through inducing secondary sexual characters and 

increasing home range, activity, aggressiveness and sexual behavior that control 

seasonal and sex-specific expression of male individuals that may ultimately increase 

their mating success (Ketterson and Nolan Jr 1992, DeNardo 1994, Salvador 1997, 

Klukowski et al. 1998, McGlothlin et al. 2007, Cox et al. 2009, Mills et al. 2009). 

However, the resources for organism are limited that inherent tradeoff within 

individuals occur frequently and become one of the major constraint to influence 

plenty ecological and evolutionary phenomena. The immunocompetence handicap 

hypothesis (ICHH) (Folstad 1992, Roberts et al. 2004) which combines the handicap 

hypothesis (Zahavi 1975) and parasite model (Hamilton and Zuk 1982) states that 

testosterone is the critical intrinsic mediator to explain the association between 

expression of multiple reproductive characters and immune function, then further link 

them to crucial extrinsic agents, disease and parasites, in the environment around male 

individuals. Testosterone enhances mating success and induce serious parasitism 

simultaneously through immunosuppression, consequently, only high-quality males 

could display strong sexual characters and reproductive behavior as well as tolerate 

the intense infection of disease or parasite. Therefore, for males, testosterone is 

thought to be the proximate link between animal itself and the environment in the 

tradeoff between reproduction and survival.  

 The tradeoff caused by testosterone have been suggested in several taxa of 

vertebrates, including fish (Kurtz et al. 2007), mammals (Barnard et al. 1994, Mills et 

al. 2009), reptiles (Salvador 1997, Veiga 1998, Cox and John-Alder 2007, Mills et al. 

2008) and birds (eg., Saino et al. 1997, Verhulst et al. 1999, Belliure 2004, Mougeot et 
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al. 2004, Owen‐Ashley et al. 2004, Greives et al. 2006). However, some studies 

documented discrepant results to the prediction of ICCH (Evans et al. 2000, Peters 

2000, Roberts et al. 2007) showing this hypothesis is not general supported. A recent 

meta-analysis of ICCH suggested that causal relationship of testosterone on immune 

function and parasite load is taxa dependent which show more tendency in birds and 

reptiles, especially the high testosterone level showed by the studies of reptiles 

(Roberts et al. 2004) suggesting that lizards may be an appropriate material to address 

the role and the consequence of testosterone in this tradeoff. 

 In the long time monitored population of Takydromus viridipunctatus, I found the 

positive association between intensity of side coloration and ectoparasite load in male 

individuals which consists the prediction of ICCH. Nevertheless, despite intuitive 

speculation from herpetologists, the function of side coloration of genus Takydromus 

is unknown. According to the time period males show the side coloration, it is 

intuitively to link this coloration to sexual signal. In this chapter, I tried to connect 

testosterone to the phenomena observed in male T. viridipunctatus in field 

mechanically and link side coloration to mating success through physiological 

measurements and manipulative experiments. First, I inspected the association 

between testosterone level and intensity of side coloration in male individuals in 

natural condition to confirm the positive relationship of them as predicted. Second, I 

manipulated testosterone level in male and examined the potential tradeoff between 

reproduction and survival caused by testosterone through testing the treatment effect 

on side coloration, hemipenis and locomotor performance, which may influence 

mating success, and also immune function, which link to maintenance and survival. 

Final, for explicitly connecting the side coloration and testosterone to mating success, 

I used female choice experiments to confirm females prefer males with brighter side 

coloration and high testosterone level. 
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Materials and methods 

Sample collection and husbandry 

 Two groups of male individuals of T. viridipunctatus were captured in north 

Taiwan during their breeding season for inspecting testosterone level and performing 

manipulative experiment respectively. In middle June 2013, 39 male individuals was 

captured for inspecting the relationship between testosterone level and lateral 

coloration under natural condition. Snout-vent length (SVL) and weight of each 

individual were measured with a electronic scale and a digital calliper to nearest 

0.01mm and 0.01g respectively. The level of lateral coloration was recorded 

according to the area. I assigned males into three levels of coloration index depend on 

the area of green spots. Level one denoted no green spots on lateral side; level two 

denoted <40% lateral area are green; level three represented >40% lateral area are 

green.This group of captures were kept individually in terraria (10×19×13 cm, 

width×length×height) with water and L12: D12 circadian rhythm using artificial 

sunlight lamps for four days for collecting the fresh feces, then were released back to 

wild. For the manipulative experiment, 60 individuals and 64 female was capture 

during the breeding season of May 2012. They were kept in the same setting as first 

group for following experiment. Tile shelter and water was provided in each 

terrarium, with crickets stably offered as food. They were kept for one month for 

acclimation before testosterone manipulation. In the end of acclimation, I measured 

each individual’s snout-vent length (SVL) and weight, then took picture of their 

lateral side for quantifying the intensity of side coloration. The testosterone 

manipulation then started at middle June till middle July. After performing treatments 

one month later, I collected flesh feces of every individual, then measured SVL, 

weight and took picture of their lateral side again. Fresh feces of each individual were 
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checked four time per day during day time (8:00, 11:00, 14:00 and 17:00) in both two 

groups of male then were kept in -20℃ refrigerator immediately. 

 

Hormonal treatment 

 Plasma levels of testosterone were manipulated by using a non-invasive method 

for sustained elevation of steroid hormone levels in reptiles (Knapp and Moore 1997). 

Steroid hormones are lipophilic molecules that would pass through the lizards skin 

which contain high concentration of lipids then delivered into the blood stream. This 

method allows me to manipulate testosterone less invasively than implant method. 

Testosterone was delivered to the lizards in a mixture of the steroid hormone and 

sesame oil. 

60 males in group two were randomly assigned to three treatments, high T, 

middle T, and control, which received different concentration of external testosterone 

solution. I diluted testosterone (Fluka 86500) in sesame oil in concentration, high 

testosterone solution (2.50 µg/µl sesame oil) and middle T solution (1.25 µg/µl 

sesame oil). High T treatment received high testosterone solution 2 µl every two days, 

and middle T treatment received middle testosterone solution 2 µl every two days, 

while control males were got the same amount of sesame oil as placebo. The solution 

was dropped on the dorsal side of each male with a pipet. This testosterone treatments 

were performed one month then tested the subsequent influence on the following 

measurements. 

 

Traits measurements 

 Two methods were used to quantify the side coloration. First one is the way in 

chapter one that assign an index of lateral coloration base on the green area with 

naked eyes. Second, pictures of lateral side were used to quantify them for continuous 
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data. The ratio of the green area versus total lateral area was calculated with Image-

Pro Plus 5.1 to explicitly denote the side coloration. The differences of this ratio 

before and after manipulation were estimated to know the casual effect of 

manipulation on side coloration. 

 Stamina and sprint speed were measured to represent locomotor performance. 

Stamina was measured by running individuals to loss of righting reflex on the 

horizontal surface of motorized treadmill with 0.8 km/h speed, which similar setting 

as previous lizard studies (Belliure 2004, Perry et al. 2004, Cox et al. 2009). Duration 

from initial to the end that lizard loss of righting reflex was recorded as the 

measurement of stamina. On the other hand, sprint speed was measured by chasing 

individuals on a one meter long track covered with cork for traction. The track was 

marked in four section, each one was 25 cm. I chased each lizard on the track three 

times and recorded the time they spent in each section, then estimated the velocity for 

25cm interval. The maxima velocity in 12 interval are used as the measurement of 

sprint speed (Cox et al. 2009). 

 Immune function was assessed by phytohemagglutinin (PHA) injection test, a 

classical immunological technique which has been intensively used in vertebrates 

(Smits et al. 1999, Martin et al. 2006). This method induces cutaneous 

hypersensitivity response through injecting PHA solution under the skin of tested 

individual. The degreed of the swelling is interpreted as an index of cell-mediated 

immunocompetence. Following the simplifying technique suggested by Smits et al. 

(1999), I measured thickness of right hind foot of each individual with an accuracy of 

0.01 mm, then injected 5 µl PHA solution (5mg PHA/ml PBS) into the center of right 

hind foot. I measured thickness again 24 hours later and used the difference of 

thickness as the measurement of immune function. 

 After I finished aforementioned measurements and female choice experiment, 
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the males were sacrificed to record the weight of hemipenis and testicle for 

confirming the effect of testosterone on genital. 

 

Testosterone measurement 

I measured testosterone level in feces of each individual for confirming the the 

association between lateral coloration and testosterone in wild and make sure the 

validness of hormone treatment. Testosterone was extracted with methanol by 

following procedures: 0.5 g feces mixing with 0.05 ml ddH2O and 0.4 ml methanol 

with 30 minutes of shake for mixing, follow with adding 0.3 ml petroleum ether and 

15 seconds of shake, mixing suspension rotating (4℃, 3000 rpm) in centrifuge for 15 

minutes. Testosterone in the ethanol natant liquid of the rotated suspension was 

measured with enzyme immunoassay described previously. In enzyme immunoassay, 

Fifty microliters of diluted serum and 50 μl of horseradish peroxidase-coupled 

testosterone (T) were added to a 96-well microtiter plate (Costar 3590) coated with 

anti-T monoclonal antibody T-1. After incubation at room temperature for 25 min and 

two washes with phosphate-buffered saline (PBS), the color was developed using 200 

μl of 2.2 mM o-phenylenediamine in 0.003% H2O2 at room temperature for 30 min, 

then the reaction was stopped by addition of 50 μl of 8 N sulfuric acid and the optical 

density measured at 490 nm and compared to a T standard curve. The assay 

sensitivity was 15.6 pg/ml of T. The intra- and interassay coefficients of variation 

were 5-10% and 10-14%, respectively.  

 

Female choice experiment 

 To examine female preference, we designed an experimental terrarium 

(40×20×20 cm, width×depth×height) referring to literature (Hamilton & Sullivan, 

2005). This terrarium was made of 2mm transparent acrylic sheet with no upper 
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cover, which transmits > 92% of visible light (400 – 700 nm) and UV-A (315 – 400 

nm), and > 73% UV-B (280 – 315 nm) regions. Half of the terrarium (40×10 cm, 

width×length) was spaced by a transparent acrylic sheet, and was defined as chooser’s 

chamber. The rest space (40×10 cm, width×length) was further separated by a 

nontransparent sheet into two candidates’ chambers (20×10 cm, width×length). 

Therefore, the two candidates were visually separated, and the chooser could watch 

through the transparent sheet and freely move to approach one of them. A string was 

attached on the top of the chamber, separating the chooser’s chamber into a 50% 

choice zone close to the candidates, and 50% nonchoice zone away from the 

candidates. This line helped to indicate the choosers’ relative position; the choosers 

were recorded to choose a candidate only when she was positioned in the choice zone.  

Experiment from the previous section showed that providing testosterone may 

significantly enhance the nuptial color of the males. We performed two series of 

pairings: medium T versus control, and high T versus control. In each trial, two males 

from different treatments with similar SVL (less than 1 mm difference, < 2.3%) were 

randomly moved into the two candidates’ chambers, and a female chooser was moved 

into the chooser’s chamber. The three lizards were settled in the chambers for a 10 

min acclimation duration before the 1-hour record started; and the response of the 

female was recorded by using a digital camera. The chambers for housing the lizards 

were cleaned up to remove the smell by using 70% alcohol before the next trial 

started. All experiments were conducted in sunny mornings, so that the candidates 

could be exposed to natural lights during the experiments.  

In order to clarify the function of lateral coloration as a diagnostic signal, we 

further conducted the second experiment. A pair of males, with SVL differences less 

than 1mm (< 2.3%), were chosen from the same treatment group. We masked the 

lateral color of one randomly chosen individual by using light brown paint to imitate 
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male coloration in the nonbreeding season, and painted the other one by using 

transparent solvent (water) as a sham control. We then tested whether the females 

prefer masked (brown) or unmasked (green) males.  

 

Statistical analysis 

 I used Kruskal-Wallis, ANOVA and ANCOVA to examine the association 

between testosterone and measured traits. Kruskal-Wallis test was used to test the 

association between index of side coloration and testosterone level in feces of group 

one males in field. ANOVA was first used in testing the difference of testosterone 

level in feces among treatment groups to confirm effectiveness of manipulation. Then 

used to examine the difference of ratio of side coloration, weight of hemipenis and 

PHA response among treatments. Because the locomotor performance influenced by 

size, I used ANCOVA to test stamina and sprint speed among treatments with 

considering individual’s weight as covariate. In female choice experiments, paired t-

test was used to examine if female prefers to spend more time nearby one of the two 

males in the trials, which was defined when the female was positioned in the choice 

zone and chose one of the candidates.  

 

Results 

Testosterone levels in feces 

 In group one males in natural condition, testosterone level in feces is 

significantly different across males with different index of coloration (Kruskal-Wallis 

test: 2=14.30, df=3, p=0.0025, Fig. 3.1). Males with higher color level have higher 

testosterone level in their feces that suggests testosterone positively correlates with 

side coloration in wild. In group two, feces testosterone levels were significantly 

different among treatments (ANOVA: F2,57=13.38, p<0.0001, Fig. 3.2). Mean 
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testosterone level of males in high T treatment was proximate three time in control 

males (high T: 221.1; control: 69.80). The trend showed in testosterone level among 

treatments suggests that the testosterone manipulation was effective.  

 

Side coloration 

 The difference of lateral coloration ratio were significantly different among 

treatments (ANOVA: F2,58=3.45, p=0.04, Fig. 3.3). After testosterone manipulation 

one month, the green area ration increased 2.5% in high T males and 1.5% in middle 

T males. Comparing the color ratio before treatment (mean of all individuals: 

19.11%), this differences were around 13.8% and 7.8% increase. In contrast, in 

controls decreased proximate 1%. These differences of lateral coloration among 

treatments indicated that manipulation increased the green coloration on lateral side of 

males, confirming the cause effect relationship between testosterone and lateral 

coloration. 

 

Locomotor performance 

 Stamina were differed among treatments when considered the strong correlation 

between stamina and body weight (ANCOVA: F3,57=4.48, p=0.0068, Fig. 3.4A). Body 

weight positively correlated with stamina (F1,57=7.48, p=0.0083, coefficient=32.67). 

Individuals in high T treatment had significantly higher stamina than in middle 

treatment and control. Treatment effect on sprint speed was significant as well when 

consider weight as a covariate (ANCOVA: F3,57=2.77, p=0.0499, Fig. 3.4B). These 

results suggested that the testosterone manipulation indeed influenced locomotor 

performance. 

 

Genital 
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 Treatments had pronounced influence on genitals. The weight of hemipenis was 

higher in both high T and middle T males than control (ANOVA: F2,51=11.38, 

p<0.0001, Fig. 3.5A). Comparing to control, the size of hemipenis increased around 

44% in males received high testosterone treatment, and around 32% increase in males 

with middle testosterone treatment. While the effect in testicles was inverse, both high 

T and middle T males had smaller testicles than control (ANOVA: F2,51=36.02, 

p<0.0001, Fig. 3.5B). 

 

Immune function 

 The cell-mediated responses to PHA stimulation were significantly different 

among treatments (ANOVA: F2,58=3.65, p=0.0321, Fig. 3.6). Individuals in high T 

and middle T treatment had proximate 20 % and 15 % lower PHA response than 

control that suggested a significant immunosuppression caused by testosterone in this 

species.  

 

Female preference 

 Female preferred male with higher testosterone treatment. In 26 successful trails 

in high T versus control, most females spent more time nearby high T males than 

control (positive value in 18 of 26 trials; pair t-test: t=2.26, df=25, p=0.0328, time 

difference: 301.42±133.43 s) suggesting that female preferred high T male than 

control. The situation of trials in middle T versus control (positive value in 21 of 26 

trials; pair t-test: t=3.18, df=25, p=0.039, time difference: 408.38±128.59 s) and high 

T versus middle (positive value in 20 of 27 trials; pair t-test: t=2.51, df=26, p=0.0186) 

were similar to high T versus control, suggesting that female preferred to spend more 

time nearby male with higher T treatment. 

 In the trail green male versus painted male, female spent more time nearby green 
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male than painted male (positive value in 19 of 21 trials; pair t-test: t=5.00, df=20, 

p<0.0001, time difference: 559.71±111.93 s). This result suggested that female 

preferred green male much more than painted male without green coloration on lateral 

body side.  

 

Discussion 

Here I provided a case study of ICHH in mechanical aspect that testosterone 

increased lateral coloration and decrease immunity simultaneously. In ICHH, there are 

four participators, sexual traits, hormone, immune function, and parasite. The 

complexity of multidisciplinary and the inconsistent results from empirical studies 

lead the controversy in this famous hypothesis (Roberts et al. 2004, Foo et al. 2017). 

Therefore, case study in this topic is still needed. In T. viridipunctatus, here I showed 

the cause effect relationships of testosterone on lateral coloration and immunity in this 

study, which involved three factors in ICHH. The rest factor, parasite, were connected 

to this study by the positive association between ornament and parasitism showed in 

Chapter 2. Furthermore, the two fitness components, survival and mating success 

were involved in these processes. Survival cost of parasitism were suggested in 

Chapter 2, and the mating success linked to the lateral coloration and testosterone in 

this study. Overall, I comprehensively showed the tradeoff between reproduction and 

survival through the physiological influences of testosterone and ecological 

impairment from ectoparasite. This is one of few studies to link every components in 

ICHH. 

In this study, I found that the green spots on male lateral body side was 

controlled by testosterone and males with this coloration could receive more attention 

from female. Combining the fact that the intensity of this color increase annually 

during breeding season, this coloration is actually a sexual signal for female. In 
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lizards, such sexual signal of male for female choice are relatively few than that for 

intrasexual selection (Lailvaux and Irschick 2006, Vanhooydonck et al. 2009). Manny 

studies have suggested the sexual signals of lizard are used in male-male competition 

that male could evaluate the fighting ability of its opponent (Lailvaux et al. 2004, 

Vanhooydonck et al. 2005, Vanhooydonck et al. 2009). While Takydromus are usually 

non-territorial, forming extremely high population densities in suitable microhabitats 

with no pronounced male–male competition (Takeishi and Ono 1986, Luo et al. 2012, 

Shaner et al. 2013), therefore the signal for intersexual selection is plausible. The 

lateral coloration divers in Takydroumous lizards and has been assumed to associate 

with reproduction for long time. While little is known about it so far. Here I provided 

an empirical evidence showing its function that increased our understanding about 

this coloration in this genus. In this study, I only addressed the area of ornament but 

no other color components, such as hue or brightness, or the specific pattern of 

coloration. The importance of this visual signal has been suggested in Anolis lizards 

(Tokarz et al. 2005, Nicholson et al. 2007) that is worth to investigate in this genus in 

the future. 

The increase of parasitism predicted by ICHH was not tested in this study 

because the challenge to handle parasite infection in laboratory and in the wild. Here I 

used the experimental results of testosterone mediated increase of ornament and 

decrease of immunity in laboratory combined the association between lateral 

coloration and ectoparasitism in wild to support this final prediction of ICHH 

indirectly. However, the increase of parasitism could be caused through behavior 

pathway, males with high testosterone have higher activity and larger home range that 

increase the risk to be infected by parasite. I did not test activity in this study, while 

the increase in sprint speed and stamina implied the possibility. Without further 

experiment to handle infection of parasite, it is hard to clearly know whether the 

 



73 
 

increase in parasitism caused by the change in physiology or behavior. However, both 

pathway would baring severe cost after the infection, suggesting testosterone and 

ectoparasite plays critical roles in the tradeoff between reproduction and survival in 

this species. 
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Tables and Figures 

 

Fig.3. 1 Testosterone levels in feces in males with different index of side coloration. 

