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中 文 摘 要 ： 物種形成機制在生態與演化學研究中佔有舉足輕重的地位。物種分
化可由多種機制共同完成，例如地理隔離、生態區隔、交配前生殖
行為隔離、交配後遺傳不相容、或性擇等。 本研究探討兩個鄰域分
佈的姊妹亞種中華珈蟌的種化過程和機制，它們是位於臺灣北部的
Psolodesmus mandarinus mandarinus和中部/南部的P. m.
dorothea，兩物種具有分歧的翅膀形式。本計畫旨在測試從生態種
化和性擇理論得出的幾個具體的假設和預測：（1）中華珈蟌的分佈
與環境/生態因素是否相關？（2）兩亞種間和族群間的翅膀變異
（色素和形狀）是否與環境因素和物種的地理分佈相關？（3）這兩
個亞種之間在交接區域中是否存在遺傳滲入/基因交流？如果是，基
因交流（方向和程度）的模式是什麼？（4）以操作性實驗直接測試
性擇和（5）生態種化對中華珈蟌分化的因果關係 (使用配偶選擇
/繁殖試驗和共同棲地/移地實驗)。計畫第三年不同繁殖策略的中華
珈蟌雄蟲分析發現，兩個樣區間(福山與蓮華池)不同繁殖策略的中
華珈蟌雄蟲在時間和空間上利用的分佈模式相似，但在蓮華池的樣
區switching策略的雄蟲在不同領域間的時間較長。

中文關鍵詞： 生態種化, 天擇, 中華珈蟌, 性擇, 姐妹種

英 文 摘 要 ： Speciation is of pivotal importance in ecology and
evolution. Divergence between evolving populations could be
caused by several potential mechanisms, including
allopatric isolation, ecological separation, pre-mating
isolation by behavioral adaptation, post-mating isolation
through genetic/cytoplasmic incompatibility, and sexual
selection. We investigate the processes and mechanisms of
speciation in two parapatrically distributed sister
damselflies in Taiwan, the northern Psolodesmus mandarinus
mandarinus and central/southern P. m. dorothea, with recent
divergent wing forms. This study aims to test the following
specific hypotheses/predictions derived from ecological
speciation and sexual selection: (1) Is the distribution of
P. mandarinus correlated with environmental/ecological
factors? (2) Do the wing variations (pigmentation and
shape) between- and within- each P. mandarinus subspecies
associated with environmental factors and species-specific
distributions? (3) Is there any genetic introgression/gene
flow between these two subspecies in the contact zone? And
if so, what is the pattern of gene flow (direction and
level)? (4) Directly evaluate the causality of sexual
selection and (5) ecological speciation using both mate
choice/breeding trials and common garden/reciprocal
transplant experiments. For the third year (2019/08-
2020/07), we analyzed the patterns of spatial and temporal
allocation of male reproductive tactics in relation to
mating success. The two sites (Fusan and L showed similar
pattern of distribution of males using alternative tactics,
but the switching males of of Lianhuachi tended to stay



longer between sites than that of Fusan.

英文關鍵詞： Ecological speciation, natural selection, Psolodesmus
mandarinus, sexual selection, sister species
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Abstract: 
 
Speciation is of pivotal importance in ecology and evolution. Divergence between 
evolving populations could be caused by several potential mechanisms, including 
allopatric isolation, ecological separation, pre-mating isolation by behavioral adaptation, 
post-mating isolation through genetic/cytoplasmic incompatibility, and sexual selection. 
We investigate the processes and mechanisms of speciation in two parapatrically 
distributed sister damselflies in Taiwan, the northern Psolodesmus mandarinus mandarinus 
and central/southern P. m. dorothea, with recent divergent wing forms. This study aims to 
test the following specific hypotheses/predictions derived from ecological speciation and 
sexual selection: (1) Is the distribution of P. mandarinus correlated with 
environmental/ecological factors? (2) Do the wing variations (pigmentation and shape) 
between- and within- each P. mandarinus subspecies associated with environmental factors 
and species-specific distributions? (3) Is there any genetic introgression/gene flow 
between these two subspecies in the contact zone? And if so, what is the pattern of gene 
flow (direction and level)? (4) Directly evaluate the causality of sexual selection and (5) 
ecological speciation using both mate choice/breeding trials and common 
garden/reciprocal transplant experiments. For the third year (2019/08-2020/07), we 
analyzed the patterns of spatial and temporal allocation of male reproductive tactics in 
relation to mating success. The two sites (Fusan and L showed similar pattern of 
distribution of males using alternative tactics, but the switching males of of Lianhuachi 
tended to stay longer between sites than that of Fusan.  
 
