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Resumen

Los rasos biolégicos, morfolégicos (la forma, el tamafio o el color), conductuales
(conductas especificas para tener acceso a los recursos energeéticos o a las parejas potenciales),
o moleculares (la expresion diferencial de ciertas proteinas o la secuencia especifica de bases
nitrogenadas de cada individuo) se encuentran bajo presiones selectivas naturales y sexuales.
Los cambios que pueden generar estas presiones se pueden observar en diferentes niveles, en
las diferencias entre sexos de una misma especie, entre individuos del mismo sexo, o los

patrones de cambio evolutivo entre los distintos linajes de organismos.

Las libélulas y caballitos del diablo son un modelo de estudio ideal para entender las
diferencias entre los organismos y la evolucion de sus rasgos. Se puede obtener una gran
cantidad de datos respecto a sus historias de vida y de la variacion de sus rasgos bioldgicos.
Estos organismos estan asociados a cuerpos de agua, por lo cual es facil encontrarlos. Generan
gran cantidad de individuos en una sola temporada reproductiva, la cual suele durar pocos
meses, dependiendo de cada especie 0 poblacion. Por su tamafio pueden ser monitoreados en
vida libre, ya que los adultos pueden ser marcados y seguidos de manera individual.

En esta tesis utilizo métodos filogenéticos comparativos y métodos estadisticos clasicos
para poner a prueba las relaciones entre varias especies de estos insectos respecto a la variacion
de algunos de sus rasgos. De manera general, abordo las diferencias en las proporciones sexuales
de los adultos y la diferencia en la agilidad de vuelo en todo el Orden, la seleccion sobre el
tamafio corporal y su variacion utilizando dos especies de caballitos del diablo territoriales, y

ademas incluyo trabajos que tratan las historias de vida de algunas especies de estos insectos.

Podemos observar que los rasgos bioldgicos estan fuertemente asociados a las estrategias
reproductivas en estas especies de insectos, respondiendo a la intensidad de selecciéon que
presenta cada especie. Al integrar la variacion filogenética observamos que la conducta sexual
influye en los patrones evolutivos de cambio de sus proporciones sexuales y en la variacion de
la agilidad de vuelo. También podemos notar que el tamafio corporal se encuentra bajo presiones

sexuales relacionadas a la capacidad de encontrar parejas potenciales a través del tiempo.
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Evolucion de Rasgos Morfologicos y
Conductuales en Libélulas y Caballitos del

Diablo (Insecta: Odonata)

Introduccion

Actualmente sabemos que los organismos presentan modificaciones a través de las
generaciones, es decir que las especies no son invariables (Darwin, 1859). Estas novedades
evolutivas son trasmitidas de un ancestro 0 una pareja de ancestros hacia uno o varios
descendientes por mecanismos de transferencia de informacion genética, es decir a través de la
herencia biologica (Fisher, 1930; Dobzhansky, 1973). Aunado a esto, la manera en que cada
organismo se enfrenta a su ambiente, permite una plasticidad morfo-fisiolégica, generando las
formas, tamafios y colores que podemos observar en cada especie (Darwin, 1869, 1871; Huxley,
1942; Dobzhansky, 1973; Pigliucci et al., 2006).

Muchas de las caracteristicas particulares de los organismos, como la forma, el tamafio,
los colores en diferentes partes del cuerpo y las tasas metabodlicas, asi como también ciertas
conductas, entre muchas otras particularidades, pueden ser heredables a las siguientes
generaciones. Estas caracteristicas heredables las podemos englobar en lo que llamamos
“rasgos” o “caracteres biologicos”, los cuales pueden ser morfologicos, como la longitud
corporal total o la forma de cierta parte del cuerpo; moleculares, como la expresion de una
proteina; o conductuales, como los comportamientos expresados por algunos machos que
defienden sus recursos de otros machos rivales; o alguna combinacion de estos en un cierto
punto del desarrollo de los organismos, como el tamafio al nacimiento o a la madurez sexual, la
proporcion de machos y hembras en una poblacion, la edad y el tamafio cuando mueren, entre
otros (Stearns, 1992). Las relaciones entre estos rasgos bioldgicos y las historias de vida de los

organismos han sido de gran interés entre bidlogos evolutivos y ecologistas, como los son

10



Charles Darwin y Alfred Russel Wallace (Ruiz-Gutiérrez y Rodriguez-Caso, 2013). El estudio
de estos rasgos, sus variaciones y la relaciones con otros rasgos y el ambiente ha permitido que
podamos entender diversos patrones de cambio a gran escala, como es la propuesta de Carl
Bergmann (1847) en la que se plantea que en un grupo taxonoémico de amplia distribucion, los
organismos de poblaciones que se distribuyan en climas frios seran mas grandes que los que se
distribuyen en zonas célidas (regla de Bergman); o la propuesta de Edward Drinker Cope (1887,
1896; ver Stanley, 1973) con relacion al tamarfio de los organismos, la cual menciona que los
linajes animales tienden a aumentar de tamafio en un tiempo evolutivo determinado (regla de
Cope); o la propuesta de Bernard Rensch (1950), la cual trata sobre la diferencia de tamafo
entre los sexos y como el tamafio aumenta o disminuye en relacion al tamafio del sexo més
grande (regla de Rensch). Como estas propuestas existen otras mas que tratan de dar explicacion

a los patrones de cambio de los rasgos en los organismos.