Greater value color level denotes the green area on lateral side is greater. 
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Fig.3. 2 Mean testosterone levels in feces in each treatments. Letters denote statistical 

separation base on ANOVA with Tukey’ post hoc test. 
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Fig.3. 3 Mean difference of side coloration ratio between pretreatment and 

posttreatment in treatments. Letters denote statistical separation base on ANOVA with 

Tukey’ post hoc test. 

 

  

 



77 
 

 

 

Fig.3. 4 Difference of stamina (A) and sprint speed (B) in each treatments considering 

weight as a covariate.  
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Fig.3. 5 Mean mass of hemipenis (A) and testicles (B) in each treatments. Letters 

denote statistical separation base on ANOVA with Tukey’ post hoc test.  
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Fig.3. 6 Mean PHA response in each treatments. Letters denote statistical separation 

base on ANOVA with Tukey’ post hoc test. 
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Chapter 4 

Tail regeneration after autotomy revives survival: A case from a 

long-term monitored lizard population under avian predation 

Abstract 

Caudal autotomy in lizards has intrigued scientists for more than a hundred 

years. Because of the relative lack of literature under natural conditions, the 

complicated association among field autotomy rate, real predation pressure, the long-

term cost of tail loss, and the benefit of regeneration remains equivocal. In this study, 

I conducted a seven-year capture-mark-recapture (CMR) programme with a wild 

population of a sexually dichromatic lizard, Takydromus viridipunctatus. I used 

autotomy indexes and a contemporary bird census mega-dataset of 4 predatory birds 

as predictors to examine the association between tail loss and predation pressure. I 

further estimated the survival cost of tail loss and alleviation by regeneration under 

natural conditions through CMR modelling. I found that large and small avian 

predators affect lizard survival through the following two routes: the larger-sized 

cattle egret causes direct mortality while the smaller shrikes and kestrels are the major 

causes of autotomy. Following autotomy, the survival rate of tailless individuals over 

the next month was significantly lower than that of tailed individuals, especially 

males during the breeding season, which showed a decline of greater than 30%. This 

sex-related difference further demonstrated the importance of reproductive costs for 

males in this sexually dichromatic species. However, the risk of mortality returned to 

baseline after the tails were fully grown. This study indicates the benefit of tail 

regeneration under natural conditions, which increases our understanding of the cost-

benefit dynamics of caudal autotomy and further explains the maintenance of this trait 

as an evolutionarily beneficial adaption to long-term predator-prey interactions.  
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Introduction 

 Autotomy, the voluntary shedding of an appendage to evade entrapment 

(Fredericq 1892), is perhaps the most dramatic and energetically costly anti-predator 

behaviour in animals. It has been observed in diverse animal taxa including both 

invertebrates and vertebrates that detach a variety of body parts (Sumner and Collins 

1918, Wake and Dresner 1967, Arnold 1984, Maginnis 2006, Fleming et al. 2007, 

Bely and Nyberg 2010, Higham et al. 2013). In addition to the well-known immediate 

survival benefit of this tactic, the costs to the individual after detachment have also 

received much attention in recent decades, which has increased our understanding of 

the cost-benefit dynamics of autotomy and its evolutionary trajectory (Maginnis 2006, 

Fleming et al. 2007, Bely and Nyberg 2010). 

Caudal autotomy in lizards is perhaps the most famous case of a body-shedding 

tactic, and it has intrigued scientists for over one hundred years (Hunter 1861, Poulton 

1895, Higham et al. 2013). Species from at least two-thirds of lizard families have the 

capability to lose and regenerate their tails (Zani 1996, Downes and Shine 2001, 

Bateman and Fleming 2009). During this process, contracting muscles split the weak 

structure of the tail vertebra, which causes the tail to separate from the body and 

enables the lizard to flee from the grip of a predator (Arnold 1984). The post-

autotomy tail acts as a distraction that writhes and wiggles to draw the attention of the 

predator away from the owner of the tail (Arnold 1984, Pafilis et al. 2005, Higham 

and Russell 2010). Many previous studies have shown that tail autotomy could 

increase the immediate survival rate when lizards encounter predators (Congdon et al. 

1974, Dial and Fitzpatrick 1983, Daniels et al. 1986), and subsequent studies also 

suggested that the risk of predation might enhance the evolution of autotomy (Fox et 

al. 1994, Pafilis et al. 2009, Brock et al. 2015).  

Despite of the long-term interest in tail loss in lizards, some issues remain the 
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subject of debate. First, the degree of association between the frequency of caudal 

autotomy and predation pressure under natural conditions is controversial. In recent 

decades, researchers have debated the ecological relevance of autotomy rate in the 

wild as follows: does it reflect the real predation pressure? Or does it reflect predation 

“inefficiency” (Pianka 1970, Arnold 1988, Medel et al. 1988, reviewed in Bateman 

and Fleming 2009)? The inconsistent results concerning the relationship between the 

field autotomy rate and predation pressure (Pafilis et al. 2009, Brock et al. 2015) 

reveal that the debate is ongoing. Since the field autotomy rate of lizards is influenced 

by the temporal and seasonal fluctuations of the abundances of multiple predators, the 

association between field autotomy rate and predation pressure would be obscured if 

researchers only focus on a short time scale. Surprisingly, long-term studies of 

autotomy in lizards are extremely rare.  

Second, although the costs of tail loss and regeneration have been well studied in 

captivity, the long-term consequences have been less well explored in the wild 

(Maginnis 2006, Higham et al. 2013). Many studies have documented the intrinsic 

impacts of tail loss, including energetic impairment (Niewiarowski et al. 1997, Fox 

and McCoy 2000, Kuo et al. 2013), decreased agility and/or activity (Martin and 

Avery 1998, Gillis et al. 2009, Cromie and Chapple 2012, reviewed in McElroy and 

Bergmann 2013), and the loss of the opportunity to shed the tail in a subsequent 

predatory encounter (Downes and Shine 2001). All of these factors are assumed to 

contribute to the ultimate cost—a decline in mating success (Vitt and Cooper Jr 1986, 

Salvador et al. 1995, Wilson and Booth 1998) and survival (Wilson 1992, Fox and 

McCoy 2000, Downes and Shine 2001). Nevertheless, most studies that were 

performed in the laboratory or within artificial or semi-natural environments only 

showed an effect for a short time following tail loss. Only a handful of studies have 

focused on the long-term consequences of autotomy in the wild, particularly as they 
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relate to survival. The rarity of field studies and their inconsistent results have 

perpetuated the ambiguity of the long-term costs of tail loss. For example, the 

contradictory results from studies of Uta stansburiana (Wilson 1992, Althoff and 

Thompson 1994, Niewiarowski et al. 1997, Fox and McCoy 2000) indicate that 

understanding the long-term effect of autotomy on survival remains elusive.  

Similar to autotomy, the long-term consequences of regeneration have also rarely 

been addressed. Regeneration is an energetically expensive process that could exert 

serious costs on an individual, but this trait is widely maintained in a variety of 

squamata taxa, which hints at the potential benefit of this strategy. The adaptive 

hypothesis of regeneration (Bely and Nyberg 2010) predicts that the regrowth of a 

shed structure could alleviate the survival cost of autotomy, but little is known about 

this benefit following regeneration under natural conditions.  

Field demographic studies over a long time scale provide a straightforward 

solution to these debates. In this study, we conducted a seven-year capture-mark-

recapture experiment on a wild population of the sexually dichromatic green-spotted 

grass lizard, Takydromus viridipunctatus. Members of the genus Takydromus are 

“grass swimmers” with an elongated body shape and an extremely long tail (2.5 ~ 4.2 

times the snout-vent length, depending on the species (Pianka and Vitt 2003, Shang et 

al. 2009). These lizards inhabit open grasslands and exhibit a unique sleeping 

behaviour in which they perch almost exclusively on the long, soft, thin leaves of 

Miscanthus or other Gramineae grasses. This behaviour is believed to prevent 

predation by rodents, shrews, and serpents from the ground at night. These lizards are 

usually non-territorial, forming extremely high population densities in suitable 

microhabitats with no pronounced male-male competition (Takeishi and Ono 1986, 

Luo et al. 2012, Shaner et al. 2013), limiting the potential for intraspecific interactions 

to result in tail loss. Finally, sympatric owls (Otus spp.) have never been observed to 
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prey on this lizard. All these observations support the conclusion that diurnal birds are 

likely the major predators contributing to green-spotted grass lizard mortality and tail 

loss. 

In this study, I incorporated data on lizard survival and caudal autotomy with the 

data on contemporary dynamics of four major bird predators from a national bird 

watching mega-dataset. My objectives were to 1) inspect predator abundance versus 

lizard tail loss and survival rates to determine the relationship between field autotomy 

and predation efficiency; 2) estimate the survival rates of tailed and tailless 

individuals to understand the long-term consequences of autotomy on survival; and 3) 

examine the alleviation of the survival cost of autotomy through tail regeneration to 

determine the benefit of this evolutionary tactic. With more than 20,000 captures of 

more than 11,000 individual lizards over the past several years, this is one of the first 

long-term studies of the cost-benefit relationship of tail autotomy and regeneration in 

the wild. 

 

Material and methods 

Lizard study system 

The green-spotted grass lizard, Takydromus viridipunctatus (Squamata: 

Lacertidae), is a small lacertid (SVL of approximately 48 mm in adults; Lue and Lin 

2008) with prominent sex dichromatism. The breeding season lasts from early May to 

late September, when seasonal courtship coloration occurs in males (intense green 

spots on their lateral sides), and V-shaped bite marks from copulation can be observed 

in females. The long-term monitoring of a closed population of T. viridipunctatus 

began in 2006 at Jinshan Cape (25°13′34″N, 121°38′55″E), a coastal promontory 

surrounded by ocean and developed regions; thus, the dispersal probability is 

relatively low. The vegetation on the cape is primarily grassland (the dominant species 
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are Miscanthus sinensis, Bidens pilosa and Wedelia triloba) with a mosaic of patches 

of secondary forest. There are relatively few terrestrial predators; no carnivores have 

ever been recorded, and serpent abundance is very low.  

Since May 2006, monthly capture-mark-recapture (CMR) lizard surveys have 

been conducted one night per month, and the data used in this study cover 7 years 

from February 2007 to August 2013. Seven to 12 experienced field workers searched 

several transects totalling 800 metres in length and captured all of the observed 

individuals by hand as they slept on Miscanthus leaves. Captured lizards were 

weighed to the nearest 0.01 g using an electronic scale, and their snout-vent lengths 

(SVLs) were measured to the nearest 0.01 mm using a digital calliper. For all 

individuals, I recorded their sex, age class, and tail autotomy index (see below) before 

uniquely tagging them by toe clipping, which is thought to be the most efficient and 

least stressful method for marking this kind of small lizard (Langkilde and Shine 

2006). Our previous study suggested that there was no systematic bias in the capture 

procedure (Shaner et al. 2013). 

Owing to the high population density at the sampling site, the mean number of 

captured individuals during each sampling event was approximately 233 but exceeded 

500 on some occasions. During the seven-year census period, there were 20,552 

captures of 11,415 individuals; the recapture rate in the census region ranges from 04 

– 0.6 during the breeding season. 

 

Evaluation of tail autotomy 

I defined three categories of autotomy based on the length, colour, and neural 

response of the tails. Individuals were recorded as “tailless” if they had experienced a 

recent tail loss, which could be distinguished by a wounded, scabbed, or newly 

regenerating tail. Individuals were classified as “regenerated” if they had a shorter and 
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differently coloured tail with a weak or absent neural response to tail palpation, while 

“intact” tails had not been previously shed. In the following analyses, the autotomy 

index was applied as a response variable in the multiple regression analysis of the 

relationship between autotomy and predation pressure and as one of the predictor 

variables in the survival estimation. 

 

Evaluation of predator abundance 

A long-term mega-dataset of all the bird species in Taiwan has been collected by 

the Chinese Wild Bird Federation from bird watchers and researchers throughout the 

country. In our study site, the following four species of birds are the major predators 

of T. viridipunctatus: the black drongo (Dicrurus macrocercus, resident), the cattle 

egret (Bubulcus ibis, summer migrant), the common kestrel (Falco tinnunculus, 

winter migrant), and the brown shrike (Lanius cristatus, absent only in summer); thus, 

I selected all records in the database of these four species from Northern Taiwan from 

2007 to 2013. Considering that autotomy is the consequence of recent predation, I 

summed the records of each of the four birds from 30 days prior to a capture event to 

estimate recent (past) predator abundance to examine the association between 

predation and autotomy rates. On the other hand, I summed the records of the four 

birds until next capture occasion to estimate the subsequent (future) predator 

abundance for survival analysis.  

I used principal component analysis to reduce the four bird predators into two 

principal components as indexes of predation pressure and then used these indexes as 

predictor variables to test their effects on caudal autotomy and survival rates. The first 

two principal components of both recent and subsequent predation pressures 

explained 85% of the total variance, and both of their eigenvalues were greater than 1 

(Table 4.1). The abundances of shrikes and kestrels were prominent in PC1, while the 
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major loading in PC2 was the abundance of cattle egrets; the black drongo contributed 

evenly to both PCs (Table 4.1). 

 

Correlation between caudal autotomy and predation pressure 

I examined the association between predation pressure and caudal autotomy in T. 

viridipunctatus in logistic regression analysis. Considering the sexual dichromatism 

and breeding season of the lizard, I incorporated sex, season, and the two principal 

components of recent predation pressure as predictor variables, using recent autotomy 

(tailless vs. intact) as a nominal response variable to build the regression models. I 

first used forward selection procedures (both the enter and leave probabilities were 

equal to 0.10) to choose useful predictors from the four predictor variables. I then 

examined the significance of the model with the chosen variables and their 

interactions, and inspected the relationship between autotomy rate and the predictors. 

The data from juvenile and recaptured individuals were excluded from this analysis to 

prevent potentially confounding effects of size and repeat sampling. Statistics were 

performed in JMP® , Version 7. SAS Institute Inc. 

 

Survival analysis 

I implemented the Cormack-Jolly-Seber (CJS) model in program MARK (White 

and Burnham 1999) to estimate the survival rate and test the effects of the predictors. 

The CJS model simultaneously estimates the survival (φ) and recapture probability (p) 

between capture occasions, which allows users to incorporate categorical and/or 

continuous variables as predictors to explain both probabilities. In this study, the 

monthly survival rate was treated as a linear function of the caudal autotomy index 

and the two principal components of the subsequent predator abundance while 

considering the effects of sex and season (breeding and nonbreeding) 
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The time-varied capture probability was first supported by comparing all possible 

models, and I then tested the significance of the effects of the categorical predictors 

and continuous predictors on survival with time-varied capture probability in two 

different stages (see the electronic supplementary material for details). First, I built 19 

models with different sets of categorical predictors, including autotomy index, season 

(breeding and nonbreeding), and sex (Table 4.2), to know the effects of the categorical 

predictors. Second, based on Akaike’s information criterion (AIC), I used two of the 

best supported models (φsex+a+s+sex*a+a*s pt and φa+s+a*s pt) to constructed 38 models 

comprised of continuous predictors, the two principal components of subsequent 

predator abundance (Table 4.3) and then tested the effects of predation. I tested the 

significance of the predictors in the well-supported models with a likelihood ratio test 

(LRT). Considering the potential influence of total predation and body size on 

survival, I also examined their effect on survival (see the electronic supplementary 

material for details). 

 

Results 

Tail autotomy and predator abundance  

A total of 9,396 data points comprised of only adults (5,380 individuals) captured 

from February 2007 to August 2013 were selected from a total of 20,552 data points 

from the seven-year census (Fig. 4.1a). The autotomy rate significantly differed 

between sexes and among different months (Fig. 4.2a; F12,145=11.54, p<0.0001; no 

sex×month interaction), and was significantly higher in females than males 

(F1,145=15.73, p=0.0001; mean: 0.2465±0.0094 vs 0.1935±0.0094). In both sexes, the 

autotomy rates were lower in summer (Jul – Aug) than in winter and spring 

(F11,145=11.15, p<0.0001).  
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The abundance of the four avian predators also fluctuated annually (Fig. 4.2b-e, 

Fig.4.1b-e). The two winter visitors, the brown shrike and the common kestrel, 

showed a similar decreasing trend in late spring and were totally absent in summer. 

The black drongo, a common resident in Taiwan, was recorded throughout the year 

with little fluctuation. As a summer breeder and transient visitor, the cattle egret 

showed high abundance in the breeding season and low abundance in the nonbreeding 

seasons with some extreme peaks in the migration months.  

 

Correlation between autotomy rate and predator abundance 

The association between autotomy rate and predation pressure was seasonally 

dependent and sex-specific (Fig. 4.3). Sex, season, and the first component of recent 

predation pressure (PC1, representing the abundance of shrikes and kestrels) were 

significant in the forward selection procedure (Table 4.4). However, the second 

component of recent predation pressure (PC2, representing the abundance of cattle 

egrets) did not correlate with autotomy rate (Wald/score: χ2=0.00004, df=1, p=0.9948, 

Table 4.4). The three-way interaction of the chosen predictors was significant (total 

model: 2=139.22, df=7, p<0.0001; PC1×sex×season: 2=4.27, p=0.0389, Table 4.5), 

suggesting that all the predictors were associated with caudal autotomy in T. 

viridipunctatus in a complicated way. In the breeding season, both the male and 

female autotomy rates were positively correlated with the recent abundance of brown 

shrikes and kestrels (PC1), and this association was stronger in males than in females 

(Table 4.5 and Fig. 4.3) as illustrated by the steeper slope of the male curve. In 

contrast, during the nonbreeding season, the relationship between PC1 and the 

autotomy rate was negative (Fig. 4.3). In the breeding season, the negative association 

was sex-specific as it was stronger for males compared to females (Table 4.5 and Fig. 

4.3). 
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Correlation between survival and predator abundance 

Survival rate was negatively associated with both of the subsequent predation 

pressure PCs. These associations were seasonal and autotomy dependent (Fig. 4.4). 

The best-supported model, φa+s+a*s+p12+s*p12, involved the autotomy index, season, both 

subsequent predation PCs, and the interaction terms (Table 4.6b). Both predator 

abundance PCs showed seasonal associations with the survival of T. viridipunctatus. 

PC1 (shrikes and kestrels) negatively associated with the monthly survival rate in the 

nonbreeding season, while the association became weaker in the breeding season. In 

contrast, PC2 (cattle egrets) negatively correlated with survival rate in the breeding 

season but had no effect during the nonbreeding season (Table 4.7b and Fig. 4.4). The 

association between survival and shrikes/kestrels was expected because these birds 

also contribute to the field autotomy rate. However, cattle egrets only associated with 

survival but not autotomy rate, suggesting that being attacked by an egret might cause 

direct mortality in lizards without the chance to escape by tail loss. Due to the even 

occurrence among different seasons, the contribution of the black drongo was masked 

by that of the former three predators and did not show a clear pattern in the analyses. 

There was no significant difference among the slopes of the autotomy categories, 

suggesting that tailless individuals were not more vulnerable to predators.  

 

Survival cost of tail loss  

The survival cost of tail loss was significant in the survival analysis (Fig. 4.5). 

The best supported model, φsex+a+s+sex*a+a*s pt (Table 4.6a), indicated that survival was 

associated with autotomy index, sex, and season. Moreover, the effects of autotomy 

on survival differed between sexes and between breeding and nonbreeding season 

(Table 4.7a; Fig. 4.5). In the nonbreeding season, the monthly survival rate of tailless 
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females was approximately 8.74% lower than that of tailed females, while males 

faced a 17.38% decline in survival (intact females: 0.8636±0.0086, tailless females: 

0.7762±0.0256; intact males: 0.8759±0.0074, tailless males: 0.7021±0.0296) (Fig. 