 
摘要: 

物種形成機制在⽣態與演化學研究中佔有舉⾜輕重的地位。物種分化可由多種機制共同完成，

例如地理隔離、⽣態區隔、交配前⽣殖⾏為隔離、交配後遺傳不相容、或性擇等。 本研究探

討兩個鄰域分佈的姊妹亞種中華珈蟌的種化過程和機制，它們是位於臺灣北部的 Psolodesmus 

mandarinus mandarinus 和中部/南部的 P. m. dorothea，兩物種具有分歧的翅膀形式。本計畫

旨在測試從⽣態種化和性擇理論得出的幾個具體的假設和預測：（1）中華珈蟌的分佈與環境

/⽣態因素是否相關？（2）兩亞種間和族群間的翅膀變異（⾊素和形狀）是否與環境因素和

物種的地理分佈相關？（3）這兩個亞種之間在交接區域中是否存在遺傳滲⼊/基因交流？如

果是，基因交流（⽅向和程度）的模式是什麼？（4）以操作性實驗直接測試性擇和（5）⽣

態種化對中華珈蟌分化的因果關係 (使⽤配偶選擇/繁殖試驗和共同棲地/移地實驗)。計畫第

三年不同繁殖策略的中華珈蟌雄蟲分析發現，兩個樣區間(福⼭與蓮華池)不同繁殖策略的中

華珈蟌雄蟲在時間和空間上利⽤的分佈模式相似，但在蓮華池的樣區 switching 策略的雄蟲在

不同領域間的時間較⾧。 

  

 
 
1. Introduction 
 
1.1 Speciation and the study of divergence  
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 Speciation is of pivotal importance in ecology and evolution (reviewed in Coyne & 
Orr 2004; Nosil 2012). Understanding the process and mechanisms of speciation is 
essential in decision making of several applied fields such as biodiversity, conservational 
biology and wildlife management (De Vos et al. 2015; Fitzpatrick et al. 2015; Kopp 2010). 
Disentangling the different ecological and evolutionary mechanisms underlying the 
speciation process is also of great interests to biologists. Divergence between two evolving 
populations, which may eventually lead to speciation, could be caused by several 
potential mechanisms. For example, allopatric speciation by geographic barriers (Gaither 
et al. 2015; Winger & Bates 2015), ecological speciation due to environmental changes 
(Faria et al. 2014; Keller & Seehausen 2012), pre-mating isolation caused by behavioral 
adaptation (Grant & Grant 2008; Sobel & Streisfeld 2015), or even post-mating isolation 
through genetic and/or cytoplasmic incompatibility (Fishman & Willis 2006; Kaufmann et 
al. 2015; Tram et al. 2006).  
 In some empirical cases, only one or two mechanisms are responsible for species 
divergence. In the sea urchin Diadema, the closely related clades often distribute 
allopatrically, but the anciently separated clades overlapped in their distributions (Lessios 
et al. 2001), suggesting that geographical isolation could be the main cause of their 
speciation. Another classical example is the cytoplasmic incompatibility caused by 
Wolbachia in parasitic wasps Nasonia. This cytoplasmic incompatibility sometimes appears 
before other post-mating isolation, and can lead to embryonic lethality and hybrid 
breakdown in the crossing between Nasonia giraulti, N. longicornis and N. vitripennis 
(Bordenstein et al. 2001; Reed & Werren 1995; Tram et al. 2006). 
 The speciation mechanisms in many other cases are much more complicated, 
resulting in difficulties (but biologically more interesting) of inferring the causality of 
speciation. Rasanen & Hendry (2008) proposed a common causal pathway of speciation 
initiated by environmental differences and thus mediated by natural selection (Figure 1): 
When the differences between two environments increase, the two taxa living in these 
environments may adapt to different divergent selection in order to maximize their fitness. 
The adaptation to environmental selection may thus result in divergence between these 
two taxa. Meanwhile, some individuals may disperse between different environments, 
resulting in migrations/gene flow of homogenization between these two diverging taxa. 
These factors therefore form a feedback loop. An increase in the environmental differences 
will strengthen the divergent selection and thus increase the adaptive divergence between 
these two taxa. Additionally, an increase in the environmental differences will reduce the 
number of individuals disperse between these two environments. The fewer migrants will 
therefore result in lower gene flow, which will also increase the divergence between these 
two taxa.  
 In cases where sexual selection (Figure 2) also occurs, an increase in divergent 