Son las fuerzas selectivas (seleccion natural y seleccion sexual) las que se encargan de
moldear a los rasgos, dependiendo de las interacciones entre individuos de la misma especie
(entre individuos del mismo sexo y entre sexos), con las demas especies y con el ambiente
(Stearns, 1992). Ademas, los distintos estados de caracter, es decir las distintas formas, tamafos,
colores, proporciones o estrategias, de cada rasgo bioldgico, reflejan parte de la historia
evolutiva y la adaptacion que cada linaje ha tenido con su entorno a lo largo del tiempo (Stearns,
1992).

El enfoque moderno para el estudio de la evolucion de los rasgos biol6gicos de los
organismos Yy de sus historias de vida incluye una amplia gama de herramientas. Algunas de
ellas son: la taxonomia y la sistematica, que se encargan de asignar las categorias jerarquicas de
cada grupo biologico respecto a sus caracteristicas morfologicas y/o genéticos; la etologia, que
estudia el comportamiento de los organismos y su relacion con otros individuos y el ambiente,
y la ecologia, que trata de entender las relaciones de los organismos con su ambiente. Todas

ellas nos proveen de informacion atil para entender las historias de vida y evolutivas de cada
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linaje. Ademas, la inclusidn de técnicas matematicas para relacionar la variacién de los rasgos
con su adecuacion a diferentes escalas nos permite entender una gran cantidad de fenGmenos
bioldgicos y como estos han evolucionado (Cuesta, 2009). Estas relaciones se pueden modelar
enfocandose en una sola poblacion y en un tiempo corto (e.g. una temporada reproductiva), a lo
largo de la vida completa de los organismos de interés (e.g. éxito de apareamiento vitalicio) o a
escalas de tiempo mas grandes, como es la evolucion de ciertos rasgos en todo un linaje

utilizando las relaciones de ancestria-descendencia o filogenéticas de dicho linaje (Soler, 2002).

Libélulas y caballitos del diablo como organismos de estudio

Las libélulas (Anisoptera) y los caballitos del diablo (Zygoptera) son insectos que
pertenecen al orden Odonata. Los odonatos, junto con sus parientes cercanamente relacionados,
pero ya extintos, los Odonatoptera, fueron de los primeros insectos en levantar el vuelo hace
mas de 320 millones de afios en la era del Carbonifero, en ese entonces existian organismos que
Ilegaban a medir hasta 70 cm de anchura entre los extremos de sus alas (Meganeuropsis
permiana) (Suhling et al., 2015). EI nimero de especies descritos para este orden de insectos es
alrededor de 5600 especies vivas y 600 fosiles (Beutel et al., 2014). Las principales diferencias

entre estos dos subdrdenes de Odonata las podemos ver en el Cuadrol.

El desarrollo de estos insectos depende de cuerpos acuaticos. Los huevos de la mayoria
de las especies son depositados en el agua, en plantas o en substratos himedos. Cuando los
huevos eclosionan, surgen las larvas o ninfas, estas cazan pequefias presas e incluso a otros
miembros de su misma especie. Los organismos de la mayoria de las especies pasan uno o dos
afios en el estado de ninfa acuatica, sin embargo, existen algunas especies que llegan a pasar
ocho afios en este estado. Al alcanzar cierto grado de desarrollo, las larvas sufren su ultima
ecdisis (cambio de exoesqueleto para crecer) para emerger como adultos voladores. Estos
adultos recién emergidos o tenerales pasan algunas horas o hasta algunos dias a la espera de que
se endurezca su nuevo exosqueleto. Cuando su exoesqueleto se encuentra totalmente

endurecido, su tamafio corporal queda fijo, asi como el tamario y coloracion de la pigmentacion
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alar que se presenta en algunas especies y que se pueden considerar adultos sexualmente

maduros. Una vez que los adultos han madurado sexualmente, buscan organismos del sexo

contrario para reproducirse (Corbet, 1999; Suhling et al., 2015). En la Figura 1 podemos ver un

esquema del ciclo de vida de una libélula.