4.5a and 4.5b). In the breeding season, the survival declines in tailless individuals 

were even more intense in both sexes: a 22.56% decline in females and a 33.93% 

decline in males (intact females: 0.7922±0.0106, tailless females: 0.5666±0.0302; 

intact males: 0.8096±0.0100, tailless males: 0.4703±0.0389) (Fig. 4.5a and 4.5b). This 

result indicated a crucial survival cost from autotomy, particularly in males during the 

breeding season. 

 

Benefit of tail regeneration 

We found an enormous survival benefit of tail regeneration in both sexes that was also 

seasonally dependent (Table 4.7a; Fig. 4.5). In the nonbreeding season, there was a 

7.53% survival rise between females with regenerated tails and those without tails 

(tailless females: 0.7762±0.0256; regenerated females: 0.8514±0.0090) and a 14.72% 

rise in males (tailless males: 0.7021±0.0296; regenerated males: 0.8493±0.0088). In 

the breeding season, the survival differences between regenerated individuals and 

tailless individuals in both sexes were even greater: 25.40% in females and 34.78% in 

males (tailless females: 0.5666±0.0302, regenerated females: 0.8206±0.0109; tailless 

males: 0.4703±0.0389, regenerated males: 0.8181±0.0111) (Fig. 4.5a and 4.5b). The 

large difference in survival between tailless and regenerated individuals suggested an 

enormous alleviation of the survival cost of tail loss following regeneration. 

Furthermore, there was no significant difference in survival between individuals with 

regenerated tails and those with intact tails in both sexes and seasons (Fig. 4.5a and 

4.5b). 
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Discussion 

The benefit of tail regeneration 

In addition to the severe costs of tail loss, the most novel discovery in this study 

is the prominent benefit of tail regeneration to survival. The survival rate of 

regenerated individuals was significantly higher than that of tailless individuals (Fig. 

4.5), supporting the prediction of the “adaptive hypothesis of regeneration” (Maginnis 

2006, Bely and Nyberg 2010) that reproducing a lost tail confers adaptive benefits. 

This is the first documentation of the benefit of tail regeneration under natural 

conditions, which explains the maintenance of this trait as an evolutionary beneficial 

adaptation to long-term predator-prey interactions. Furthermore, the survival 

probabilities of individuals with regenerated tails were not significantly different from 

those of individuals with intact tails. This suggests that the fidelity cost of 

regeneration (Maginnis 2006, Bely and Nyberg 2010) is relatively small and a 

regenerated tail works as well as an intact one, despite the incomplete neural function 

of the regrown appendage. 

Tails play a functional role in lizard locomotion (Gillis et al. 2009, Libby et al. 

2012, McElroy and Bergmann 2013), particularly in species with long tails (McElroy 

and Bergmann 2013) such as Takydromus (2.5 ~ 4.2 times the SVL, depending on 

species). A previous study of T. septentrionalis showed an enormous impairment of 

locomotor performance following the removal of a large proportion of the tail, which 

supported its function in the agility (Lin and Ji 2005) of this “grass swimmer”. In 

Takydromus, regenerated tails are usually as long as the originals and retain most of 

the original functions, such as physical supports when moving through dense grass. 

Tail function and the significance of tail length in such grass swimmers are worthy of 

investigation considering the biomechanical context of grassland habitats. 
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In addition to locomotion functions, regenerated tails also recover the function of 

distracting predators during attacks. Regenerated tails of Takydromus may again be 

lost anterior to the initial break, and this was observed in some individuals who were 

repetitively recaptured during the long-term census. This defence mechanism, 

although useless when encountering a cattle egret, helps lizards escape attacks from 

shrikes and kestrels. This observation may explain the increase in survival rate after 

tails were fully regrown. 

 

The cost of tail loss 

I found a great survival cost following tail loss in the wild by means of a long-

term population census. Although a long-term cost of caudal autotomy has been 

assumed for decades, only a handful of studies have been performed under natural 

conditions, and more than half found no evidence of impaired survival (Wilson 1992, 

Althoff and Thompson 1994, Niewiarowski et al. 1997, Fox and McCoy 2000, Webb 

2006). In addition, this cost is sex-specific and seasonally dependent with males 

experiencing a more serious cost than females, which highlights the significance of 

the intrinsic differences between the two sexes and the impact of the reproductive 

cycle on the cost of tail loss. 

Comparing the slopes of survival-predation relationships clarified the source of 

the higher mortality following tail loss. The slopes among the intact, tailless and 

regenerated lizards were not significantly different, which suggested that the negative 

effect of predation was no greater in tailless individuals than in tailed individuals. It 

implied that the survival cost of tail loss mainly stemmed from the physiological 

allocation of resources within individuals rather than a second encounter with 

predators. In the case of Eutropis mutifasciata, researchers showed a significant 

decrease in immunocompetence after tail loss which would increase the probability of 
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disease or infection. Therefore, autotomy may associate with some critical 

physiological functions that are linked to survival (Kuo et al. 2013).  

Furthermore, male and female lizards showed differing survival costs of 

autotomy in this study. This phenomenon is especially prominent in the breeding 

season; male survival decreases by 33.93% after tail loss compared to 22.56% in 

females. Previous studies have found associations among sexual dimorphism, 

ornamentation, parasitism and male-biased mortality (Promislow 1992, Poulin 1996, 

Hamilton and Poulin 1997, Moore and Wilson 2002), and immune function might 

again play a crucial role in the relationships among these life history factors (Møller 

and Saino 2004, Roberts et al. 2004). The recent studies confirmed a testosterone-

mediated trade-off between the nuptial green coloration and immunocompetence in 

the green-spotted grass lizard, which were further linked to parasitism and survival in 

this species (Shaner et al. 2013). The severe survival cost of autotomy in the breeding 

season, especially in males, might result from complicated interactions among tail 

loss, immunity, pathogens, and reproduction. 

 

Avian predators influence lizard survival via two routes 

My results showed that the brown shrike and the common kestrel reduced both 

autotomy and survival rate, while the cattle egret only influenced survival rate. This 

suggested that avian predators control the population of T. viridipunctatus by means 

of two routes: the small predators, shrikes (17-20 cm, 27-37 g) and kestrels (33-39 

cm, 136-314 g), promote caudal autotomy and subsequent survival costs, while the 

large predator, the cattle egret (50 cm, >400 g), reduces survival directly. The black 

drongo contributes evenly to both effects year round but at a slightly lower magnitude 

than the other three predators. 
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The ecological significance of the autotomy rate in the wild has been extensively 

debated for several decades, due to contrary inferences about autotomy rate and 

predation (Schoener 1979, Arnold 1988, review in Bateman and Fleming 2009), and 

mathematical ecologists have suggested that the autotomy rate, survival rate, and 

predation pressure should be measured in the field to address this controversy 

(Schoener 1979). By incorporating all these factors under natural conditions, my 

results strongly suggest that only evaluating the autotomy rate is insufficient to assess 

predation pressure. The Takydromus study system establishes a framework for the 

long-term study of autotomy and predation and provides a satisfactory answer to this 

long-lasting debate. 

 

Conclusion 

This study found clear evidence to answer long-standing questions about caudal 

autotomy. Large predators (i.e., cattle egrets) cause direct mortality, while small 

predators (i.e., shrikes and kestrels) promote both autotomy and mortality. There was 

a severe survival cost of tail loss in T. viridipunctatus, particularly in males during the 

breeding season, which led to a greater than 30% decrease in survival. The sex-related 

difference in the impact of tail loss further highlighted the importance of reproductive 

costs in this sexually dichromatic species. Most importantly, the risk of mortality 

dramatically decreased following tail regeneration, demonstrating the benefit of this 

energetically costly response and further explaining the maintenance of this trait as an 

evolutionary beneficial strategy to long-term predator-prey interactions. 
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Tables and Figures 

Table 4. 1 Principal components analysis of recent and subsequent predation pressure. 

Variables 
Recent predation Subsequent predation 

PC1 PC2 PC1 PC2 

L. cristatus 0.6791 -0.0846 0.6783 -0.0872 

F. tinnunculus 0.5854 -0.3955 0.5862 -0.3944 

D. macrocercus 0.4374 0.5429 0.4372 0.5423 

B. ibis 0.0699 0.7360 0.0723 0.7368 

Eigenvalue 1.8898 1.5100 1.8950 1.5049 

Variance proportion (%) 47.25 37.75 47.38 37.62 
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Table 4. 2 The model selection of 19 models estimating survival rate (φ) as functions 

of autotomy index, sex, and season with time-varied captured probability (pt). 

ID Model AICc ∆ AICc Weight Likelihood No. 

Par. 

1 φsex+a+s+sex*a+a*s pt 27618.42 0.00 0.566 1.000 87 

2 φsex+a+s+sex*a+a*s+sex*s pt 27619.83 1.41 0.279 0.494 88 

3 φsex+a+s+sex*a+a*s+sex*s+sex*a*s 

pt 

27622.52 4.10 0.073 0.129 90 

4 φa+s+a*s pt 27623.86 5.44 0.037 0.066 84 

5 φsex+a+s+a*s pt 27625.66 7.24 0.015 0.027 85 

6 φsex+a+s+sex*a pt 27626.31 7.89 0.011 0.019 85 

7 φsex+a+s+a*s+sex*s pt 27626.75 8.33 0.009 0.016 86 

8 φsex+a+s+sex*a+sex*s pt 27627.33 8.91 0.007 0.012 86 

9 φa+s pt 27630.26 11.84 0.002 0.003 82 

10 φsex+a+s pt 27632.20 13.78 0.001 0.001 83 

11 φsex+a+s+sex*s pt 27632.73 14.31 0.000 0.001 84 

12 φsex+a+sex*a pt 27654.42 36.00 0.000 0.000 84 

13 φa pt 27658.26 39.84 0.000 0.000 81 

14 φsex+a pt 27659.62 41.20 0.000 0.000 82 

15 φs pt 27853.30 234.88 0.000 0.000 80 

16 φsex+s pt 27853.34 234.92 0.000 0.000 81 

17 φsex+s+sex*s pt 27854.10 235.68 0.000 0.000 82 

18 φsex pt 27876.41 257.99 0.000 0.000 80 

19 φ. pt 27877.14 258.72 0.000 0.000 79 

sex: female, male; a=autotomy index: intact, tailless, regenerated; s=season: breeding season, 

nonbreeding season; .=constant. 

.
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Table 4. 3 The model selection of 38 models estimating survival rate (φ) as functions of two components of 

subsequent predation pressure, autotomy index, sex, and season with time-varied captured probability (pt). 

ID Model AICc ∆ AICc Weight Likelihood No. Par.  

1 φa+s+a*s+p12+s*p12 pt 26216.47 0.00 0.536 1.000 88  

2 φsex+a+s+sex*a+a*s+p12+s*p12 pt 26217.28 0.81 0.357 0.666 91  

3 φa+s+a*s+p12+a*p12+s*p12 pt 26219.88 3.41 0.098 0.182 92  

4 φa+s+a*s+p12+a*p12+s*p12+a*s*p12 pt 26225.56 9.09 0.006 0.011 96  

5 φsex+a+s+sex*a+a*s+p12+a*p12+s*p12+a*s*p12 pt 26226.44 9.97 0.004 0.007 99  

6 φsex+a+s+sex*a+a*s+p12+sex*p12+a*p12+s*p12+sex*a*p12+a*s*p12 

pt 

26236.85 20.38 0.000 0.000 105  

7 φsex+a+s+sex*a+a*s+p12 pt 26418.93 202.46 0.000 0.000 89  

8 φa+s+a*s+p12 pt 26420.53 204.06 0.000 0.000 86  

9 φsex+a+s+sex*a+a*s+p12+ sex*p12 pt 26422.23 205.76 0.000 0.000 91  

10 φsex+a+s+sex*a+a*s+p12+ a*p12 pt 26424.61 208.14 0.000 0.000 93  

11 φa+s+a*s+p12+a*p12 pt 26425.66 209.19 0.000 0.000 90  

12 φsex+a+s+sex*a+a*s+p12+sex*p12+a*p12+ sex*a*p12 pt 26433.24 216.77 0.000 0.000 99  

13 φsex+a+s+sex*a+a*s+p2+s*p2 pt 26805.94 589.46 0.000 0.000 89  

14 φsex+a+s+sex*a+a*s+p2+a*p2+s*p2+a*s*p2 pt 26808.32 591.85 0.000 0.000 93  

15 φa+s+a*s+p2+s*p2 pt 26808.47 592.00 0.000 0.000 86  

16 φa+s+a*s+p2+a*p2+s*p2+a*s*p2 pt 26811.16 594.68 0.000 0.000 90  

17 φa+s+a*s+p2+a*p2+s*p2 pt 26812.35 595.88 0.000 0.000 88  

18 φsex+a+s+sex*a+a*s+p2+sex*p2+a*p2+s*p2+sex*a*p2+a*s*p2 pt 26813.19 596.72 0.000 0.000 96  

19 φsex+a+s+sex*a+a*s+p1+s*p1 pt 26925.67 709.20 0.000 0.000 89  

20 φsex+a+s+sex*a+a*s+p1+a*p1+s*p1+a*s*p1 pt 26926.94 710.47 0.000 0.000 93  

21 φa+s+a*s+p1+a*p1+s*p1 pt 26931.69 715.22 0.000 0.000 88  

22 φsex+a+s+sex*a+a*s+p1+sex*p1+a*p1+s*p1+sex*a*p1+a*s*p1 pt 26932.62 716.15 0.000 0.000 96  

23 φa+s+a*s+p1+s*p1 pt 26933.87 717.40 0.000 0.000 86  

24 φa+s+a*s+p1+a*p1+s*p1+a*s*p1 pt 26935.17 718.70 0.000 0.000 90  

25 φsex+a+s+sex*a+a*s+p2 pt 26954.79 738.32 0.000 0.000 88  

26 φsex+a+s+sex*a+a*s+p2+sex*p2 pt 26956.77 740.30 0.000 0.000 89  

27 φsex+a+s+sex*a+a*s+p2+a*p2 pt 26958.83 742.36 0.000 0.000 90  

28 φa+s+a*s+p2 pt 26960.11 743.64 0.000 0.000 85  

29 φa+s+a*s+p2+a*p2 pt 26964.01 747.54 0.000 0.000 87  

30 φsex+a+s+sex*a+a*s+p2+sex*p2+a*p2+ sex*a*p2 pt 26964.46 747.99 0.000 0.000 93  

31 φsex+a+s+sex*a+a*s+p1 pt 27018.26 801.79 0.000 0.000 88  

32 φsex+a+s+sex*a+a*s+p1+a*p1 pt 27018.44 801.97 0.000 0.000 90  

33 φsex+a+s+sex*a+a*s+p1+sex*p1 pt 27020.27 803.80 0.000 0.000 89  

34 φsex+a+s+sex*a+a*s+p1+sex*p1+a*p1+sex*a*p1 pt 27023.87 807.40 0.000 0.000 93  
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35 φa+s+a*s+p1+a*p1 pt 27027.61 811.14 0.000 0.000 87  

36 φa+s+a*s+p1 pt 27027.79 811.32 0.000 0.000 85  

37 φsex+a+s+sex*a+a*s pt 27618.42 1401.95 0.000 0.000 87  

38 φa+s+a*s pt 27623.86 1407.39 0.000 0.000 84  
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Table 4. 4 The result of forward selection procedure for potential variables which 

might influence tail autotomy. Both enter and leave probabilities were equal to 0.10. 

Variable Estimate df Wald/score χ2 P value Selected 

PC1 0.1179 1 10.79665 0.0010 Yes 

PC2 0 1 0.00004 0.9948 No 

sex 0.1527 1 18.72378 <0.0001 Yes 

season 0.1548 1 11.09528 0.0009 Yes 
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Table 4. 5 The logistic regression model of monthly caudal autotomy in Takydromus 

viridipunctatus. 

Effect Coefficient SE df 2 P 

Constant -1.9111 0.0767    

PC1 -0.2075 0.0690 1 9.3064 0.0023 

sex (female) 0.1775 0.1115 1 2.5275 0.1119 

season (breeding) -0.2355 0.1244 1 3.6152 0.0573 

PC1×sex 0.1316 0.1008 1 1.7042 0.1917 

PC1×season 0.7002 0.1016 1 46.9361 <0.0001 

sex×season 0.0320 0.1731 1 0.0342 0.8532 

PC1×sex×season -0.2920 0.1413 1 4.2659 0.0389 
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Table 4. 6 The best five survival 

models in the model selections 

for categorical predictors 

(autotomy index, sex, and season) 

and for continuous predictors 

(predation) with time-varied 

capture probability (pt). 

p12: both PC1 and PC2; p1: PC1 

only; p2: PC2 only; sex: female, 

male; a=autotomy index: intact, 

tailless, regenerated; s=season: 

breeding season, nonbreeding 

season. 

Model AICc ∆ AICc Weight Likelihood No. Par. 

(a) For categorical predictor (autotomy index, sex, and season) 

φsex+a+s+sex*a+a*s pt 27618.42 0.00 0.566 1.000 87 

φsex+a+s+sex*a+a*s+sex*s pt 27619.83 1.41 0.279 0.494 88 

φsex+a+s+sex*a+a*s+sex*s+sex*a*s pt 27622.52 4.10 0.073 0.129 90 

φa+s+a*s pt 27623.86 5.44 0.037 0.066 84 

φsex+a+s+a*s pt 27625.66 7.24 0.015 0.027 85 

(b) For continuous predictors (predation) 

φa+s+a*s+p12+s*p12 pt 26216.47 0.00 0.536 1.000 88 

φsex+a+s+sex*a+a*s+p12+s*p12 pt 26217.28 0.81 0.357 0.666 91 

φa+s+a*s+p12+a*p12+s*p12 pt 26219.88 3.41 0.098 0.182 92 

φa+s+a*s+p12+a*p12+s*p12+a*s*p12 pt 26225.56 9.09 0.006 0.011 96 

φsex+a+s+sex*a+a*s+p12+a*p12+s*p12+a*s*p12 pt 26226.44 9.97 0.004 0.007 99 
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Table 4. 7 The logit link function parameters of the two best models of the monthly 

survival rate of Takydromus viridipunctatus for categorical and continuous predictors.  

Parameter Coefficient SE 
95% CI 

lower upper 

(a) best model in from model selection for categorical predictors: φsex+a+s+sex*a+a*s pt 

Intercept 0.8571 0.1417 0.5794 1.1348 

autotomy 1† 1.0972 0.1532 0.7971 1.3975 

autotomy 2† 0.8718 0.1539 0.5701 1.1734 

sex (female) 0.3868 0.1442 0.1041 0.6695 

season (breeding) -0.9760 0.1998 -1.3676 -0.5843 

autotomy 1×sex -0.4955 0.1539 -0.7971 -0.1939 

autotomy 2×sex -0.3697 0.1546 -0.6728 -0.0666 

autotomy 1×season 0.4687 0.2205 0.0367 0.9008 

autotomy 2×season 0.7506 0.2250 0.3095 1.1916 

(b) best model from model selection for predation: φa+s+a*s+p12+s*p12 

Intercept 1.0814 0.1394 0.8082 1.3546 

PC1 -0.6963 0.0375 -0.7698 -0.6228 

PC2 -0.0784 0.0621 -0.2001 0.0433 

autotomy 1† 0.5263 0.1383 0.2552 0.7974 

autotomy 2† 0.3377 0.1398 0.0636 0.6118 

season (breeding) -1.6155 0.2208 -2.0482 -1.1828 

PC1×season 0.5783 0.0723 0.4366 0.7200 

PC2×season -0.9738 0.0919 -1.1540 -0.7938 

autotomy 1×season 0.5204 0.2167 0.0958 0.9451 

autotomy 2×season 0.7558 0.2190 0.3265 1.1851 

†autotomy 1=intact; autotomy 2=regenerated. 
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Fig.4. 1 (a) The monthly rates of caudal autotomy of adult Takydromus viridipuncatus 

(males in open circles; females in closed circles) during February 2007 to August 

2013, and the abundance of the four major avian predators: (b) brown shrike (Lanius 

cristatus), (c) common kestrel (Falco tinnunculus), (d) Black drongo, (Dicrurus 

macrocercus), and (e) cattle egret (Bubulcus ibis) during this period. 
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Fig.4. 2 Annual pattern of (a) monthly rates of caudal autotomy (mean±s.e.) of adult 

Takydromus viridipunctatus (open circles represent males; closed circles represent 

females) and the abundance of four major avian predators: (b) brown shrike (Lanius 

cristatus), (c) common kestrel (Falco tinnunculus), (d) Black drongo (Dicrurus 

macrocercus), and (e) cattle egret (Bubulcus ibis) from 2007 to 2013. 
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Fig.4. 3 Autotomy rate of (a) male and (b) female Takydromus viridipunctatus against 

the first component of recent predator abundance. The solid and broken lines denote 

the predicted autotomy rates in the breeding and nonbreeding seasons, respectively. 