selection caused by environmental differences may also enhance the assortative mating 
(i.e. pre-mating isolation). This will strengthen the adaptive divergence and further 
minimizes the gene flow between these two taxa (Figure 2). Environmental differences 
may also result in genetic adaptation to the divergent selection, thus the genetic 
incompatibility or maladaptive hybrids (i.e. post-mating isolation) may further reinforce 
the adaptive divergence and reduce gene flow.  

Figure 1. An illustration of a causal pathway 
of speciation initiated by environ-mental 
divergence and the relationships between 
adaptive divergence and gene flow. A "+" 
and a "-" indicate an increase and a decrease 
in the direction of the arrows, respectively 
(modified from Rasanen and Hendry 2008). 
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 A complicated network of speciation mechanisms can be difficult to resolve for taxa 
with ancient divergence. However, recently diverged, closely related sister 
species/subspecies incur relatively clear and simple pathway of speciation mechanisms. 
These systems thus provide great opportunities (the species are different, but not fully 
isolated from each other) to target the potential causes of their divergence, and can be the 
best systems to study the mechanisms of divergence. 
 
1.2 Psolodesmus mandarinus as a model system to study recent divergence 
 The Formosan Piedwing (Psolodesmus mandarinus)中華珈蟌 (Figure 3) is widely 
distributed in lowland forests of Taiwan (<1500m). The 
preferred habitats for adults are small streams with fast 
running water and covered by forests or brushes. The 
nymphs are frequently associated with aquatic plants 
and submerged logs. Similar to other Odonata, the P. 
mandarinus prey on other smaller insects. The adults can 
be observed in most months of a year, with peak season 
from June to October (data of 2013 - 2014 from Nature 
Campus).  
 Currently, two parapatrically distributed subspecies 
of P. mandarinus (Figure 4) are recognized, with the 
nominate subspecies (P. m. mandarinus) in the northern 
Taiwan, and the southern subspecies (P. m. dorothea) in 
the central and southern Taiwan (Lin et al. 2012). These 
two subspecies were originally identified as two distinct species by Williamson (1904), but 
later regarded as one species due to the lack of differences on the anal appendages and 
penile organs (Chen 1950).  
 Despite lacking genital differentiation, these two subspecies are remarkable in their 
wing divergence: On the wings of P. m. mandarinus, there is an apical blackish area 
followed by a black tip and a white band in between (Figure 4a). In the P. m. dorothea, 
however, there is only a thin apical black with the remaining wing being transparent 
(Figure 4b). Similar differences also occurred on females, although females of both 
subspecies shared the same white spot at the tip of their wings (Figure 4). In addition, our 
recent field observation showed that the body size of P. m. mandarinus is in general larger 
than P. m. dorothea, for example, in the thorax length (mean ± sd = 8.43±0.58 mm in male P. 
m. mandarinus, n = 426; 8.04±0.52 mm in male P. m. dorothea, n = 341; two-tailed t-test: t = 
-9.91, p < 0.001, 95% confidence interval = -0.47 to -0.32; personal observation). 

Figure 2. An illustration of the 
interplay among the natural 
selection, sexual selection and 
gene flow due to dispersals in 
the process of speciation 
(modified from Rasanen and 
Hendry 2008). 
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Figure 3. Psolodesmus mandarinus mandarinus 
male. 
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 At their contact zones: between southern Yilan and 
Hualien in eastern Taiwan, and between Taoyuan and 
Hsinchu in western Taiwan, in general their wing 
pigmentations change continuingly (Lin et al. 2012). 
Individuals with intermediate phenotypes have been 
identified in the contact zones, suggesting that there may 
have been hybridization between these two subspecies 
(Lin et al. 2012).  
 A previous phylogeographic study of P. mandarinus 
subspecies using mtDNA CO1 (624bp) and 16S (515bp) 
reported a greater genetic divergence between the eastern and western populations in 
Taiwan, than the genetic divergence between these two subspecies (Lin et al. 2012). 
Although a preliminary result using limited maternal inherited mitochondrial genes, these 
results indicated that there might have been substantial gene flow (north-south) between 
these two subspecies across the contact zones (or no genetic sub-structure). These results 
suggested that P. m. mandarinus and P. m. dorothea are closely related sister taxa that 
diverged relatively recently. Such a feature of divergence with on-going 
hybridization/gene flow makes the P. mandarinus a good system to test the mechanisms of 
speciation “in action”.  
 