The dotted lines represent the 95% confidence intervals.

0

0.1

0.2

0.3

0.4

0.5

-2 -1 0 1 2 3 4 5

0

0.1

0.2

0.3

0.4

0.5

-2 -1 0 1 2 3 4 5

P
re

d
ic

te
d

 a
u

to
to

m
y

 r
at

e

PC1

(a)

(b)

breeding season

nonbreeding seasonmales

females

PC1

P
re

d
ic

te
d

 a
u

to
to

m
y

 r
at

e

weak strong
predation pressure

 



 

108 
 

 

 

Fig.4. 4 Monthly survival rates of (a, d) intact, (b, e) tailless, and (c, f) regenerated individuals against the 

first PC (a, b, c) and the second PC (d, e, f) of subsequent predator abundance. The solid and broken lines 

denote the estimated survival rates in the breeding and nonbreeding seasons, respectively. The dotted lines 

represent the 95% confidence intervals. 
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Fig. 4.5. Monthly survival rates of (a) male and (b) female intact, tailless, and 

regenerated individuals. The closed bars are the estimated survival rates in the 

breeding season, while the open bars represent those in the nonbreeding season.  
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Caudal autotomy in lizards has intrigued scientists for more than 100 years.

Because of the relative lack of literature under natural conditions, the compli-

cated association among field autotomy rate, real predation pressure, the

long-term cost of tail loss, and the benefit of regeneration remains equivocal.

In this study, we conducted a 7-year capture–mark–recapture (CMR) pro-

gramme with a wild population of a sexually dichromatic lizard, Takydromus
viridipunctatus. We used autotomy indexes and a contemporary bird census

mega-dataset of four predatory birds as predictors to examine the association

between tail loss and predation pressure. We further estimated the survival

cost of tail loss and alleviation by regeneration under natural conditions

through CMR modelling. We found that large and small avian predators

affect lizard survival through the following two routes: the larger-sized cattle

egret causes direct mortality while the smaller shrikes and kestrels are the

major causes of autotomy. Following autotomy, the survival rate of tailless indi-

viduals over the next month was significantly lower than that of tailed

individuals, especially males during the breeding season, which showed a

decline of greater than 30%. This sex-related difference further demonstrated

the importance of reproductive costs for males in this sexually dichromatic

species. However, the risk of mortality returned to baseline after the tails were

fully grown. This study indicates the benefit of tail regeneration under natural

conditions, which increases our understanding of the cost–benefit dynamics

of caudal autotomy and further explains the maintenance of this trait as an

evolutionarily beneficial adaption to long-term predator–prey interactions.

Apendix A
1. Introduction
Autotomy, the voluntary shedding of an appendage to evade entrapment [1], is

perhaps the most dramatic and energetically costly anti-predator behaviour in

animals. It has been observed in diverse animal taxa including both invertebrates

and vertebrates that detach a variety of body parts [2–8]. In addition to the well-

known immediate survival benefit of this tactic, the costs to the individual after

detachment have also received much attention in recent decades, which has

increased our understanding of the cost–benefit dynamics of autotomy and its

evolutionary trajectory [2,7,8].

Caudal autotomy in lizards is perhaps the most famous case of a body-

shedding tactic, and it has intrigued scientists for over 100 years [3,9,10]. Species

from at least two-thirds of lizard families have the capability to lose and regener-

ate their tails [11–13]. During this process, contracting muscles split the weak

structure of the tail vertebra, which causes the tail to separate from the body
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and enables the lizard to flee from the grip of a predator [6].

The post-autotomy tail acts as a distraction that writhes

and wiggles to draw the attention of the predator away

from the owner of the tail [6,14,15]. Many previous studies

have shown that tail autotomy could increase the immediate

survival rate when lizards encounter predators [16–18], and

subsequent studies also suggested that the risk of predation

might enhance the evolution of autotomy [19–21].

Despite the long-term interest in tail loss in lizards, some

issues remain the subject of debate. First, the degree of associ-

ation between the frequency of caudal autotomy and predation

pressure under natural conditions is controversial. In recent

decades, researchers have debated the ecological relevance of

autotomy rate in the wild as follows: does it reflect the real

predation pressure? Or does it reflect predation ‘inefficiency’

([22–24], reviewed in [13])? The inconsistent results concerning

the relationship between the field autotomy rate and predation

pressure [20,21] reveal that the debate is ongoing. As the field

autotomy rate of lizards is influenced by the temporal and sea-

sonal fluctuations of the abundances of multiple predators, the

association between field autotomy rate and predation

pressure would be obscured if researchers only focus on a

short timescale. Surprisingly, long-term studies of autotomy

in lizards are extremely rare.

Second, although the costs of tail loss and regeneration

have been well studied in captivity, the long-term conse-

quences have been less well explored in the wild [3,8]. Many

studies have documented the intrinsic impacts of tail loss,

including energetic impairment [25–27], decreased agility

and/or activity ([28–30] reviewed in [31]), and the loss of the

opportunity to shed the tail in a subsequent predatory encoun-

ter [12]. All of these factors are assumed to contribute to

the ultimate cost—a decline in mating success [32–34] and

survival [12,26,35]. Nevertheless, most studies that were per-

formed in the laboratory or within artificial or semi-natural

environments only showed an effect for a short time following

tail loss. Only a handful of studies have focused on the long-

term consequences of autotomy in the wild, particularly as

they relate to survival. The rarity of field studies and their

inconsistent results have perpetuated the ambiguity of the

long-term costs of tail loss. For example, the contradictory

results from studies of Uta stansburiana (positive evidence in

[26,35] but not in [25,36]) indicate that understanding the

long-term effect of autotomy on survival remains elusive.

Similar to autotomy, the long-term consequences of

regeneration have also rarely been addressed. Regeneration

is an energetically expensive process that could exert serious

costs on an individual, but this trait is widely maintained in a

variety of squamata taxa, which hints at the potential benefit

of this strategy. The adaptive hypothesis of regeneration [7]

predicts that the regrowth of a shed structure could alleviate

the survival cost of autotomy, but little is known about this

benefit following regeneration under natural conditions.

Field demographic studies over a long timescale provide a

straightforward solution to these debates. In this study, we con-

ducted a 7-year capture–mark–recapture (CMR) experiment

on a wild population of the sexually dichromatic green-spotted

grass lizard, Takydromus viridipunctatus. Members of the genus

Takydromus are ‘grass swimmers’ with an elongated body

shape and an extremely long tail (2.5–4.2 times the snout–

vent length (SVL), depending on the species [37,38]). These

lizards inhabit open grasslands and exhibit a unique sleeping

behaviour in which they perch almost exclusively on the
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long, soft, thin leaves of Miscanthus or other Gramineae grasses.

This behaviour is believed to prevent predation by rodents,

shrews, and serpents from the ground at night. These lizards

are usually non-territorial, forming extremely high popula-

tion densities in suitable microhabitats with no pronounced

male–male competition [39–41], limiting the potential for

intraspecific interactions to result in tail loss. Finally, sympatric

owls (Otus spp.) have never been observed to prey on this

lizard. All these observations support the conclusion that

diurnal birds are likely the major predators contributing to

green-spotted grass lizard mortality and tail loss (electronic

supplementary material, figure S1).

In this study, we incorporated data on lizard survival and

caudal autotomy with the data on contemporary dynamics of

four major bird predators from a national bird watching

mega-dataset. Our objectives were to (i) inspect predator

abundance versus lizard tail loss and survival rates to deter-

mine the relationship between field autotomy and predation

efficiency, (ii) estimate the survival rates of tailed and tailless

individuals to understand the long-term consequences of

autotomy on survival, and (iii) examine the alleviation of

the survival cost of autotomy through tail regeneration to

determine the benefit of this evolutionary tactic. With more

than 20 000 captures of more than 11 000 individual lizards

over the past several years, this is one of the first long-term

studies of the cost–benefit relationship of tail autotomy and

regeneration in the wild.
2. Material and methods
(a) Lizard study system
The green-spotted grass lizard, T. viridipunctatus (Squamata:

Lacertidae), is a small lacertid (SVL of approx. 48 mm in

adults; [42]) with prominent sex dichromatism. The breeding

season lasts from early May to late September, when seasonal

courtship colouration occurs in males (intense green spots on

their lateral sides), and V-shaped bite marks from copulation

can be observed on females. The long-term monitoring of a

closed population of T. viridipunctatus began in 2006 at Jinshan

Cape of northern Taiwan, a coastal promontory surrounded by

ocean and developed regions; thus, the dispersal probability is

relatively low. The vegetation on the cape is primarily grassland

(the dominant species are Miscanthus sinensis, Bidens pilosa, and

Wedelia triloba) with a mosaic of patches of secondary forest.

There are relatively few terrestrial predators; no carnivores

have ever been recorded, and serpent abundance is very low.

Since May 2006, monthly CMR lizard surveys have been con-

ducted one night per month, and the data used in this study cover

7 years from February 2007 to August 2013. Seven to 12 experi-

enced fieldworkers searched several transects totalling 800 m in

length and captured all of the observed individuals by hand as

they slept on Miscanthus leaves. Captured lizards were weighed

to the nearest 0.01 g using an electronic scale, and their SVLs

were measured to the nearest 0.01 mm using a digital calliper.

For all individuals, we recorded their sex, age class, and tail autot-

omy index (see below) before uniquely tagging them by toe

clipping, which is thought to be the most efficient and least stress-

ful method for marking this kind of small lizard [43]. Our previous

study suggested that there was no systematic bias in the capture

procedure [41].

Owing to the high population density at the sampling site,

the mean number of captured individuals during each sampl-

ing event was approximately 233 but exceeded 500 on some

occasions. During the 7-year census period, there were 20 552
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captures of 11 415 individuals; the recapture rate in the census

region ranges from 0.4 to 0.6 during the breeding season.
spb.royalsocietypublishing.org
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(b) Evaluation of tail autotomy
We defined three categories of autotomy based on the length,

colour, and neural response of the tails. Individuals were

recorded as ‘tailless’ if they had experienced a recent tail loss,

which could be distinguished by a wounded, scabbed, or

newly regenerating tail. Individuals were classified as ‘regener-

ated’ if they had a shorter and differently coloured tail with a

weak or absent neural response to tail palpation, while ‘intact’

tails had not been previously shed. In the following analyses,

the autotomy index was applied as a response variable in the

multiple regression analysis of the relationship between autot-

omy and predation pressure and as one of the predictor

variables in the survival estimation.
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(c) Evaluation of predator abundance
A long-term mega-dataset of all the bird species in Taiwan has

been collected by the Chinese Wild Bird Federation from bird

watchers and researchers throughout the country. In our study

site, the following four species of birds are the major predators

of T. viridipunctatus: the black drongo (Dicrurus macrocercus,

resident), the cattle egret (Bubulcus ibis, summer migrant), the

common kestrel (Falco tinnunculus, winter migrant), and the

brown shrike (Lanius cristatus, absent only in summer); thus,

we selected all records in the database of these four species

from Northern Taiwan from 2007 to 2013. Considering that

autotomy is the consequence of recent predation, we summed

the records of each of the four birds from 30 days prior to a cap-

ture event to estimate recent (past) predator abundance to

examine the association between predation and autotomy rates.

On the other hand, we summed the records of the four birds

until the next capture occasion to estimate the subsequent

(future) predator abundance for survival analysis.

We used principal component (PC) analysis to reduce the

four bird predators into two principal components as indexes

of predation pressure and then used these indexes as predictor

variables to test their effects on caudal autotomy and survival

rates. The first two principal components of both recent and sub-

sequent predation pressures explained 85% of the total variance,

and both of their eigenvalues were greater than 1 (electronic sup-

plementary material, table S1). The abundances of shrikes and

kestrels were prominent in PC1, while the major loading in

PC2 was the abundance of cattle egrets; the black drongo contrib-

uted evenly to both PCs (electronic supplementary material,

table S1).
(d) Correlation between caudal autotomy and predation
pressure

We examined the association between predation pressure and

caudal autotomy in T. viridipunctatus using logistic regression

analysis. Considering the sexual dichromatism and breeding

season of the lizard, we incorporated sex, season, and the two

principal components of recent predation pressure as predictor

variables, using recent autotomy (tailless versus intact) as a nom-

inal response variable to build the regression models. We first

used forward selection procedures (both the enter and leave

probabilities were equal to 0.10) to choose useful predictors

from the four predictor variables. We then examined the signifi-

cance of the model with the chosen variables and their

interactions, and inspected the relationship between autotomy

rate and the predictors. The data from juvenile and recaptured

individuals were excluded from this analysis to prevent
125
potentially confounding effects of size and repeat sampling.

Statistics were performed in JMPw, v. 7 (SAS Institute Inc.).

(e) Survival analysis
We implemented the Cormack–Jolly–Seber (CJS) model in Pro-

gram MARK [44] to estimate the survival rate and test the

effects of the predictors. The CJS model simultaneously estimates

the survival (w) and recapture probability ( p) between capture

occasions, which allows users to incorporate categorical and/or

continuous variables as predictors to explain both probabilities.

In this study, the monthly survival rate was treated as a linear

function of the caudal autotomy index and the two principal

components of the subsequent predator abundance while consid-

ering the effects of sex and season (breeding and non-breeding)

The time-varied capture probability was first supported by

comparing all possible models, and we then tested the significance

of the effects of the categorical predictors and continuous predic-

tors on survival with time-varied capture probability in two

different stages (see the electronic supplementary material for

details). First, we built 19 models with different sets of categorical

predictors, including autotomy index, season (breeding and non-

breeding), and sex (electronic supplementary material, table S2),

to know the effects of the categorical predictors. Second, based

on Akaike’s information criterion, we used two of the best-

supported models (wsexþaþsþsex�aþa�s pt and waþsþa�s pt) to

construct 38 models comprising continuous predictors, the two

principal components of subsequent predator abundance (elec-

tronic supplementary material, table S3), and then tested the

effects of predation. We tested the significance of the predictors

in the well-supported models with a likelihood ratio test. Consid-

ering the potential influence of total predation and body size

on survival, we also examined their effect on survival (see the

electronic supplementary material for details).
3. Results
(a) Tail autotomy and predator abundance
A total of 9 396 data points comprising only adults (5 380 indi-

viduals) captured from February 2007 to August 2013 were

selected from a total of 20 552 data points from the 7-year

census (electronic supplementary material, figure S2a). The

autotomy rate significantly differed between sexes and among

different months (figure 1a; F12,145¼ 11.54, p , 0.0001; no

sex �month interaction), and was significantly higher in

females than males (F1,145 ¼ 15.73, p ¼ 0.0001; mean: 0.2465+
0.0094 versus 0.1935+0.0094). In both sexes, the autotomy

rates were lower in summer (July–August) than in winter

and spring (F11,145¼ 11.15, p , 0.0001).

The abundance of the four avian predators also fluctuated

annually (figure 1b–e; electronic supplementary material,

figure S2b–e). The two winter visitors, the brown shrike and

the common kestrel, showed a similar decreasing trend in

late spring and were totally absent in summer. The black

drongo, a common resident in Taiwan, was recorded through-

out the year with little fluctuation. As a summer breeder and

transient visitor, the cattle egret showed high abundance in

the breeding season and low abundance in the non-breeding

season with some extreme peaks in the migration months.

(b) Correlation between autotomy rate and predator
abundance

The association between autotomy rate and predation pressure

was seasonally dependent and sex-specific (figure 2). Sex,
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Figure 1. Annual pattern of (a) monthly rates of caudal autotomy (mean+ standard error (s.e.)) of adult Takydromus viridipunctatus (open circles represent males;
closed circles represent females) compared with the abundance of four major avian predators: (c) brown shrike (Lanius cristatus), (d) common kestrel (Falco tin-
nunculus), (e) black drongo (Dicrurus macrocercus), and ( f ) cattle egret (Bubulcus ibis) from 2007 to 2013. Among the four predators, cattle egret was proved to
cause direct mortality on Takydromus lizards (b, photographed by Dr Chia-Yang Tsai, under the support of Chi Sing Eco-conservation Foundation).
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season, and the first component of recent predation pressure

(PC1, representing the abundance of shrikes and kestrels)

were significant in the forward selection procedure (electronic

supplementary material, table S4). However, the second com-

ponent of recent predation pressure (PC2, representing the

abundance of cattle egrets) did not correlate with autotomy

rate (Wald/score: x2 ¼ 0.00004, d.f. ¼ 1, p ¼ 0.9948; electronic

supplementary material, table S4). The three-way interaction of

the chosen predictors was significant (total model: x2 ¼ 139.22,

d.f. ¼ 7, p , 0.0001; PC1 � sex � season: x2 ¼ 4.27, p ¼ 0.0389,

table 1), suggesting that all the predictors were associated

with caudal autotomy in T. viridipunctatus in a complica-

ted way. In the breeding season, both the male and female

autotomy rates were positively correlated with the recent abun-

dance of brown shrikes and kestrels (PC1), and this association

was stronger in males than in females (table 1 and figure 2) as

illustrated by the steeper slope of the male curve. By contrast,

during the non-breeding season, the relationship between

PC1 and the autotomy rate was negative (figure 2). In the

breeding season, the negative association was sex-specific as
126
it was stronger for males compared with females (table 1 and

figure 2).

(c) Correlation between survival and predator
abundance

Survival rate was negatively associated with both of the sub-

sequent predation pressure PCs. These associations were

seasonal and autotomy dependent (figure 3). The best-

supported model, waþsþa�sþp12þs�p12, involved the autotomy

index, season, both subsequent predation PCs, and the inter-

action terms (electronic supplementary material, table S3).

Both predator abundance PCs showed seasonal associations

with the survival of T. viridipunctatus. PC1 (shrikes and kes-

trels) negatively associated with the monthly survival rate in

the non-breeding season, while the association became

weaker in the breeding season. By contrast, PC2 (cattle

egrets) negatively correlated with survival rate in the breeding

season but had no effect during the non-breeding season

(table 2b and figure 3). The association between survival and
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shrikes/kestrels was expected because these birds also contrib-

ute to the field autotomy rate. However, cattle egrets only

associated with survival but not autotomy rate, suggesting

that being attacked by an egret might cause direct mortality

in lizards without the chance to escape by tail loss. Owing to

the even occurrence among different seasons, the contribution

of the black drongo was masked by that of the former three

predators and did not show a clear pattern in our analyses.

There was no significant difference among the slopes of the

autotomy categories, suggesting that tailless individuals

were not more vulnerable to predators.

(d) Survival cost of tail loss
The survival cost of tail loss was significant in our survi-

val analysis (figure 4). The best-supported model,

wsexþaþsþsex�aþa�s pt (electronic supplementary material,

table S2), indicated that survival was associated with

autotomy index, sex, and season. Moreover, the effects of

autotomy on survival differed between sexes and between

breeding and non-breeding seasons (table 2a and figure 4).

In the non-breeding season, the monthly survival rate of tail-

less females was approximately 8.74% lower than that of

tailed females, while males faced a 17.38% decline in survival

(intact females: 0.8636+ 0.0086, tailless females: 0.7762+
0.0256; intact males: 0.8759+0.0074, tailless males:

0.7021+0.0296; figure 4a,b). In the breeding season, the sur-

vival declines in tailless individuals were even more intense

in both sexes: a 22.56% decline in females and a 33.93%

decline in males (intact females: 0.7922+ 0.0106, tailless
127
females: 0.5666+0.0302; intact males: 0.8096+0.0100,

tailless males: 0.4703+ 0.0389; figure 4a,b). This result indi-

cated a crucial survival cost of autotomy, particularly in

males during the breeding season.

(e) Benefit of tail regeneration
We found an enormous survival benefit of tail regeneration in

both sexes that was also seasonally dependent (table 2a and

figure 4). In the non-breeding season, there was a 7.53% sur-

vival rise between females with regenerated tails and those

without tails (tailless females: 0.7762+0.0256; regenerated

females: 0.8514+0.0090) and a 14.72% rise in males (tailless

males: 0.7021+ 0.0296; regenerated males: 0.8493+ 0.0088).

In the breeding season, the survival differences between

regenerated individuals and tailless individuals in both

sexes were even greater: 25.40% in females and 34.78% in

males (tailless females: 0.5666+0.0302, regenerated females:

0.8206+0.0109; tailless males: 0.4703+0.0389, regenerated

males: 0.8181+ 0.0111; figure 4a,b). The large difference in

survival between tailless and regenerated individuals

suggested an enormous alleviation of the survival cost of

tail loss following regeneration. Furthermore, there was no

significant difference in survival between individuals with

regenerated tails and those with intact tails in both sexes

and seasons (figure 4a,b).
4. Discussion
(a) The benefit of tail regeneration
In addition to the severe costs of tail loss, the most novel discov-

ery in this study is the prominent benefit of tail regeneration to

survival. The survival rate of regenerated individuals was sig-

nificantly higher than that of tailless individuals (figure 4),

supporting the prediction of the ‘adaptive hypothesis of regen-

eration’ [7,8] that reproducing a lost tail confers adaptive

benefits. This is the first documentation of the benefit of tail

regeneration under natural conditions, which explains the

maintenance of this trait as an evolutionary beneficial adap-

tation to long-term predator–prey interactions. Furthermore,

the survival probabilities of individuals with regenerated

tails were not significantly different from those of individuals

with intact tails. This suggests that the fidelity cost of regener-

ation [7,8] is relatively small and a regenerated tail works as

well as an intact one, despite the incomplete neural function

of the regrown appendage.

Tails play a functional role in lizard locomotion [29,31,45],

particularly in species with long tails [29] such as Takydromus
(2.5–4.2 times the SVL, depending on species). A previous

study of T. septentrionalis showed an enormous impairment

of locomotor performance following the removal of a large pro-

portion of the tail, which supported its function in the agility

[46] of this ‘grass swimmer’. In Takydromus, regenerated tails

are usually as long as the originals and retain most of the orig-

inal functions, such as physical supports when moving

through dense grass. Tail function and the significance of tail

length in such grass swimmers are worthy of investigation

considering the biomechanical context of grassland habitats.

In addition to locomotion functions, regenerated tails also

recover the function of distracting predators during attacks.

Regenerated tails of Takydromus may again be lost anterior

to the initial break, and this was observed in some

http://rspb.royalsocietypublishing.org/


Table 1. The logistic regression model of monthly caudal autotomy in Takydromus viridipunctatus.

effect coefficient s.e. d.f. x2 p

constant 21.9111 0.0767

PC1 20.2075 0.0690 1 9.3064 0.0023

sex (female) 0.1775 0.1115 1 2.5275 0.1119

season (breeding) 20.2355 0.1244 1 3.6152 0.0573

PC1 � sex 0.1316 0.1008 1 1.7042 0.1917

PC1 � season 0.7002 0.1016 1 46.9361 ,0.0001

sex � season 0.0320 0.1731 1 0.0342 0.8532

PC1 � sex � season 20.2920 0.1413 1 4.2659 0.0389
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Figure 3. Monthly survival rates of intact (a,d), tailless (b,e), and regenerated (c,f ) individuals against PC1 (majorly contributed to by the abundance of shrikes and
kestrels) and PC2 (majorly contributed to by the abundance of cattle egrets) of subsequent predator abundance. The solid and broken lines denote the estimated
survival rates in the breeding and non-breeding seasons, respectively. The dotted lines represent the 95% confidence intervals.
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individuals who were repetitively recaptured during the

long-term census. This defence mechanism, although useless

when encountering a cattle egret, helps lizards escape attacks

from shrikes and kestrels. This observation may explain the

increase in survival rate after tails were fully regrown.
(b) The cost of tail loss
We found a great survival cost following tail loss in the wild by

means of a long-term population census. Although a long-term

cost of caudal autotomy has been assumed for decades, only a

handful of studies have been performed under natural con-

ditions, and more than half found no evidence of impaired

survival [25,26,35,36,47]. In addition, this cost is sex-specific

and seasonally dependent with males experiencing a more

serious cost than females, which highlights the significance of

the intrinsic differences between the two sexes and the

impact of the reproductive cycle on the cost of tail loss.

Comparing the slopes of survival–predation relationships

clarified the source of the higher mortality following tail loss.

The slopes among the intact, tailless, and regenerated lizards
128
were not significantly different, which suggested that the nega-

tive effect of predation was no greater in tailless individuals

than in tailed individuals. It implied that the survival cost of

tail loss mainly stemmed from the physiological allocation of

resources within individuals rather than a second encounter

with predators. In the case of Eutropis multifasciata, researchers

showed a significant decrease in immunocompetence after tail

loss which would increase the probability of disease or infec-

tion. Therefore, autotomy may associate with some critical

physiological functions that are linked to survival [27].

Furthermore, male and female lizards showed differing sur-

vival costs of autotomy in this study. This phenomenon is

especially prominent in the breeding season; male survival

decreases by 33.93% after tail loss compared with 22.56% in

females. Previous studies have found associations among

sexual dimorphism, ornamentation, parasitism, and male-

biased mortality [48–51], and immune function might again

play a crucial role in the relationships among these life-history

factors [52,53]. Our recent studies confirmed a testosterone-

mediated trade-off between the nuptial green colouration and

immunocompetence in the green-spotted grass lizard, which

http://rspb.royalsocietypublishing.org/


Table 2. The logit link function parameters of the two best models of the monthly survival rate of Takydromus viridipunctatus for categorical and continuous predictors.

parameter coefficient s.e.

95% CI

lower upper

(a) best model from model selection for categorical predictors: wsexþaþsþsex�aþa�s pt

intercept 0.8571 0.1417 0.5794 1.1348

autotomy 1a 1.0972 0.1532 0.7971 1.3975

autotomy 2a 0.8718 0.1539 0.5701 1.1734

sex (female) 0.3868 0.1442 0.1041 0.6695

season (breeding) 20.9760 0.1998 21.3676 20.5843

autotomy 1 � sex 20.4955 0.1539 20.7971 20.1939

autotomy 2 � sex 20.3697 0.1546 20.6728 20.0666

autotomy 1 � season 0.4687 0.2205 0.0367 0.9008

autotomy 2 � season 0.7506 0.2250 0.3095 1.1916

(b) best model from model selection for predation: waþsþa�sþp12þs�p12

intercept 1.0814 0.1394 0.8082 1.3546

PC1 20.6963 0.0375 20.7698 20.6228

PC2 20.0784 0.0621 20.2001 0.0433

autotomy 1a 0.5263 0.1383 0.2552 0.7974

autotomy 2a 0.3377 0.1398 0.0636 0.6118

season (breeding) 21.6155 0.2208 22.0482 21.1828

PC1 � season 0.5783 0.0723 0.4366 0.7200

PC2 � season 20.9738 0.0919 21.1540 20.7938

autotomy 1 � season 0.5204 0.2167 0.0958 0.9451

autotomy 2 � season 0.7558 0.2190 0.3265 1.1851
aautotomy 1 ¼ intact; autotomy 2 ¼ regenerated.
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Figure 4. Monthly survival rates of (a) male and (b) female intact, tailless, and regenerated individuals. The closed bars are the estimated survival rates in the
breeding season, while the open bars represent those in the non-breeding season.
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were further linked to parasitism and survival in this species

[41,54]. The severe survival cost of autotomy in the breeding

season, especially in males, might result from complicated inter-

actions among tail loss, immunity, pathogens, and reproduction.

(c) Avian predators influence lizard survival via
two routes

Our results showed that the brown shrike and the common kestrel

reduced both autotomy and survival rate, while the cattle egret
129
only influenced survival rate. This suggested that avian predators

control the population of T. viridipunctatus by means of two

routes: the small predators, shrikes (17–20 cm, 27–37 g) and kes-

trels (33–39 cm, 136–314 g), promote caudal autotomy and

subsequent survival costs, while the large predator, the cattle

egret (50 cm, greater than 400 g), reduces survival directly. The

black drongo contributes evenly to both effects year round but

at a slightly lower magnitude than the other three predators.

The ecological significance of the autotomy rate in the

wild has been extensively debated for several decades, due

http://rspb.royalsocietypublishing.org/
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to contrary inferences about autotomy rate and predation

([22,55], review in [13]), and mathematical ecologists have

suggested that the autotomy rate, survival rate, and preda-

tion pressure should be measured in the field to address

this controversy [55]. By incorporating all these factors

under natural conditions, our results strongly suggest that

only evaluating the autotomy rate is insufficient to assess pre-

dation pressure. The Takydromus study system establishes a

framework for the long-term study of autotomy and preda-

tion and provides a satisfactory answer to this long-lasting

debate.

 

Proc.R.Soc.B
284:20162538
5. Conclusion
Our study found clear evidence to answer long-standing ques-

tions about caudal autotomy. Large predators (i.e. cattle egrets)

cause direct mortality, while small predators (i.e. shrikes and

kestrels) promote both autotomy and mortality. There was a

severe survival cost of tail loss in T. viridipunctatus, particularly

in males during the breeding season, which led to a greater

than 30% decrease in survival. The sex-related difference in

the impact of tail loss further highlighted the importance of
130
reproductive costs in this sexually dichromatic species. Most

importantly, the risk of mortality dramatically decreased fol-

lowing tail regeneration, demonstrating the benefit of this

energetically costly response and further explaining the main-

tenance of this trait as an evolutionary beneficial strategy to

long-term predator–prey interactions.
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32. Salvador A, Martin J, López P. 1995 Tail loss reduces
home range size and access to females in male
lizards, Psammodromus algirus. Behav. Ecol. 6,
382 – 387. (doi:10.1093/beheco/6.4.382)

33. Wilson RS, Booth DT. 1998 Effect of tail loss on
reproductive output and its ecological significance
in the skink Eulamprus quoyii. J. Herpetol. 32,
128 – 131. (doi:10.2307/1565493)

34. Vitt LJ, Cooper WEJr. 1986 Tail loss, tail color, and
predator escape in Eumeces (Lacertilia: Scincidae):
age-specific differences in costs and benefits.
Can. J. Zool. 64, 583 – 592. (doi:10.1139/z86-086)

35. Wilson BS. 1992 Tail injuries increase the risk of
mortality in free-living lizards (Uta stansburiana).
Oecologia 92, 145 – 152. (doi:10.1007/bf00317275)

36. Althoff DM, Thompson JN. 1994 The effects of tail
autotomy on survivorship and body growth of Uta
stansburiana under conditions of high mortality.
Oecologia 100, 250 – 255. (doi:10.1007/bf00316952)

37. Shang G, Yang YJ, Li PH. 2009 Field guide to
amphibians and reptiles in Taiwan. Taipei, Taiwan:
Owl Publishing House Co., LTD.

 

38. Pianka ER, Vitt LJ. 2003 Lizards: windows to the
evolution of diversity. Oakland, CA: University of
California Press.

39. Takeishi M, Ono Y. 1986 Spatial relationship among
individuals of the Japanese lacertid Takydromus
tachydromoides (Sauria, Lacertidae). Ecol. Res. 1,
37 – 46. (doi:10.1007/BF02361203)

40. Luo L, Wu Y, Zhang Z, Xu X. 2012 Sexual size
dimorphism and female reproduction in the white-
striped grass lizard Takydromus wolteri. Curr. Zool.
58, 236 – 243. (doi:10.1093/czoolo/58.2.236)

41. Shaner P-J, Chen Y-R, Lin J-W, Kolbe JJ, Lin S-M.
2013 Sex-specific correlations of individual
heterozygosity, parasite load, and scalation
asymmetry in a sexually dichromatic lizard. PLoS
ONE 8, e56720. (doi:10.1371/journal.pone.0056720)

42. Lue K-Y, Lin S-M. 2008 Two new cryptic species of
Takydromus (Squamata: Lacertidae) from Taiwan.
Herpetologica 64, 379 – 395. (doi:10.1655/07-030.1)

43. Langkilde T, Shine R. 2006 How much stress do
researchers inflict on their study animals? A case study
using a scincid lizard, Eulamprus heatwolei. J. Exp.
Biol. 209, 1035 – 1043. (doi:10.1242/jeb.02112)

44. White GC, Burnham KP. 1999 Program MARK:
survival estimation from populations of marked
animals. Bird Study 46, 120 – 139. (doi:10.1080/
00063659909477239)

45. Libby T, Moore TY, Chang-Siu E, Li D, Cohen DJ,
Jusufi A, Full RJ. 2012 Tail-assisted pitch control in
lizards, robots and dinosaurs. Nature 481,
181 – 184. (doi:10.1038/nature10710)

46. Lin ZH, Ji X. 2005 Partial tail loss has no severe
effects on energy stores and locomotor performance
in a lacertid lizard, Takydromus septentrionalis.
J. Comp. Physiol. B, Biochem. Syst. Environ. Physiol.
175, 567 – 573. (doi:10.1007/s00360-005-0017-z)
131
47. Webb JK. 2006 Effects of tail autotomy on survival,
growth and territory occupation in free-ranging
juvenile geckos (Oedura lesueurii). Austral Ecol. 31,
432 – 440. (doi:10.1111/j.1442-9993.2006.01631.x)

48. Promislow DEL. 1992 Costs of sexual selection in
natural populations of mammals. Proc. R. Soc. Lond.
B 247, 203 – 210. (doi:10.1098/rspb.1992.0030)

49. Poulin R. 1996 Sexual inequalities in helminth
infections: a cost of being a male? Am. Nat. 147,
287 – 295. (doi:10.1086/285851)

50. Hamilton WJ, Poulin R. 1997 The Hamilton and Zuk
hypothesis revisited: a meta-analytical approach.
Behaviour 134, 299 – 320. (doi:10.1163/
156853997X00485)

51. Moore SL, Wilson K. 2002 Parasites as a viability
cost of sexual selection in natural populations of
mammals. Science 297, 2015 – 2018. (doi:10.1126/
science.1074196)

52. Møller AP, Saino N. 2004 Immune response and
survival. Oikos 104, 299 – 304. (doi:10.1111/j.0030-
1299.2004.12844.x)

53. Roberts ML, Buchanan KL, Evans MR. 2004 Testing
the immunocompetence handicap hypothesis: a
review of the evidence. Anim. Behav. 68, 227 – 239.
(doi:10.1016/j.anbehav.2004.05.001)

54. Lin JW, Shaner PJL, Lin SM. 2016 Survival cost of
reproduction in the male green spotted grass lizard
Takydromus viridipunctatus: interplay among
testosterone, lateral coloration, immunity and
ectoparasitism. In The 8th World Congress of
Herpetology, ID239, Hangzhou, China, 15 – 21
August 2016, p. 495.

55. Schoener TW. 1979 Inferring the properties of
predation and other injury-producing agents from
injury frequencies. Ecology 60, 1110 – 1115. (doi:10.
2307/1936958)

http://dx.doi.org/10.1046/j.1365-2435.1998.00247.x
http://dx.doi.org/10.1046/j.1365-2435.1998.00247.x
http://dx.doi.org/10.1242/jeb.024349
http://dx.doi.org/10.1371/journal.pone.0034732
http://dx.doi.org/10.1086/673890
http://dx.doi.org/10.1093/beheco/6.4.382
http://dx.doi.org/10.2307/1565493
http://dx.doi.org/10.1139/z86-086
http://dx.doi.org/10.1007/bf00317275
http://dx.doi.org/10.1007/bf00316952
http://dx.doi.org/10.1007/BF02361203
http://dx.doi.org/10.1093/czoolo/58.2.236
http://dx.doi.org/10.1371/journal.pone.0056720
http://dx.doi.org/10.1655/07-030.1
http://dx.doi.org/10.1242/jeb.02112
http://dx.doi.org/10.1080/00063659909477239
http://dx.doi.org/10.1080/00063659909477239
http://dx.doi.org/10.1038/nature10710
http://dx.doi.org/10.1007/s00360-005-0017-z
http://dx.doi.org/10.1111/j.1442-9993.2006.01631.x
http://dx.doi.org/10.1098/rspb.1992.0030
http://dx.doi.org/10.1086/285851
http://dx.doi.org/10.1163/156853997X00485
http://dx.doi.org/10.1163/156853997X00485
http://dx.doi.org/10.1126/science.1074196
http://dx.doi.org/10.1126/science.1074196
http://dx.doi.org/10.1111/j.0030-1299.2004.12844.x
http://dx.doi.org/10.1111/j.0030-1299.2004.12844.x
http://dx.doi.org/10.1016/j.anbehav.2004.05.001
http://dx.doi.org/10.2307/1936958
http://dx.doi.org/10.2307/1936958
http://rspb.royalsocietypublishing.org/


Journal of Herpetology, Vol. 49, No. 2, 000–000, 0000
Copyright 2015 Society for the Study of Amphibians and Reptiles

Habitat Preference and Management of a Chinese Pond Turtle Population Protected by the
Demilitarized Kinmen Islands

SI-MIN LIN,1 YU LEE,1 TIEN-HSI CHEN,2 AND JHAN-WEI LIN
1,3

1Department of Life Science, National Taiwan Normal University, Taiwan, Republic of China
2Institute of Wildlife Conservation, National Pingtung University of Science and Technology, Taiwan, Republic of China

ABSTRACT.—Demilitarized zones may aid in the protection of endangered wildlife. We compared relative abundance of the endangered

Chinese Pond Turtle (Mauremys reevesii) among water bodies on the Kinmen Islands, a recently demilitarized zone between Taiwan and China.

Vegetation and wildlife on the two islands, located 2 km from the Chinese coastline, were degraded by bombardment and military occupation

between 1958 and early 2000s. However, natural habitats gradually recovered after military forces withdrew. More than 100 ponds, mostly
produced during the occupation to provide freshwater for the soldiers, are now abandoned and provide habitat for aquatic turtles. We sampled

41 ponds and found that presence of M. reevesii was tightly associated with vegetation coverage around the pond, whereas its relative

abundance was associated with aquatic vegetation and distance from roads. Comprehensive protection and management of this species should
consider both vegetation coverage and road effects in certain vulnerable areas where establishment of a natural reserve might be considered.