1.3 Divergence by ecological speciation 
 Because the latitudinal separation of P. mandarinus subspecies, it is possible that one 
or both of their current distributions are shaped by latitude-linked environmental factors 
(e.g. temperature). According to Nosil (2012), “the process by which barriers to gene flow 
evolve between populations as a result of ecologically based divergent selection between 
environments” is defined as ecological speciation. Ecological speciation (i.e. natural 
selection caused by ecological factors) has been reported to be responsible for the 
divergence of many pairs of sister taxa. For example, for host-specific phytophagous 
insects such as stick insects, Timema cristinae host ecotypes and treehoppers, Encheopa 
binotata host races, the hosts represent unique habitats to adapt to, resulting in divergence 
due to habitat isolation (Cocroft et al. 2008; Lin & Wood 2002; Nosil & Hohenlohe 2012)   
 In dragonflies and damselflies, wing pigmentations are strongly associated with 
latitude, with northern species more likely to have pigmented wings (Svensson & Waller 
2013; Pinkert et al. 2016). These findings suggest that the observed wing divergence 
between two P. mandarinus subspecies might be associated with latitudinal derived 
variables. Among all latitude-linked environmental factors, temperature (thermal 
melanism hypothesis, Trullas et al. 2007) has been proposed to be associated with the 
distribution and/or abundance of damselflies. In both banded demoiselles (Calopteryx 
splendens) and beautiful demoiselles (C. virgo) in Fennoscandia, the mean temperature of 
the warmest quarter explained more than 52% of the species abundance, with a total of 
76% of species abundance in both species explained by temperature-related factors (e.g. 
the mean temperature of the coldest quarter, mean temperature o driest quarter; 
Wellenreuther et al. 2012). In Caloperyx damselflies, thermoregulation has been proposed 
to explain the correlation between temperature and wing pigmentations, but the results 
are controversial (Keller & Seehausen 2012; Svensson & Waller 2013). Alternatively, 
predatory pressure (Kuchta & Svensson 2014) and the distance to shore (Gosden et al. 2015) 
have also been proposed to explain wing variation and reproductive isolation in 
damselflies. Therefore, other biotic or abiotic factors may also be responsible for shaping 
the divergences in damselflies.  
 
1.4 Divergence by sexual selection 
 Sexual selection is another important evolutionary force driving wing divergence in 
damselflies. In broad-winged Neotropical damselflies (Megaloprepus caerulatus), males 

 