The function of demilitarized zones (DMZs) as wildlife
refugia is a peculiar issue in conservation biology. Such
locations usually are established to separate different national-
istic, political, or ideological groups and to stop international
military conflicts. DMZs previously suffered intense military
action, which might result in the local extinction of flora and
fauna. However, wildlife populations may recolonize and
recover after the establishment of corridors (Kim, 1997;
Draulans and Krunkelsven, 2002; McNeely, 2003). The most
famous example is the DMZ between North and South Korea
(Kim, 1997; McNeely, 2003), which provides a sanctuary for
many rare wild animals and plants (Higuchi et al., 1996; Kim,
1997). Similar cases have been described in Vietnam (Dillon and
Wikramanyake, 1997), Guinea (Fairhead and Leach, 1995), and
several eastern European countries (McNeely, 2003). These
examples indicate that neglected landscapes created by human
warfare may provide suitable habitats for wildlife by limiting
human population densities (Dudley et al., 2002; McNeely,
2003).

The Kinmen Islands might be one of the recent cases of DMZs
protecting wildlife populations (You et al., 2013). The two
islands, including Kinmen (134.3 km2) and Lesser Kinmen (14.9
km2), located 2 km from the southeastern coastline of mainland
China, are among the few islands that are close to the mainland
but remained under Taiwanese military control after the post–
World War II separation from China. In August 1958, the fierce
‘‘Bombardment of Kinmen’’ started in this region and destroyed
almost all of the buildings and vegetation on the two islands. To
defend against the Chinese army, approximately 100,000
Taiwanese soldiers were stationed on Kinmen. The resulting
high human population density further degraded native
ecosystems and wildlife populations.

However, relaxation of political tensions between Taiwan and
China has resulted in the gradual withdrawal of most of
Taiwan’s military force from the islands. Since 2001, the Chinese
and Taiwanese governments agreed to use this region as a trade
and transportation center. Fewer than 5,000 Taiwanese soldiers
remain, and the military has abandoned large areas outside the
main cities and harbors. Recent studies have shown the
population recovery of several endangered species from near
extinction or from local extinction, including the Eurasian Otter

Lutra lutra (Hung et al., 2004) and the Horseshoe Crab

Tachypleus tridentatus (Chen et al., 2004). A large lagoon in

Kinmen is now sustaining one of the largest wintering

populations of cormorants (Phalacrocorax carbo) in East Asia

(Chang et al., 2008), whereas Blue-Tailed Bee-Eaters (Merops
philippinus) take advantage by nesting in artificial sand banks

abandoned by the military (Yuan et al., 2006; Wang et al., 2009).

A stable population of Burmese Pythons (Python molurus) was

found after they were thought to be extinct for nearly 40 years,

using abandoned military underground tunnels as wintering

shelters (You et al., 2013). All of this evidence shows the process

of wildlife recovery after natural habitats are released from

human disturbance.

The Chinese Pond Turtle, Mauremys reevesii, is endangered

(IUCN, 2013); wild populations have declined (Lovich et al.,

2011) because of intense harvesting for food or for traditional

Chinese medicines (Chen et al., 2000; Cheung and Dudgeon,

2006; Shi et al., 2008; Zhou and Jiang, 2008). This species still

exists in large numbers but mainly on commercial turtle farms

in China, and natural populations rarely are found. However,

the unique military situation and the creation of numerous

freshwater habitats on Kinmen helped preserve a natural

population of M. reevesii. We investigated its status and habitat

preferences; the information will aid in developing conservation

and management guidelines.

MATERIALS AND METHODS

Study Area.—The Kinmen Islands (248270N, 118824–280E),

which comprise Kinmen (134.3 km2) and Lesser Kinmen (14.9

km2), are located roughly 2 km from the southeastern coastline of

mainland China (Fig. 1). They have a subtropical monsoon

climate with 218C mean annual temperature (winter mean

temperature = 148C; summer mean temperature = 298C) and

uneven precipitation (mean annual precipitation = 1,047 mm;

winter is the dry season). To sustain the water use of the 100,000

soldiers, villagers were encouraged to dig water pools to preserve

valuable freshwater resources during the war. Thus, numerous

ponds and lakes (> 100 ponds within a 150-km2 area) were built

and maintained on the islands. Six turtle species have been

recorded on Kinmen, including the most abundant native M.
reevesii, the comparatively rarer Pelodiscus sinensis, and the

3Corresponding Author. E-mail: jhanwei.lin@gmail.com
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recently introduced species Mauremys sinensis, Mauremys mutica,
Cuora flavomarginata, and Trachemys scripta in small numbers.

Trapping Procedure and Habitat Delineation.—We conducted
captures in 41 ponds, lakes, and marshes. Six sites were on
Lesser Kinmen Island, and 35 sites were on Kinmen Island (Fig.
1). We trapped between June and September in 2011 using
floating hoop net traps baited with canned fish. Depending on
the size of the water body, 2–5 traps with 50-m spacing were
deployed for 4 days, and baits were replenished daily. Each
captured turtle was weighed, measured (carapace and plastron
length), and sexed. Individuals were marked uniquely by
notching the marginal scutes (Cagel, 1939) and then released.

We measured or estimated 7 habitat variables at the start of
the capture event in each water body (Table 1). Two of these
factors, shortest distance to main roads (DM) and shortest
distance to secondary roads (DS), were continuous variables.
Other categorical data included level of vegetation coverage on
the land (VL), level of vegetation coverage in the water (VW),
substrate type around the pond (PS), area of the pond (PA), and
depth of the pond (PD) (definitions in Table 1). These categorical
factors were transformed into dummy variables to convert
categorical data into 0 and 1 for regression analysis and then
combined with continuous factors as explanatory variables in
the subsequent statistical analyses.

Model Building and Evaluation.—We used the 7 habitat variables
to build regression models of the presence and abundance of M.

reevesii. First, we checked the correlation among habitat
characteristics to prevent multicollinearity. If the coefficient of
the pairwise Spearman correlation (jrsj) between two variables
was> 0.7, we retained the biologically meaningful variable or the
variable that better explained the deviance and variation of the
response variable. After excluding multicollinearity, we chose a
useful subset of predictors by variable selection to explain the
variation of the response variable from numerous predictor
variables through forward selection procedures (enter and leave
probabilities were equal to 0.10). Interaction terms among
explanatory variables were checked after variable selection
according to the approach proposed by Hosmer and Lemeshow
(2000). We completed multiple logistic regression analysis to
predict the presence of M. reevesii by using binominal presence–
absence data as the response variable. We used summarized area
under the curve (AUC; > 0.7 indicated the model to be
discriminative) to evaluate the discrimination of final logistic
regression model. In addition, we conducted a multiple
regression analysis using habitat variables to predict the relative
abundance of M. reevesii. Because residuals of the regression
model were not normally distributed, captures per trap day were
log-transformed (ln + 1) and used as a response variable;
goodness-of-fit was evaluated by its coefficient of determination
(R2). Both likelihood ratio test and partial F-test were used to
choose the best model from candidate models, which have
different terms of selected variables, and to check the significance

FIG. 1. Sample sites and main roads on Kinmen and Lesser Kinmen Islands. Filled and open circles denote ponds with or without Mauremys reevesii,
respectively. Further information, including parameters, sympatric species, abundance index, and sex ratio of each pond is available in Appendix 1.

TABLE 1. Variables of habitat characteristics and the results of forward selection procedures with enter and leave probabilities of 0.1.

Abbreviation Description Data type Selected for logistic regression Selected for linear regression

DM Shortest distance to a main road Continuous No Yes
DS Shortest distance to a secondary road Continuous No No
VL Vegetation coverage on landa Ordinal Yes No
VW Vegetation coverage in waterb Ordinal Yes Yes
PS Substrate type around the pondc Ordinal No No
PA Area of the pondsd Ordinal No No
PD Depth of the pondse Ordinal No No

aDefined by the height of vegetation within 10 m around the shore. Low: vegetation height under 50 cm; high: vegetation height above 50 cm.
bDefined by the ratio of vegetation coverage with respect to the pond area. Low: <10%; medium: 10%–50%; High: >50%.
cDefined by the level of artificial modification: natural substrate, artificial substrate, and partially modified substrate.
dSmall: <1,000 m2; medium: 1,500–10,000 m2; large: >10,000 m2.
eShallow: <0.6 m; medium: 0.6–1.5 m; deep: >1.5 m.
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of a single coefficient in the model for predicting presence and

abundance, respectively. We used Brown–Forsythe and Shapiro–

Wilk tests to check constancy of variance and normality of

residuals in the final models, respectively. All statistical analyses

were conducted with JMP 7 (SAS Institute Inc., Cary, North

Carolina, USA). Alpha (a) = 0.05 for all statistical tests.

RESULTS

Mauremys reevesii was present in 20 of 41 sites (48.8%) during

our experimental period (19 in Greater Kinmen, 1 in Lesser

Kinmen). We captured and marked 135 individuals, including

74 males, 58 females, and 3 juveniles in 683 trap nights. The

number of captured individuals ranged from 1–41 captured

individuals, and the capture efficiency yielded 0.07–1.95

captured individuals per trap per day among the different

water bodies. Mauremys sinensis, M. mutica, and T. scripta were

captured from several localities (Appendix 1). Three turtles

showed intermediate patterns of neck stripes, carapace keels,

and plastron blotches characteristic of M. reevesii and M.

sinensis. They were putatively identified as hybrids (Fong and

Chen, 2010; Xia et al., 2011) and were not included in the

subsequent analyses.

Sample bias caused by attraction of males to mature females
is a potential problem in turtle research using hoop net traps for
sampling during breeding season (Cagle and Chaney, 1950;
Vogt, 1979; Frazer et al., 1990; Mali et al., 2013). Analysis of the
sex ratio at each pond (Appendix 1) revealed no association
between the presence of both sexes (Fisher exact test: P = 0.53).
Furthermore, residuals of the number of males versus the total
number of individuals did not significantly correlate with the
number of females (F1,19 = 9.27, P = 0.08). These results imply
that such type of sample bias is not prominent in our study.

Four pairs of habitat variables were correlated (VL–VW, VL–
PS, VW–PD, and PA–PD), but none of the correlation
coefficients exceeded the threshold of 0.7, and all variables
were used in the regression analyses. The final multiple logistic
regression for predicting the presence of M. reevesii showed
preference for ponds with high terrestrial vegetation coverage
(Table 2, Fig. 2). Variable selection chose vegetation coverage on
land and water (VL, VW) with no interaction. Thus, we
compared three candidate models of presence with VL and
VW singly and together. Likelihood ratio tests selected a model
with VL only (Table 3), and the summarized AUC for this model
was 0.7048, showing good discrimination ability. Occurrence of
M. reevesii in a pond with high vegetation coverage around the
water has more than twice the probability compared to a pond
with low vegetation coverage (Fig. 2).

For modeling relative abundance, VW, DM, and their
interaction were selected through forward variable selection
(Table 1). The full model with both variables and the interaction
was significantly better than the reduced alternative models
(Table 4). The final linear regression model of relative
abundance consisted of six terms: VW (medium or high), DM,
interactions, and intercept (R2 = 0.75, F5,35 = 20.47, P < 0.0001;
Table 2). This model did not violate statistical assumptions of
linear regression (Brown-Forsythe test: t = 0.38, df = 39, P =
0.71; Shapiro-Wilk test: W = 0.96, P = 0.16). There was a positive
relationship between the relative abundance of M. reevesii and
the distance to a main road (Table 2). The increase in relative
abundance with increasing distance from roads was greater in
ponds with high VW than in ponds with low and medium VW
(Table 2; Fig. 3). Mean abundance in ponds with high vegetation

TABLE 2. Parameter estimates of final regression models for predicting
the presence and abundance of Mauremys reevesii on Kinmen Islands.

Variable Coefficient SE v2/F-ratio P-value

Final logistic regression
model of presence
Constant -0.7538 0.4287
VL 1.8524 0.7191 6.63 0.0100

Final linear regression
model of abundance
Constant 0.0218 0.0447
DM 0.0004 0.0002 5.51 0.0247
VW(medium) 0.1047 0.0698 2.25 0.1425
VW(high) 0.2735 0.0818 11.18 0.0020
DM · VW(medium) -0.0008 0.0004 4.05 0.0519
DM · VW(high) 0.0022 0.0006 15.79 0.0003

DM = Shortest distance to a main road; VL = vegetation coverage on land; VW
= vegetation coverage in water.

FIG. 2. Probability of the presence of Mauremys reevesii predicted by
the final logistic regression model.

TABLE 3. Results of likelihood ratio tests of three candidate models for
the presence of Mauremys reevesii on Kinmen Islands. A P-value < 0.05
denotes that the full model is significantly better than the reduced
model.

Full model Reduced model df v2 P-value

VL + VW VL 2 5.15 0.0762
VL + VW VW 1 4.51 0.0337

VL = vegetation coverage on land; VW = vegetation coverage in water.

TABLE 4. Partial F-test results of the four candidate models for
abundance of Mauremys reevesii on Kinmen Islands. A P-value < 0.05
denotes that the full model is significantly better than the reduced
model. The second degree of freedom in the full model = 35.

Full model Reduced model df F* P-value

VW + DM + interaction VW+DM 2 34.29 <0.0001
VW + DM + interaction VW 3 44.22 <0.0001
VW + DM + interaction DM 4 112.90 <0.0001

Abbreviations: DM, shortest distance to a main road; VW, vegetation coverage
in water.
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coverage in water was about 10 times that of ponds with
medium and low coverage (mean captured individuals per trap
per day in high-VW pond: 0.8438, SE = 0.1178; in medium-VW
pond: 0.0928, SE = 0.1075; in low-VW pond: 0.0789, SE =
0.0481).

DISCUSSION

Key Factors Affecting the Population of M. reevesii.—The presence
and abundance of M. reevesii were associated with vegetation
coverage on land, vegetation coverage in water, and the distance
to a main road. Aquatic vegetation plays a crucial role in
providing resources, shelters, and nesting sites in the freshwater
ecosystems (Engel, 1990; Janzen and Morjan, 2001; Radomski and
Goeman, 2001; Carrière and Blouin-Demers, 2010). Similar results
have been documented in other studies of freshwater turtles (e.g.,
Carrière and Blouin-Demers, 2010; Forero-Medina et al., 2012).
Our results indicate that maintaining terrestrial vegetation is
critical in protecting the turtles (Spencer and Thompson, 2003;
Carrière and Blouin-Demers, 2010; Cosentino et al., 2010;
Rosenberg and Swift, 2013).

Our results also demonstrate a road effect. Roads may reduce
the abundance of slow-moving animals directly through
mortality (Steen et al., 2006; Beaudry et al., 2008; Fahrig and
Rytwinski, 2009) and indirectly through habitat degradation
(Forman and Alexander, 1998; Trombulak and Frissell, 2000).
Researchers who stayed on Kinmen Islands from 2010 to 2013
recorded frequent roadkills throughout the period. Most of the
roadkills occurred in spring and summer (18 of total 21
roadkills), coinciding with the breeding season of M. reevesii
(Lovich et al., 2011).

Contrary to expectations, the substrate around the pond, one
of the major indicators of human disturbance around the water,
was not significantly associated with the presence or abundance
of M. reevesii. In usual cases, artificial alteration of riparian
zones is considered a threat to wild populations of freshwater
turtles (Bodie, 2001; Saunders et al., 2002; Spinks et al., 2003).
For instance, evidence of population decline of wild M. reevesii

attributable to artificial alteration of shores has been document-
ed in Japan (Usuda et al., 2012). Failure to detect the effects of
human disturbance may be a statistical artifact caused by
collinearity between terrestrial vegetation and substrate, which
may lead to the abandonment of the less important factor (i.e.,
PS) in the variable selection procedure. In this study, the
probability of turtle occurrence found through simple regression
analysis was significantly higher in a pond with natural
substrate than that in a pond with artificially modified substrate
(LRT: v2 = 7.10, P = 0.0287). An increasing number of ponds
with seminatural or artificial bank types are being constructed
on Kinmen, and the negative effects on turtle conservation
should be monitored.

Further Threats to the Species.—As trade and tourism between
Kinmen and coastal cities of China increase, wildlife in Kinmen
is now facing increasing pressure from habitat destruction and
degradation. Recent construction of shopping malls and
trading centers to attract trade and tourists from China
destroyed some natural habitats. Populations of turtles in
nearby ponds may be degraded by construction, human
disturbance, alteration of bank substrates, and clearing of
vegetation around the ponds. Increased development may lead
to increased road mortality.

Another threat might be the potential risk of hybridization
between native M. reevesii and an introduced species, M.
sinensis, the most abundant freshwater turtle in Taiwan with a
large captive breeding population. The latter species was
believed to be released on the islands within the last 20 years.
These turtles have bred with the native M. reevesii and were able
to produce fertile hybrid offspring. To protect M. reevesii, this
invasive species must be removed from ponds as soon as
possible, and ponds with potential risks need to be continuously
monitored to prevent genetic introgression.

Because trapping was limited to seasons when adult turtles
were actively using the water bodies, the ‘‘the missing years’’ of
juveniles (Carr, 1952), the preferred nesting sites of females, and
the wintering microhabitats could not be assessed in this study.
Our incomplete understanding of the ecology of M. reevesii
means that the area needed to maintain the long-term
prosperity of the turtle population might be much larger than
the water body per se. Even if the abundance of a pond is
relatively large, if the population declines because of factors
such as habitat fragmentation or high adult mortality, the site
may not benefit conservation efforts but instead may be an
ecological trap. Our study has indicated several hotspots of M.
reevesii where refugia should be established, and the Kinmen
County government has responded by placing billboards near
these hotspots where roadkills frequently occur. However,
fences and underground tunnels might be better by stopping
breeding turtles from crossing the road. Protection and
management of this species should comprehensively consider
both vegetation coverage and road effects in critical locations
where establishment of natural reserves might be most
beneficial.
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FIG. 3. Abundance of Mauremys reevesii with respect to distance to a
main road in ponds with high, medium, and low amounts of aquatic
vegetation. Black, gray, and white circles denote ponds with high,
medium, and low vegetation coverage in the water, respectively. Lines
indicate the abundance estimated from the final regression model.

0 S. M. LIN ET AL.

135

 



LITERATURE CITED

BEAUDRY, F., P. G. DEMAYNADIER, AND M. L. HUNTER JR. 2008. Identifying
road mortality threat at multiple spatial scales for semi-aquatic
turtles. Biological Conservation 141:2550–2563.

BODIO, J. R. 2001. Stream and riparian management for freshwater
turtles. Journal of Environmental Management 62:443–455.

CAGEL, F. R. 1939. A system of marking turtles for future identification.
Copeia 1939:170–173.

CAGLE, F. R., AND A. H. CHANEY. 1950. Turtle populations in Louisiana.
American Midland Naturalist 43:383–388.

CARR, A. 1952. Handbook of Turtles: Turtles of the United States,
Canada, and Baja California. Comstock Publishing Association,
USA.
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APPENDIX 1: The seven habitat parameters, sympatric species, abundance index, and sex ratio of the 41 ponds investigated in the study.