Figure 4. The (a) Psolodesmus. mandarinus 
mandarinus; and (b) the P. m. dorothea. 
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with larger body size and larger white bands on their wings tended to win in male-male 
competition (Schultz & Fincke 2009; Xu & Fincke 2015). Nevertheless, sexual selection on 
the body size of male damselflies only occurs when the variance of body size is large 
(Steele et al. 2011). After accounting for the body size, male Megaloprepus caerulatus with 
reduced UV reflection are more likely to lose the battle in the early breeding season 
(Schultz & Fincke 2009). In addition, post-mating sexual selection, which occurs due to 
genetic or cytoplasmic incompatibility, can also reduce gene flow between the diverging 
populations. However, studies testing for post-mating sexual selection in damselflies are 
relatively scarce, potentially due to the logistic difficulties of tracking cross-generation 
reproductive success in wild populations, and technical difficulties of manipulation and 
maintenance of captive populations in the lab.  
 Although it has been proposed that sexual selection might have dominated the 
evolution of damselflies (Gyulavari et al. 2014; Huang et al. 2014; Outomuro & Johansson 
2011; Outomuro et al. 2014; Svensson & Waller 2013; Therry et al. 2014), the role of sexual 
selection in the speciation of damselflies remains unclear. A transplant experiment 
reported that, between two C. splendens populations where females prefer males with 
opposite traits (small or large body sizes), immigrant males had lower courtship success 
than residential males (Svensson et al. 2006). However, another transplant experiment, in 
which resident or immigrant female C. splendens were presented to resident males, 
revealed that not only female status (residents or immigrants), but also population-specific 
ecological factors and geographical distance between populations, may all be able to 
determine the courtship rates of immigrants and residents (Wellenreuther et al. 2010).  
Sexual selection may also interact with natural selection caused by ecological factors, 
resulting in an even more complex system in the process of divergence (Bonduriansky 
2014; Freeman-Gallant et al. 2010; Miller & Svensson 2014; Scordato et al. 2014). In order to 
fully disentangle the mechanism and process of speciation, it is critical to investigate the 
extent to which natural selection, sexual selection, or both of them, participates in the 
process of divergence. To this aim, we propose to estimate the relative strength of 
divergent forces presented in natural and sexual selections upon diverse traits (e.g. 
morphology, behaviors, genetics; Gaither et al. 2015; Lemay & Russello 2015; Scordato et al. 
2014) within a system of recently divergent sister damselflies (Kaufmann et al. 2015; Miller 
& Svensson 2014; Svensson et al. 2006; Svensson & Waller 2013). 
 
1.5 Evaluating ecological speciation (i.e. natural selection caused by ecological factors) and 
sexual selection in the divergence between P. mandarinus subspecies 
 In summary, the P. mandarinus subspecies is a great candidate system to investigate 
the mechanisms of divergence for the following reasons: (1) P. m. mandarinus and P. m. 
dorothea are closely-related subspecies and likely to be at an early stage of divergence. (2) 
Both natural and sexual selection are potential causes of their divergence, and both can be 
tested with specific traits: on the one hand, their distribution is associated with latitude, 
suggesting that latitude-linked environmental factors (i.e. natural selection) is likely to 
explain their divergence. On the other hand, they exhibit remarkable wing pigmentations, 
indicating that sexual selection may play a role in their divergence. (3) The P. mandarinus 
broadly distribute across the lowland forests of Taiwan, with stable and relatively isolated 
local populations that are easy access for research. Therefore, it is feasible to investigate 
the divergence forces operating in both between- and within- subspecies. 
 
1.6 Hypotheses testing of speciation mechanisms 
 This proposed study aims to examine the processes and mechanisms of divergence 
between P. m. mandarinus and P. m. dorothea. This broader aim can be broken down into 
the following five subprojects in order to quantitatively evaluate the occurrence and the 
strength of natural and sexual selection. A summary of these five subprojects is presented 
in Table 1. It is noted that, as discussed in the background information, the natural 
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selection that most likely to affect P. mandarinus comes from the environmental factors. 
Therefore, natural selection will be indicated by the ecological speciation hypothesis 
hereafter. 
 
Subproject 1. Is the distribution of P. mandarinus correlated with environmental factors? 
 
Hypothesis: Ecological speciation  
 
Predictions: The distribution of P. mandarinus subspecies across the Taiwan main island is 
expected to be associated with, if not limited by, environmental factors (e.g. temperature). 
 
Subproject 2. Do the wing variations (pigmentations and shape) between- and within- each P. 
mandarinus subspecies associated with environmental factors and species-specific distributions? 
 
Hypotheses: ecological speciation, sexual selection 
 
Predictions of ecological speciation hypothesis: 
Assuming the wing variations can affect the fitness of P. mandarinus in different 
environments, the wing variations between- and within- each subspecies are expected to 
be associated with one or more environmental factors. 
 
Predictions of sexual selection hypothesis:   

A. The within-subspecies variation on wings is expected to be smaller than the 
between-subspecies variation, regardless of their latitudes. 

B. If sexual selection is the main cause of the divergence between P. mandarinus 
subspecies, assortative mating is likely to occur in contact zones to avoid gene flow 
between subspecies. Such assortative mating may result in character displacement 
in contact zones. In this case, the between-subspecies differences are expected to be 
larger in the populations of contact zones than in allopatric populations.  

 
Subproject 3. Is there any genetic introgression between these two subspecies? And if so, what is 
the pattern? 
 