Pond ID DM main roads (m) DS VL VW PS PA PD Sympatric species* AI Sex ratio

1 210.9 52.3 high high natural medium shallow Ms, Ts 1.95 1.86
2 239.2 74.4 low high natural medium medium 1.07 0.78
3 10.9 24.2 high high natural medium shallow Ts 0.60 1.00
4 454.1 10.6 high low natural large shallow 0.60 0.29
5 326.8 8.6 low low natural medium medium 0.40 6.00
6 22.0 4.4 high high natural small shallow Ms 0.40 3.00
7 178.2 4.6 high low natural large medium Ms, Ts 0.40 1.00
8 3.9 2.7 high medium natural large deep Ps 0.25 0.00
9 5.2 3.9 low medium artificial medium shallow Ms, Mm, Ts 0.24 1.00

10 20.3 10.1 high high natural medium shallow 0.20 3.00
11 28.0 59.5 low low partial medium shallow 0.20 0.00 (no males)
12 175.9 5.4 high low natural medium shallow 0.13 ‘ (no females)
13 129.7 17.5 low low partial large deep 0.13 ‘ (no females)
14 41.6 6.5 low low partial large deep 0.13 2.00
15 10.6 16.3 high low natural medium medium 0.10 0.00 (no males)
16 3.4 13.2 low low artificial medium shallow 0.07 ‘ (no females)
17 34.3 13.6 high low natural large medium 0.07 ‘ (no females)
18 128.3 10.4 high medium natural large medium 0.07 1.00
19 19.2 11.3 high low natural large deep 0.07 0.00 (no males)
20 11.6 6.1 low low natural large deep 0.07 0.00 (no males)
21 28.0 12.1 low low natural large deep Ps 0.00 N/A
22 12.6 9.4 low low artificial large deep 0.00 N/A
23 366.1 71.3 low low artificial large deep 0.00 N/A
24 124.6 37.6 low low partial medium shallow 0.00 N/A
25 23.2 24.2 low low natural large deep 0.00 N/A
26 28. 6 10.7 low low partial medium medium 0.00 N/A
27 8.9 3.0 high medium artificial large medium 0.00 N/A
28 11.4 7.5 low low natural medium deep 0.00 N/A
29 4.1 38.0 low low artificial small medium 0.00 N/A
30 7.7 17.1 low low artificial small medium 0.00 N/A
31 346.9 8.3 low low artificial medium shallow 0.00 N/A
32 118.1 15. 5 low medium natural small shallow 0.00 N/A
33 8.5 3.8 low low artificial large shallow 0.00 N/A
34 121.8 16. 5 low low artificial large shallow Ts 0.00 N/A
35 11.6 8.7 low low natural medium deep 0.00 N/A
36 311.0 6.2 low low natural medium medium 0.00 N/A
37 403.4 2.6 high medium natural large deep 0.00 N/A
38 194.1 0.0 high low natural medium medium 0.00 N/A
39 80.6 9.7 low low artificial medium deep 0.00 N/A
40 217.7 8.3 high low partial medium deep 0.00 N/A
41 149.2 5.5 low low partial large deep 0.00 N/A

DM = Shortest distance to main road.
DS = Shortest distance to a secondary road.
VL = Vegetation coverage on land.
VW = Vegetation coverage in water.
PS = Substrate type around the pond.
PA = Area of the ponds.
PD = Depth of the ponds.
Sympatric species: Ms: Mauremys sinensis; Mm: Mauremys mutica; Ps: Pelodiscus sinensis; Ts: Trachemys scripta.
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The effects of mite parasitism on the
reproduction and survival of the Taiwan field
mice (Apodemus semotus)
Jhan-Wei Lin1, Hsuan-Yi Lo1, Hsi-Chieh Wang2 and Pei-Jen Lee Shaner1*
Abstract

Background: The effects of parasitism on host survival and reproduction can be highly complex depending on
the type of parasites, host sex and life-history characteristics, and ecological conditions. In this study, we tested
sex-biased parasitism from Trombiculid mites (Acarina: Trombiculidae) and their sex-specific effects on host
reproduction and survival, in a natural population of the Taiwan field mouse (Apodemus semotus). We performed
surveys of A. semotus and their Trombiculid mites between April 2010 and August 2011 and again between June
and September 2012 in a subtropical evergreen forest in Taiwan.

Results: Contrary to the commonly reported male-biased parasitism in mammals, we did not find sex-biased
parasitism in A. semotus. We found that mite abundance was negatively associated with A. semotus reproduction
and survival in both males and females. The mite abundance and rodent reproduction fluctuated seasonally, and
the peak reproductive season coincided with the time period of relatively low mite abundance.

Conclusions: Trombiculid mites could potentially regulate A. semotus populations through reducing their
reproduction and survival. The overlapping periods of peak reproduction and low parasitism implied that A.
semotus may adjust their reproductive phenology to avoid periods of high parasitism or be constrained by parasites
to reproduce only during periods of low parasitism. Although our results are correlational, host breeding season has
been shown to increase in response to experimental reduction of parasitism. We suggest that parasites may shape
host reproduction phenology through which they may influence host population dynamics.

Keywords: Ectoparasite; Host parasite; Life history; Rodent; Sex-biased parasitism; Trombiculidae
Background
Parasites can alter host physiology (Schall et al. 1982;
Simon et al. 2004), body condition (Hakkarainen et al.
2007; Vandegrift et al. 2008; Turner et al. 2012), behavior
(Schall et al. 1982; Goodman and Johnson 2011), social
dominance (Schall and Houle 1992; Zohar and
Holmes 1998), and life history (Schall 1983; Schall
and Dearing 1987; Shields and Wood 1993; Merino
and Potti 1995; Lochmiller and Deerenberg 2000;
Skarstein et al. 2001; Chadwick and Little 2005; Cox and
John-Alder 2007; Kallio et al. 2007), leading to complex
ecological and evolutionary consequences in host
populations (Hamilton and Zuk 1982; Buckling and
* Correspondence: pshaner@ntnu.edu.tw
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Rainey 2002; Chadwick and Little 2005). Theoretical
and field studies suggest that parasites can regulate host
populations, playing a role comparable to predators
(May and Anderson 1979; Albon et al. 2002; Redpath et al.
2006; Lemaître et al. 2009). Unlike predator-prey interactions
where survival is arguably the single most important
parameter to consider, parasites may affect host
reproduction, survival, or the trade-off between the
two (Sheldon and Verhulst 1996; Stien et al. 2002;
Burns et al. 2005; Vandegrift et al. 2008; Lemaître et al.
2009), making their role in host regulation an extremely
dynamic phenomenon.
Reduction in host fecundity is commonly found in

parasitic associations (Hurd 2001). For example, ectoparasite
removal increased litter size in Columbian ground
squirrels (Spermophilus columbianus) (Neuhaus 2003), as
well as juvenile mass at emergence and their subsequent
is an Open Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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survival probabilities in North American red squirrels
(Tamiasciurus hudsonicus) (Patterson et al. 2013). A simi-
lar effect was also found in endoparasites. Vandegrift et al.
(2008) demonstrated that helminth parasites prevented
the white-footed mouse (Peromyscus leucopus) from
breeding in mid-summer. However, positive associations
between parasitism and host fecundity that resulted from
immunosuppression or behavioral change caused by sex
hormone during breeding season were also reported
(Schwanz 2008; Gooderham and Schulte-Hostedde 2011).
A recent study on red squirrels (T. hudsonicus) demon-
strated that helminth parasites were negatively associated
with reproductive success in both male and female squirrels
whereas fleas and mites were positively associated with male
reproductive success (Gooderham and Schulte-Hostedde
2011). Therefore, the relationship between parasitism and
host reproduction may vary depending on the life histories
of the host and parasite species.
Sex-biased parasitism is common in natural host

populations (Poulin 1996; Zuk and McKean 1996;
Schalk and Forbes 1997; Moore and Wilson 2002;
Klein 2004; Morand et al. 2004; Cox and John-Alder 2007;
Krasnov et al. 2012). Among vertebrates, parasitism risk is
generally higher for males due to a presumed trade-off
between sexual traits and parasite defense (Poulin 1996;
Zuk and McKean 1996; Schalk and Forbes 1997;
Morand et al. 2004) or behaviors that incur high infection
rates (e.g. defending territories, aggression; Brown et al.
1994). Nevertheless, female-biased parasitism and lack of
sex-biased parasitism in small mammals have also been
reported (Morales-Montor et al. 2004; Christe et al. 2007;
Sanchez et al. 2011). In species for which nutritional needs
during reproduction compromise mothers’ immunity
(Klein and Roberts 2010) or encourage mothers to engage
in behaviors with increased infection risks (e.g. feeding at
contaminated food patches, overlapping with others’
home ranges; Sanchez et al. 2011), the trade-off between
reproduction and parasite defense can be stronger for
females or becomes equal between the sexes. In
addition to sex-biased parasitism, parasitism effects
on hosts could also be sex-specific (Vandegrift et al. 2008;
Gooderham and Schulte-Hostedde 2011; Bordes et al.
2012). For example, helminth removal increased breeding
only in female P. leucopus and survival only in the males
(Vandegrift et al. 2008). Therefore, more empirical
evidence is needed to fully understand the causes and
consequences of sex-biased parasitism and sex-specific
parasitism effects in natural populations (Krasnov et al.
2005; Bordes et al. 2012).
Recent meta-analyses reported a latitudinal gradient in

parasite-induced mortality, with parasite virulence and
associated host mortality increasing toward lower latitudes
(Møller et al. 2009; Robar et al. 2010). However, ecological
studies of parasitism in subtropical/tropical regions remain
139
relatively rare (Waller 1997). In this study, we examined
sex-biased parasitism from Trombiculid mites (Acarina:
Trombiculidae) and their sex-specific effects on host
reproduction and survival, in a natural population of the
Taiwan field mouse (Apodemus semotus) in a subtropical
forest. Trombiculid mites, a main vector of Orientia
tsutsugamushi that causes scrub typhus in human, are
parasitic at larval stage and can be found on a wide
range of vertebrate hosts including birds, mammals,
and lizards (Nelson et al. 1975). Trombiculid larvae
(chiggers) attach to a host where the skin is thin for
feeding, which usually lasts several days to a few weeks
(Wharton and Fuller 1952; Baker et al. 1956). Free-living
stage of Trombiculid mites are soil dwellers with complex
life cycles (reviewed by Shatrov and Kudryashova 2006).
Although seasonal patterns of mite development are still
unclear, available reports suggest that these mites could
retard their development at any stage in the cold period
(e.g. temperature <10°C; Takahashi et al. 1993). In the
tropics, these mites may continue their development with-
out any conspicuous diapause and have a much shortened
life cycle (reviewed by Shatrov and Kudryashova 2006).
For example, under laboratory conditions (i.e., 27°C
and relatively humidity of 85%), the entire life cycle
of Trombiculid mites can be completed in 2 to 3 months
(Traub and Wisseman 1968), as appose to 150 to 400 days
among boreal species (Shatrov and Kudryashova 2006).
Therefore, seasonality in their larval emergence and
abundance is likely influenced by the climate of the
study system. Apodemus is the most common rodent
in forests of the Palaearctic region with over 20 species
(Corbet 1978; Corbet and Hill 1992), many of which are
known hosts to Trombiculid mites (Ree et al. 1992;
Xing-Yuan et al. 2007). Therefore, the ‘Apodemus-Trombi-
culid mites’ association provides an ideal system to
study parasite effects on host.
Using an observational data set, we asked the following

questions: (1) Is mite parasitism sex-biased? (2) Is mite
parasitism related to host body mass? (3) Is mite parasitism
associated with host survival and reproduction? (4) Do the
associations in (3) sex-specific?

Methods
The study system
The study was conducted in an evergreen forest
(Pinus-Alnus-Quercus) in the Shei-Pa National Park
(121°18′ E, 24°21′ N; elevation c. 1,800 m). The climate at
the study site can be grouped into three seasons, the warm
and moist spring (March through June, mean temperature:
14°C, relative humidity: 88%, precipitation: 835 mm),
the warm and wet summer (July through October:
mean temperature: 16°C, relative humidity: 87%, pre-
cipitation: 2,059 mm), and the cool and dry winter
(November through February, mean temperature: 9°C,
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relative humidity: 85%, precipitation: 387 mm) (2005
to 2008 weather data, Taiwan Forestry Bureau). The
information on mite taxonomy is scarce for this geo-
graphic region. However, we identified two genera of
Trombiculid mites, Leptotrombidium spp. and Walchia
spp., which use A. semotus as hosts.

Mice trapping
The trapping was performed from April 2010 to August
2011 (the 2010 to 2011 survey) and again from June to
September 2012 (the 2012 survey). During the 2010 to
2011 survey, we established three trapping grids, each
comprising 64 stations arranged in an 8 × 8 array (10 m
between stations). The distance between adjacent grids
was c. 60 m apart. This distance was chosen based on
the average distance moved by adult A. semotus between
two successive days (c. 17 to 34 m) and their average
home range size (c. 1,267 to 3,270 m2, equivalent to 36
to 57 m in radius) reported in Lin and Shiraishi (1992a).
One live trap was set up at each trapping station in the
evening (192 traps per night across the three grids), baited
with sweet potato, mixed seeds, and peanut butter, and
checked the next morning. A total of nine trapping ses-
sions were performed (April, June, August, October, and
December 2010 and February, April, June, and August
2011), each comprising three consecutive days. During the
2012 survey, we established one trapping grid at the same
site, comprising 36 stations arranged in a 6 × 6 array
(10 m between stations). Two live traps were set up at
each trapping station in the evening (72 traps per night),
baited with sweet potato, mixed seeds, and peanut butter,
and checked the next morning. A total of four monthly
trapping sessions from June to September were performed.
Due to weather constraints, we performed the trapping for
five consecutive days in June and September, but only for
three consecutive days in July and August.
Upon capture, each rodent was marked with an ear

tag (National Band and Tag Co., Newport, KY, USA;
during the 2010 to 2011 survey) or a radio-frequency
identification chip (Watron Technology Corp., Hsinchu,
Taiwan; during the 2012 survey), sexed, and weighted.
Their physical signs of reproduction were also recorded,
including descended testicles in males, pregnancy,
lactation, and perforated vagina in females. For males,
descended testicles indicate that they are reproductively
capable, whereas for females, pregnancy and lactation
indicate breeding, and perforated vagina indicates mating.
Therefore, these physical signs are more direct indicators
of reproduction in females than in males. The mice were
immediately released after processing at the station
where they were captured. All procedures in mice
trapping and sampling were approved by the National
Taiwan Normal University’s Animal Care and Use
Committee (protocol no. 102004).
140
Rodent survival
The lifespan of A. semotus in the wild is approximately
1 year. At the current study site, we had previously
reported that only 1% to 10% of the individuals were
recaptured beyond 2 months (based on data from
August 2010 to June 2011 and from May to September
2013; Shaner et al. 2013). Therefore, we estimated rodent
survival as the probability of surviving a 2-month period
using the Cormack-Jolly-Seber (CJS) model (White and
Burnham 1999). The CJS model estimates apparent
survival (φ) and recapture probability (p). Apparent
survival is the probability that an individual had survived a
given time period and did not emigrate out of the study
area, and recapture probability is the probability that an
individual had survived a given time period and was
recaptured at the next trapping period. One advantage of
the CJS model is that survival and recapture probabilities
can be simultaneously estimated as functions of individual
covariates (e.g. parasite abundance on a rodent). If
parasites affect host activity, individuals with different
parasite abundances may have different recapture probabil-
ities, potentially confounding the effect of parasites on host
survival. By incorporating parasite abundance as an indi-
vidual covariate for φ and/or p, we can control for parasite
effect on host recapture probability while evaluating their
effect on host survival.
A large capture-recapture dataset is often needed to

parameterize the CJS model. Given the small sample size
in the 2012 survey, we limited survival estimates to the
2010 to 2011 dataset. We first explored four model
structures: constant φ and p, constant φ and sex-specific
p, sex-specific φ and constant p, and sex-specific φ and
p. However, only the models of constant φ and p, and
sex-specific φ and constant p, can be fully parameterized.
Therefore, we used the following CJS model structure to
test the effect of mite parasitism on rodent survival and
recapture probability:

φfemale ¼ intfemale þ βfemalexmite abundance

φmale ¼ intmale þ βmalexmite abundance

p ¼ intp þ βpxmite abundance

where βfemale and βmale are female- and male-specific
slope of mite abundance for the survival function, and
intfemale and intmale are female- and male-specific intercept
for the survival function. When βfemale = βmale and
intfemale = intmale, the model of sex-specific φ reduces
to constant φ. βp and intp are the slope and intercept for
the recapture probability function. Mite abundance is
based on the number of mites found on each individual,
grouped into four levels: ‘0’ (zero mite), ‘1’ (1 to 9 mites),
‘2’ (10 to 19 mites), and ‘3’ (20 mites or more) (see ‘Mite
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infection and abundance’ below). For repeatedly captured
individuals, the mean level of mite abundance is used.

Mite infection and abundance
Mite data were collected between December 2010 and
August 2011 (the last five trapping session in the 2010
to 2011 survey) and again between June and September
2012 (all four trapping sessions in the 2012 survey). During
the 2010 to 2011 survey, we temporarily restrained each
rodent by hand to inspect the mites attached to the ears
(Additional file 1: Figure S1) and the skin area around the
genital region. We grouped the number of mites found on
each individual into one of the four levels: ‘0’ (zero mite), ‘1’
(1 to 9 mites), ‘2’ (10 to 19 mites), and ‘3’ (20 mites
or more). The lowest level of zero mite found indicates
uninfected animals (mite infection = 0), whereas the other
three levels indicate infected animals (mite infection = 1).
Although this method only provides an ordinal measure
of mite abundance, it does not require placing the animals
under anesthesia, for which we did not have adequate
logistic support at the time. During the 2012 survey,
however, we were able to perform anesthesia (2% to
4% isoflurane administered through a gas anesthesia
system with a nose cone, AN-10 T, Singa Technology
Corp., Taipei, Taiwan) to obtain a complete count of the
mites. The 2012 data set indicates that the mite counts
were positively correlated with the four levels of mite
abundance (r = 0.57; P = 0.0007; n = 32; Additional file 1:
Figure S1). Furthermore, 91% of the mice in the 2012 data
set had a mite count between 0 to 29 (0 mite, 1 to 9
mites, 10 to 19 mites, 20 to 29 mites; Additional file 1:
Figure S1), suggesting that the four abundance levels can
effectively capture most of the variation in mite count
with limited data lumping.

Statistical analyses
The nine trapping sessions for which we had parasitism
data were grouped into three seasons according to the
climate at the site: spring (April and June 2011, June 2012),
summer (August 2011, July, August, and September 2012),
and winter (December 2010 and February 2011). We tested
the effects of sex, season, and their interactions on mite
parasitism using the generalized linear mixed model
(GLMM). The response variable is mite infection (0/1) or
mite abundance (zero mite, 1 to 9 mites, 10 to 19 mites,
20 mites or more). When testing mite infection, we
applied binomial distribution with logit link function; when
testing mite abundance, we applied Poisson distribution
with log link function. The survey year, trapping grid,
and individual identity were included as random factors to
account for spatial-temporal heterogeneity and non-
independence of repeated records from the same
individuals. Although none of the mice were captured
in both years, ten individuals (5% of the 214 unique
141
individuals) were observed on more than one grid. We
assigned different grid codes to these cross-grid individuals
(e.g. the three mice that were observed on both grids A
and B were assigned ‘AB’ as their grid value). To check if
the effects of sex, season, and their interactions on mite
abundance are sensitive to our four-level grouping of mite
abundance, we also performed GLMM on mite counts
(Poisson distribution) using only the 2012 data. Because
only one trapping grid was used in 2012, we dropped
trapping grid and survey year from the random factors
(individual identity was kept as a random factor). We
tested the effects of sex, season, reproduction, mite
abundance, and their interactions on A. semotus body
mass using GLMM (normal distribution). We tested
the effects of sex, season, mite abundance, and their
interactions on A. semotus reproduction using GLMM
(binomial distribution). For the body mass and reproduction
models, we included trapping grid, survey year, and individ-
ual identity as random factors. To reach model convergence
for the reproduction analysis, we reduced the four levels of
mite abundance to 3 (0 to 9 mites, 10 to 19 mites,
20 or more mites). Type I errors for post hoc comparisons
following the GLMMs were Tukey-Kramer adjusted. To
test parasitism effect on A. semotus survival, we obtained
the 95% confidence limits of the slopes of mite abun-
dance on survival (φ) from the CJS model. An upper
95% confidence limit smaller than zero indicates a nega-
tive association between mite abundance and rodent
survival whereas a lower 95% confidence limit greater
than zero indicates a positive association. All statistical
analyses were performed in SAS 9.3.