Hypotheses: Ecological speciation, sexual selection 
 
Predictions of ecological speciation:  

A. If there is any genetic introgression, the gradient of it is expected to correlate with 
the environmental factors. Moreover, these environmental factors should be the 
same set of variables explaining the distributions or wing-variations in P. 
mandarinus subspecies. 

B. If adaptive divergence caused by environmental factors is the sole effect of 
divergence between P. mandarinus subspecies, the immigrants are likely to be 
maladaptive in foreign environments. In this case, the level of introgression in 
neutral loci is expected to be lower than the dispersal of immigrants (Hendry 2009; 
Thibert-Plante & Hendry 2010). 

 
Predictions of sexual selection: 

A. If a certain trait (e.g. the apical black area on the wing) is favored in both subspecies, 
then the genetic introgression is expected to be unidirectional toward the 
subspecies being less advanced on the focal trait. 

B. Alternatively, if different traits or trait-types are favored in different subspecies, the 
genetic introgression is expected to be symmetric and only at a low level (under the 
assumption of lower fitness of hybrids at their parental sites). 
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Subproject 4. Directly evaluate the causality of sexual selection 
 
Hypothesis: sexual selection 
From our preliminary field survey, we found that P. mandarinus subspecies are divergent 
at wing variations (e.g. pigments and shapes) and body size indicators (e.g. thorax length; 
see section 1.1.2). Meanwhile, the courtship and reproductive behaviors are in general 
similar between subspecies (personal observation). Therefore, wing variations and the 
body sizes are likely to be the trait(s) under sexual selection. 
 
Predictions: 

A. In the wild populations, the male-male competition or female/male preference 
within each subspecies is expected to be associated with wing variations or body 
size indicators. 

B. In the experimental setting of mate choice, a female will be presented with males 
from both subspecies. The same experiment will also be conducted to males. 
According to the sexual selection hypothesis, both sexes are expected to prefer 
con-specific individuals over those of another subspecies.  

C. In the experiments of between-subspecies cross-mating, the offspring of 
con-specific parent-pairs (i.e. male and female adults from the same subspecies) are 
predicted to have similar fitness. The hybrid offspring are expected to have the 
lowest fitness due to potential genetic incompatibility.   

 
Subproject 5. Directly evaluate the causality of ecological speciation 
 
Hypothesis: ecological speciation 
 
Predictions: In the common garden and reciprocal transplant experiments, under the 
habitat adapted by P. m. mandarinus, offspring of P. m. mandarinus are expected to have the 
highest fitness, with offspring of P. m. dorothea having the lowest fitness in the same 
environment; and vice versa. In both habitats, the hybrids are expected to show 
intermediate level of fitness. 
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2. Materials & Methods  
 For the third year’s project (2019/08-2020/07), we analyzed the patterns of 

spatial and temporal allocation of male reproductive tactics in relation to mating success. 
 

2.1 Study Sites and Individual Marking 
 The study was conducted in a P. m. mandarinus population at the Harpen Stream of 
the Fushan Botanical Garden, Yilan (24º45’93.6”N, 121º35’09.6”E) and a P. m. dorothea 
population at two neighbouring streams in the Lienhuachih Research Center, Nantou, 
(23º55'03.9"N, 120º53'44.5"E). At each of the two sites, a total length of 500-meter stretches 
of the streams was marked for every 5 meters with waterproof labels for determining the 
positions and distance of movement of the damselflies. 
 The damselflies in the surveyed stretches of the streams were captured using insect 
nets. The body weight (mg) of the captured damselfly was measured using a digital scale 
(CT-50, Hiroda, USA). The abdomen length (mm), hind wing length (mm) and hind wing 
width (mm) of the individuals were measured using a digital calliper (Series 500, 
Mitutoyo, USA). Unlike many researchers marked on the damselfly wings, we marked 
each individual with a waterproof printed colour label on both sides of its thorax to 
minimize the labelling effects on wing pigmentations. This is because many damselflies 
use their wing pigmentations for territorial aggression, sexual and species recognition 
(Anderson et al. 2011). Each label contains a unique three-colour combination. 
 A daily mark-resighting survey was conducted from 9am to 5pm in the summer 
except for raining days. All encountered individuals were identified using the binoculars 
(MONARCH 5, 8x42, Nikon, Japan) or by netting. The identity, location, and mating 
(including a male grabbing a female, copulation, or male mate-guarding of oviposition of 
a female) or fighting behaviours of the marked individuals were recorded. 
 
2.2 Mating tactics 
 We first characterized the mating tactics of P. mandarinus. For the Calopterygidae, the 
definition of a territorial male is based on an individual’s fighting and chasing behaviours, 
or the different pattern of wing pigmentations (Plaistow & Tsubaki 2000; 
Ramírez-Delgado et al. 2015). During the field survey, the individuals were observed to 
differ in their duration and location at the stream. Three alternative mating tactics were 
defined using the degree of territoriality: (1) a territorial male is defined when an 
individual has been observed to occur at the same site (≤ 5m diameter) for ≥ two 
consecutive days; (2) a switcher male is the individual that is observed at more than one 
sites, but occurs at one or more of the sites for ≥ two consecutive days; and (3) a 
non-territorial male is the individual observed to occur at more than one sites and each 
site for < two consecutive days.  
 
2.3 Statistical analyses 
 
Breeding opportunity and mating success 
 
 Generalized linear models (GLMs) were used to investigate if the reproductive tactics 
of P. mandarinus males were correlated with the breeding opportunity (i.e. being observed 
to engage in at least one mating event) and mating success (i.e., the total number of 
observed mating events). In the first GLM, the breeding opportunity (yes=1 or no=0) was 
fitted as the dependent variable and the reproductive tactics as a fixed factor (T, NT, S) 
into a logistic regression. In the second GLM, the number of mating was coded as the 
dependent variable with a Poisson-distribution error and the mating tactics were treated 
as the fixed factor. All analyses were conducted in R v. 3.3.2 (R Core Team 2016).  
 



 10  

4. Results & Discussion 
 
4.1 Territorial Behavior and Reproductive Tactics 
 
 In Fushan, territorial P. m. mandarinus males continued to stay in a stretch of the 
stream ≤ 7 m (max = 7 m, min = 0 m; mean = 2.1±1.9 m, n = 58) for an average of 
approximately 10 days (max = 32 days, min = 1 day, mean = 9.5±9.5 days, n = 58). In 
Lianhuachi, territotial P. m. dorothea males continuously resided in a stretch of the stream 
< 10 m (max = 9.5 m, min = 0 m; mean = 1.7±2.0 m, n = 102) for an average of about 11 
days (max = 43 days, min = 1 day, mean = 11.3±10.5 days, n = 102). 
 Non-territorial males of both study sites were observed at different location of the 
stream for every sighting. The average distances between consecutive sightings of 
non-territorial males were approximately 62 and 60 meters for P. m. mandarinus and P. m. 
dorothea, respectively (Fushan: max = 287 m, min = 5.5 m, mean = 62.4±62.4 m, n = 108; 
Lianhuachi: max = 293 m, min = 6 m, mean = 59.2±61.2 m, n = 87). The duration between 
each re-sighting of non-territorial males were approximately 5 and 7 days for P. m. 
mandarinus and P. m. dorothea, respectively (Fushan: max = 45 days, min = 1 day, mean = 
5.0±6.6 days, n = 108; Lianhuachi: max = 52 days, min = 1 days, mean = 6.6±7.6 days, n = 
87).  
 The switching males were recorded at each site for an average of about 1.5 and 2 
continuous days for P. m. mandarinus and P. m. dorothea, respectively (Fushan: max = 40 
days, min = 1 day, mean = 1.4±1.5 days, n = 270; Lianhuachi: max = 26 days, min = 1 day, 
mean = 1.9±2.0 days, n = 282). They changed sites for an average of approximately 2 times 
for both subspecies (Fushan: max = 6 times, min = 1 times, mean = 1.9±1.1 times, n = 270; 
Lianhuachi: max = 6 times, min = 1 times, mean = 1.8±0.9 times, n = 282) and with an 
average distances of 33 and 42 meters between sites for P. m. mandarinus and P. m. dorothea, 
respectively (Fushan: max = 247, min = 5, mean = 32.1±39.7 m, n = 270; Lianhuachi: max = 
321, min = 6, mean = 42.5±50.0 m, n = 282). 
 Figure 1 visualized the distinct patterns of spatial and temporal allocation of male 
reproductive tactics in relation to mating success. The two sites showed similar pattern of 
distribution of males using alternative tactics, but the switching males of Lianhuachi 
tended to stay longer between sites than that of Fusan.  
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Fig. 1 Figure 1. 3-D Scatter plots of the three mating tactics and individuals mating success. (a) P. 
m. mandarinus in Fushan; (b) P. m. dorothea in Lianhwachi. The x axis is the total number of 
sighting, y axis is distance between sites (on the log scale), z axis is duration (days) between site. ● 
T- territorial males; ● S- switching males; ● NT- non-territorial males. Different sized of the dots 
indicate the number of mating success. 
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Report of Field Trip 3rd Year (January 12 – February 6, 2020) 