Results
Reproduction phenology and population abundance of
the host
The long-term phenology of A. semotus reproduction
was based on 617 reproduction records from 407 unique
adults (148 females and 259 males) during the 2010 to
2011 survey and 25 unique adults (12 females and 13
males) during the 2012 survey. The difference in sample
size between these two surveys was due to different
levels of trapping effort. After the number of mice
captured is standardized by trapping effort (i.e., the
number of unique mice captured per 100 trap × night), A.
semotus population abundance appeared to be quite
stable across seasons and years with less than 2.5-fold
difference between the maximum in October 2010
and the minimum in September 2012 (Figure 1). The
percentage of reproductively active adults (reproductively
capable males and reproducing females) was higher in
spring (0.57, 0.54, and 0.63 across years; April and June
combined) and lower in winter (0.14 for year 2010 to
2011; December and February combined; Figure 1). The
reproduction in summer fluctuated from year to year



Figure 1 Seasonal pattern in Apodemus semotus abundance and reproduction. (a) The abundance of A. semotus is represented by the
numbers of unique male (unfilled bars) and female (filled bars) A. semotus captured in each trapping session, which are standardized (number of
mice per 100 trap × night). The text above each bar denotes the total number of mice captured per 100 trap × night, males and females
combined. (b) The circles denote the percentages of males (unfilled circles) and females (filled circles) with signs of reproduction in each
trapping session. Signs of reproduction are: descended testicles in males, pregnancy, lactation, and perforated vagina in females. Parasite
investigation began in December 2010, which is divided into the 2010 to 2011 survey (December 2010 through August 2011) and the 2012
survey (June through September 2012).
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(0.33, 0.72, and 0.11 across years; July through October;
Figure 1).

Sex and seasonal difference in mite parasitism
We obtained 291 records of mite parasitism from 214
unique adults (78 females and 136 males), both survey
years combined. In the 2012 survey, we obtained 32
records of mite count data from 25 unique adults (12
females and 13 males). Mite infection was common
for both sexes across seasons (0.70 to 0.94; Figure 2a).
The mite abundance ranged from 1.2 to 1.7 across
seasons and between the sexes (Figure 2b), which fell
within the category of 10 to 19 mites. Neither mite
infection nor mite abundance was sex biased, but they
tended to vary among seasons (Table 1). Specifically, the
probability of mite infection was c. 10% higher in winter
(0.93 ± 0.04 SE) than in spring (0.79 ± 0.08) and summer
(0.83 ± 0.09; Figure 2a). A marginal season effect also
existed for mite abundance (Table 1), with a non-significant
trend of higher mite abundance in winter (1.6 ± 0.2) than in
142
spring (1.3 ± 0.2) and summer (1.2 ± 0.2; Figure 2b). The
analysis of mite count data from the 2012 survey revealed a
similar pattern of seasonal variation with little sex
difference (sex: F1,5 = 0.19, P = 0.68; season: F1,5 = 59.71,
P = 0.0006; sex × season: F1,5 = 1.67, P = 0.25). The mite
counts were significantly higher in summer (July through
September: 13.7 ± 3.5) than in spring (June: 2.2 ± 0.6)
for the 2012 survey (there were no winter trapping
during this year).
Data on host body mass and reproduction state were

available for all 291 records of mite parasitism from 214
unique adults (78 females and 136 males). Of these 214
adults, we obtained capture-recapture histories from 189
unique individuals (66 females and 123 males) from the
2010 to 2011 survey for survival estimates.
The male A. semotus were heavier than the females

(male: 25.6 ± 0.5 g; female: 23.8 ± 0.5 g; Table 2). Both
reproductively capable males and reproducing females
were heavier than non-reproducing mice (reproducing:
26.7 ± 0.5 g; non-reproducing: 22.7 ± 0.5 g; Table 2).



Figure 2 Infection and abundance of Trombiculid mites in Apodemus semotus. The least-square means of (a) infection probability and (b)
abundance level are estimated for males (unfilled bars) and females (filled bars) separately for each season (spring: April to June, summer: July to
October, winter: December to February). The mite abundance is quantified at four levels (0 = zero mites, 1 = 1 to 9 mites, 2 = 10 to 19 mites, and
3 = 20 mites or more). The error bars denote 1 SE. A significant difference in mite parasitism between seasons in pair-wise comparisons (both
sexes combined) is indicated with the Tukey-Kramer adjusted P value and a horizontal line connecting the two seasons.
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Consequently, A. semotus body mass was higher in spring
(25.5 ± 0.5 g) and summer (26.0 ± 0.6 g) when there were
more reproducing adults than in winter (22.6 ± 0.5 g;
Table 2). Nevertheless, A. semotus body mass was not
associated with mite abundance (Table 2 (See Table 1.)),
suggesting that any potential effect of mite parasitism on
the mice was not likely mediated through host body mass.
Table 1 The generalized linear mixed model of the
infection and abundance of Trombiculid mites in
Apodemus semotus

Effect Num
DF

Den
DF

Mite infection Mite abundance

F P F P

Sex 1 73 1.23 0.27 0.38 0.54

Season 2 73 4.24 0.02 2.46 0.09

Sex × season 2 73 1.19 0.31 0.13 0.88

The mite infection is whether or not an individual was infected with mites; the
mite abundance is categorized into four levels (zero mite, 1 to 9 mites, 10 to
19 mites, and 20 mites or more). The seasons are spring (April and June 2011,
June 2012), summer (August 2011, July, August, and September 2012), and
winter (December 2010 and February 2011). Significant results are in italics.
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Host body mass, reproduction, and survival
Mite abundance had a negative association with A. semo-
tus reproduction for both females and males (Table 3
and Figure 3). The estimated probability of reproduction
for a mouse infected with 20 mites or more was only 0.14,
compared to >0.4 for a less-infected individual (Figure 3).
Although A. semotus reproduction was seasonal, the
negative association between parasitism and reproduction
was consistent across seasons (non-significant parasitism ×
season interaction; Table 3).
The upper 95% confidence limit of the slope of mite

abundance for the survival function of male A. semotus
was smaller than zero (Table 4), indicating a negative
association between mite abundance and male survival. A
similar trend also existed for females (Table 4). In fact,
when we reduced the model from sex-specific survival to
constant survival by forcing βfemale = βmale and intfemale =
intmale, the Akaike information criterion (AICc) decreased,
resulting in a 6-fold improvement in model likelihood
(Table 4). This suggests that the males and females shared
a similar, negative association between mite abundance and
survival (Figure 4). Even though the recapture probability



Table 2 The generalized linear mixed model of Apodemus semotus body mass

Effect Num DF Den DF F P

Sex 1 43 4.99 0.03

Season 2 43 4.13 0.02

Reproduction 1 43 40.27 <.0001

Mite abundance 3 43 0.96 0.42

Sex × season 2 43 2.08 0.14

Sex × reproduction 1 43 0.01 0.92

Sex ×mite abundance 3 43 0.98 0.41

Season × reproduction 2 43 3.76 0.03

Season ×mite abundance 6 43 1.37 0.25

Reproduction ×mite abundance 3 43 0.91 0.44

Sex × season × reproduction 2 43 0.24 0.78

Sex × season ×mite abundance 6 43 1.06 0.40

Sex × reproduction ×mite abundance 3 43 1.68 0.19

Season × reproduction ×mite abundance 5 43 1.16 0.34

Sex × season × reproduction ×mite abundance 2 43 1.62 0.21

The mite abundance is categorized into four levels (zero mite, 1 to 9 mites, 10 to 19 mites, and 20 mites or more). The seasons are spring (April and June 2011,
June 2012), summer (August 2011, July, August, and September 2012), and winter (December 2010 and February 2011). The reproduction is whether a male has
descended testicles or a female has perforated vagina and is pregnant or lactating. Significant results are in italics.
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of A. semotus had broad confidence intervals, its lower 95%
confidence limit was still greater than zero, indicating a
positive association between recapture probability and mite
abundance (Table 4). Therefore, the negative association
between parasitism and host survival was not likely an
artifact from reduced recapture probability among infected
individuals.

Discussion
In this study, we showed that parasitism from Trombiculid
mites was associated with reduced reproduction and
survival in a wild rodent, A. semotus, suggesting a potential
role of Trombiculid mites in regulating their host
populations. This negative association was similar between
male and female A. semotus. Furthermore, we did not find
Table 3 The generalized linear mixed model of Apodemus
semotus reproduction

Effect Num DF Den DF F P

Sex 1 65 1.81 0.18

Season 2 65 10.7 <.0001

Mite abundance 2 65 5.19 0.008

Sex × season 2 65 6.71 0.002

Sex ×mite abundance 2 65 0.93 0.40

Season ×mite abundance 4 65 0.51 0.73

The mite abundance is categorized into three levels (0 to 9 mites, 10 to 19
mites, and 20 mites or more). The seasons are spring (April and June 2011,
June 2012), summer (August 2011, July, August, and September 2012), and
winter (December 2010 and February 2011). Due to model convergence issue,
the three-way interaction (sex × reproduction ×mite abundance) is not
included. Significant results are in italics.

144
sex-biased parasitism in either breeding or non-breeding
season. This is one of the few empirical studies on
host-parasite ecology from a relatively under-studied
geographic region (Southeast Asia), where warm and
wet climates year-round may allow ectoparasites with
free-living stages to breed more frequently and persist
at high densities (Takahashi et al. 1993; Waller 1997;
Shatrov and Kudryashova 2006).
Sex-biased parasitism is a complex phenomenon that

can be influenced by the biology of particular host and
parasite species, mediated by environmental factors, and
exhibited spatial and temporal variation (reviewed by
Krasnov et al. 2012). Although ectoparasites tend to
show male-biased parasitism (Krasnov et al. 2012 and
references therein), several ecological characteristics of
Trombiculid mites and A. semotus may help explain the
lack of sex-biased parasitism in this study. Trombiculid
mites only remain attached to a host individual for a
short period of time (several days to a few weeks;
Wharton and Fuller 1952; Baker et al. 1956), and they
appear to be tightly associated with particular habitats
in which they are able to infect a wide range of host
species (Shatrov and Kudryashova 2006), suggesting
this parasite may not be choosy about host individuals. A
recent study on Trombiculid mites (Leptotrombidium
imphalum) in lowland Taiwan suggests that they are not
able to freely distribute themselves according to the
quality of host individuals, presumably due to their limited
mobility (Kuo et al. 2011). Host sexual dimorphism in
spacing behavior, immune defense, and/or body size can
work synergistically or individually to drive sex-biased



Figure 3 Probability of reproduction in Apodemus semotus as a function of mite abundance. All seasons (spring: April to June, summer:
July to October, winter: December to February) are pooled. The males and females are estimated separately as well as combined. The
reproduction is the probability of being reproductively capable in males (i.e., descended testicles) or mating/breeding in females (i.e., perforated
vagina, pregnancy, lactation). The mite abundance is categorized into three levels (0 to 9 mites, 10 to 19 mites, and 20 mites or more) in order to
reach model convergence. The error bars denote 1 SE. Different letters denote significant differences in the probability of reproduction.
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parasitism. Although male A. semotus are larger than
females, the difference in their body mass is less than
2 g (c. 7% of the body mass). Furthermore, male and
female A. semotus have similar home-range sizes, and
their home ranges often overlap (Lin and Shiraishi 1992a).
To the best of our knowledge, sexual dimorphism in
immune defense in A. semotus has not been studied.
However, studies on other rodents suggest that host
gender may not have a systematic effect on their immune
defense (Khokhlova et al. 2004; Waterman et al. 2014).
Therefore, the ecology of A. semotus does not seem to
support sex-biased parasitism.
If these mites have limited ability to select and switch

between host individuals, their infection and abundance
should be primarily determined by host spacing behavior.
Following this argument, the negative association between
mite parasitism and the survival and reproduction of A.
semotus could be caused by different spacing behaviors in
the host. For example, reproducing or long-lived mice
may have smaller or more stable home ranges, reducing
Table 4 The Cormack-Jolly-Seber model of Apodemus semotu
abundance

Model AICc AICc
weights

Deviance Survival functio

intsex

φ(sex)p(.) 281.98 0.86 273.79 Female:

0.42 (−0.84, 1.68)

Male:

0.42 (−0.39, 1.22)

φ(.)p(.) 285.53 0.14 273.14 0.39 (−0.30, 1.07)

Only data from the 2010 to 2011 survey was used (189 unique individuals). The mit
mites, and 20 mites or more). Mean mite abundance is used for repeatedly capture
p(.), which has sex-specific survival functions (φfemale = intfemale + βfemale × mite abun
function (p = intp + βp ×mite abundance). A reduced CJS model, φ(.)p(.), has the con
the survival and recapture probability functions are expressed as the means followe

145
their encounter rates with the parasites. However, based
on a study of A. semotus home ranges at a different site
(Lin and Shiraishi 1992a), their length of capture history
(a proxy for survival) was not correlated with their home
range sizes. Unfortunately, the trapping protocol in the
current study is spatially and temporally too sparse to
determine their home ranges. Therefore, spacing behav-
iors of reproducing versus non-reproducing A. semotus, as
well as A. semotus with different life-history strategies
(long-lived versus short-lived), remained to be studied.
Although characteristics of host individuals, such as

body mass and age, are frequently documented to influence
patterns of parasitism, we did not find a relationship
between mite abundance and host body mass, regardless of
host sex, host reproductive state, or season. The lack of
relationship between host body mass and mite parasitism,
however, suggests that any potential parasitism effect on A.
semotus survival or reproduction is not likely mediated
through their body mass. On the other hand, if older hosts
are more likely to reproduce yet less likely to be parasitized
s survival and recapture probability as functions of mite

n Recapture probability function

βsex intp βp
Female: −1.50 (−3.21, 0.22) 9.33 (1.73, 16.94)

−0.73 (−1.47, 0.02)

Male:

−0.58 (−1.01, −0.16)

−0.61 (−0.98, −0.24) −1.47 (−3.20, 0.25) 9.31 (1.70, 12.92)

e abundance is categorized into four levels (zero mite, 1 to 9 mites, 10 to 19
d individuals. The logit link function is applied. The primary CJS model is φ(sex)
dance, φmale = intmale + βmale × mite abundance) and a recapture probability
straints that βfemale = βmale and intfemale = intmale. The parameter estimates of
d by their 95% confidence limits in parentheses.



Figure 4 Apparent survival of Apodemus semotus as a function of mite abundance. All trapping sessions (December 2010, February, April,
June, and August 2011) are pooled. The males and females are estimated separately as well as combined. The apparent survival is the probability
that an individual survived a 2-month period and remained at the study site. The mite abundance is categorized into four levels (0 mite, 1 to 9
mites, 10 to 19 mites, and 20 mites or more. The error bars denote 1 SE. Different letters denote significant differences in apparent survival.
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(either because of their lower quality as hosts or their more
effective parasite defense), the negative association between
mite parasitism and A. semotus reproduction could reflect
an age effect. Although majority of the mice in this study
were only captured once, we were able to examine 36
individuals (24 males and 12 females) that were
known to have survived at least 4 months as adults
from the 2010 to 2011 survey (adults are usually
more than 1 month old; Lin and Shiraishi 1992b;
PLS, personal observation). We did not find an age
effect on individuals’ probability of reproduction for
either sex (Additional file 1: Table S1). In fact, one
adult male with eight consecutive recaptures spanning
a total period of 14 months (June 2010 to August 2011)
showed a reproduction record of 1 1 0 0 1 0 1 1, illustrating
that their reproduction is quite flexible and may be adjusted
according to individual and environmental conditions.
Parasitism from Trombiculid larvae has been reported

to vary seasonally (Klukowski 2004; Dietsch 2005).
Seasonality in parasitic infection can be explained by
parasite-related and/or host-related traits. Under laboratory
conditions (i.e., 27°C and relatively humidity of 85%), the
entire life cycle of Trombiculid mites can be completed in
2 to 3 months (Traub and Wisseman 1968). Our study site
is in a subtropical montane forest with warm and humid
climate year-round, which may help explain the high
prevalence of mite parasitism across seasons (0.70 to
0.94; Figure 2a). Against the high background level of
mite prevalence, we also found seasonal variation in
their prevalence and abundance. Interestingly, the season
of lower mite abundance coincided with peak reproductive
season for the host, suggesting A. semotus might be
adjusting their reproduction phenology to avoid parasitism,
or they might be constrained to reproduce during periods
of low parasitism. Although this off-set in timing between
host reproduction and increased parasitism risk could be
146
coincidental, we know of at least one study that experimen-
tally demonstrated it. Vandegrift et al. (2008) showed that
another rodent host, P. leucopus, was able to extend their
breeding season to mid-summer when their helminth
parasites were experimentally reduced. In fact, many
host-related traits (e.g. territoriality, immunocompetence,
hormone) and their physiological trade-offs have been
shown to vary between breeding and non-breeding sea-
sons (reviewed by Krasnov et al. 2005; Martin et al. 2008),
contributing to seasonal fluctuation in parasitism. Rodent
species have been reported to invest less in immune
defense if probability and/or intensity of parasite attack is
low and vice versa (Khokhlova et al. 2004; de Bellocq et al.
2006). Consequently, if immune defense is costly for A.
semotus, which is a likely scenario considering the
consistently high prevalence of mite parasitism they are
facing (Khokhlova et al. 2004; de Bellocq et al. 2006), it
would be more advantageous, or it would be only possible,
for these mice to breed during periods of low probability
and/or intensity of parasitism.
During this study, we were able to record the presence

of ticks (Ixodes) on A. semotus. Of the 235 rodents that
we examined for ticks, we documented 23 cases of infection
and all of them occurred in the winter between December
and February (PLS, unpublished results). Although tick
infection appeared to be rare (10%) and cannot be subjected
to further quantitative analysis, it suggests that winter
months at this study site may provide favorable conditions
for ectoparasites with non-parasitic life stages. Therefore, it
is important to study the life cycles of parasites in the wild
before we can fully understand host-parasite dynamics.

Conclusions
In this study, we showed that mite parasitism in a rodent
host was associated with reduced host reproduction
and survival, with implications in the regulation of host
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populations and evolution of host life history. Our study is
one of the few empirical studies of host-parasite ecology
from a subtropical region where climate conditions
are favorable for many parasites to persist at high
abundance. Such empirical evidence adds valuable
information to our overall understanding of the general
rules governing host-parasite dynamics.

Additional file

Additional file 1: Figure S1. Estimation of Trombiculid mite
abundance on their mouse host Apodemus semotus. (a) The larvae of
Trombiculid mites (the white spots) attached themselves to the ear of an
mouse. Based on the 2012 survey (June to September, 2012) where a
total of 32 adult A. semotus were placed under anesthesia for a complete
count of the number of mites attached to their ear and genital regions,
(b) the mite count positively correlates with mite abundance index (the
index has four abundance levels: 0 = zero mite, 1 = 1 to 9 mites, 2 = 10
to 19 mites, 3 = 20 mites or more). (c) The frequency distribution of the
mite counts from the 2012 survey indicates 91% (29 out of 32) of the
mice had a mite count between 0 and 29 (0, 1 to 9, 10 to 19, 20 to 29),
suggesting the mite abundance index captured most of the variation in
mite count. Table S1. The generalized linear mixed model of Apodemus
semotus reproduction as a function of sex and age.
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