 

Team members: Ace Kevin Amarga (Academia Sinica & National Taiwan Normal University) 

                Chun-Yu Lin (National Taiwan Normal University) 

                  Zhen-Yi Chen (National Taiwan Normal University) 

                  Ian Lin (National Taiwan Normal University) 

Collaborator(s): Prof. Juniel Lucidos (Romblon State University) 

       Prof. Nathaniel Supan (Pampanga State Agricultural University) 

       Prof. Jovito Domingo (President Ramon Magsaysay State University) 

 

Sites 1: TABLAS ISLAND, ROMBLON 

 Fieldwork in Tablas Island was conducted on January 13-17. This is in collaboration with 
Romblon State University- Odiongan Campus. The site of the expedition is in CALSANAG 
Watershed Forest Reserve. Specimens collected herein include species from the families 
Membracidae (tree hoppers), Dictyopharidae (dictyopharid planthoppers), Machaerotidae (tube-
making spittlebugs), and Lucanidae (stag beetles). 

 

Figure 1. Some specimens collected from CALSANAG watershed, Romblon Island. A. 
Leptocentrus sp. (Membracidae), B. dictyopharid planthopper, C. machaerotid spittlebug, and D. 
lucanid beetle. 

 

 



Site 2: PANGIL (LAGUNA) and DOLORES (QUEZON) 

 Due to recent military activities on our initial site (the Laguna- Quezon Land Grant) 
because of the reported mountain rebels, we decided to collected specimens in Pangil (Laguna) 
and Dolores (Quezon) on January 18-19, 2020. We collected insect specimens including 
membracid plant hopper from the genera Pyrgonota and Leptocentrus, chrysomelid beetle, 
pachyrrhynchine weevils from the genus Metapocyrtus, cerambycid beetles, and Euphaea 
refulgens (Euphaeidae). 

 

Figure 2. Some specimens collected in Pangil and Quezon. A. Pyrgonota sp., B. cerambycid 
beetle, C. chrysomelid beetle, and D. Leptocentrus sp. 

Site 3: MT. ARAYAT (PAMPANGA) 

 Fieldwork in Mt. Arayat was conducted on January 20-22, 2020 in collaboration with 
Pampanga State Agricultural University. Specimens collected during the fieldwork include 
Oxynopterus sp. (Elateridae), Pyrgonota (Membracidae), Heirodula sp. (Mantidae), 
Hemisphaerius sp. (Issidae), and dytiscid beetle. 

 

Figure 3. Some specimens collected in Mt. Arayat, Pampanga. A. Oxynopterus sp., B. lucanid 
beetle, C. Heirodula sp., and D. Pyrgonota sp. 

 



Site 4: NUEVA VIZCAYA 

 Since it will be impossible to conducted fieldwork in the highland of Kalinga and Isabela 
for 2 days, we instead select Nueva Vizcaya as out site for Jan. 24-25, 2020. We collected 
specimens including Pyrgonota sp., Neurobasis luzoniensis, heptageniid mayflies, and 
Metapocyrtus sp. (Curculionidae). 

Site 5: SAN MARCELINO, ZAMBALES 

 Fieldwork was conducted in San Marcelino, Zambales in collaboration with President 
Ramon Magsaysay State University. Specimens collected during the trip include Rhinocypha sp. 
(Chlorocyphidae), membracid plant hoppers, and some beetles. 

 

Figure 4. Some of the sampling sites during the fieldwork. A. Dolores, Quezon, B. Nueva Vizcaya, 
C. San Marcelino, Zambales. 

 

Figure 5. The team along with the collaborators from Tablas Island (A) and Pampanga (B). 

 



因疫情原訂之國際會議(ESA	2020,	Evolution	2020)無法成行.	
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