Cuadro 1. Principales diferencias entre libélulas (Anisoptera) y caballitos del diablo (Zygoptera). Algunas de estas
diferencias no se cumplen para todas las especies.

Suborden Anisoptera Zygoptera

Nombre Libélula Caballito del diablo
comun

Etimologia . _ A -
griega anisos=desigual, pteron=ala  zugoés=igual, ptera=ala
Significado  Alas desiguales Alas iguales

Imagen

(Imagenes modificadas de: “Morphological differences between Anisoptera and
Zygoptera”, https://medicalart.johnshopkins.edu/ )

Diferentes entre las anteriores

Iguales entre las anteriores y

Alas y posteriores posteriores
Ensanchadas en la base Estrechas en la base
Se mantienen abiertas cuando  Se mantienen cerradas cuando
estan perchadas estan perchadas

Ojos Juntan al medio de la cabeza  Separados

Cubren la mayoria la cabeza

Se encuentran a los lados de la
cabeza
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Cuerpo Robusto Delgado

Adulto

Ve
Habitat terrestre Emergencia
Hébitat acuatico
Estadios larvarios g

Figura 1. Ciclo de vida de los odonatos. El ciclo empieza con la oviposicidn de los huevos en hébitats acuaticos,
de este huevo eclosionan las larvas y después de varios estadios en los cuales crecen los organismos emergen los
adultos al ambiente terrestre, los adultos se aparean y forman la cépula para fertilizar nuevos huevos que seran

depositados en habitats acuaticos. Modificado de Suhling et al., 2015.

Estos insectos poseen caracteristicas corporales y de comportamiento muy interesantes
y vistosas que los hace sujetos de una gran cantidad de investigaciones en diversos ambitos de
la ciencia, desde la biologia méas béasica, como es la descripcidn taxondémica y sistematica de
cada especie, pasando por investigaciones en ecologia, fisiologia y conservacion, entre otras
disciplinas, hasta estudios enfocados en los patrones de cambio evolutivos de sus rasgos
(Cérdoba-Aguilar, 2008). Ademas, ya se ha secuenciado una cantidad considerable de
informacidon molecular de diferentes especies de Odonata (e.g. Bybee et al., 2008; Carle et al.,
2008; Dumont et al., 2010; Dijkstra et al., 2014; Letsch et al., 2016), asimismo se han generado

una buena cantidad de conocimiento sobre las historias de vida, tanto de estudios ecolégicos,
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como fisiologicos y conductuales (Corbet, 1999; Cdrdoba-Aguilar, 2008). Por ejemplo,
sabemos que sus tamarios corporales quedan fijos al alcanzar la madurez sexual (Anholt et al.,
1991; Fincke et al., 1997; Serrano-Meneses et al., 2007). Los adultos regresan a los cuerpos de
agua en busca de parejas para reproducirse y ya que sus tallas son relativamente grandes, los
hace organismos manejables y rastreables en condiciones de vida libre y en laboratorios
(Cordero-Rivera y Stoks, 2008). Algunas otras caracteristicas interesantes que podemos
observar ente los adultos en este grupo son su patron de dimorfismo sexual en tamafio, pasando
de hembras mas grandes que los machos, hembras y machos del mismo tamafio y machos mas
grandes que las hembras (Serrano-Meneses et al. 2008a); poseen sistemas de apareamiento
alternativo, ya sea que los machos defiendan territorios contra otros machos para la obtencion
de parejas a través de contiendas violentas, o sefializando sus capacidades de mantener un
territorio mediante coloraciones en sus alas, o que no lo hagan y busque a sus parejas de modo
activo a lo largo de las orillas de los cuerpos de agua (Corbet, 1999; Suhonen et al., 2008). Se
ha observado que la pigmentacién alar que se presenta en algunas especies, funciona para la
atraccion de parejas o para la advertencia de su calidad (Corbet, 1999; Serrano-Meneses et al.
2008b).

Presentacion

Asi, presento una variedad de trabajos en los que investigamos (ver los autores de cada
capitulo) las relaciones entre diversos rasgos, morfolégicos, moleculares y conductuales, para
entender como las fuerzas selectivas (seleccion natural y seleccion sexual) se involucran para
mantenerlos o modificarlos, utilizando a las libélulas y a los caballitos del diablo (Odonata)
como organismos de estudio. Los primeros dos trabajos tratan con la evolucion de diferencias
sexuales y con los sistemas de apareamiento en las especies de todo el orden Odonata. El
primero de ellos (“The evolution of adult sex ratios in dragonflies and damselflies (Insecta:
Odonanta)”) relaciona las diferencias entre el numero de individuos de cada sexo en las
diferentes especies, con rasgos como el tamafio corporal, la diferencia de tamafio entre los sexos
y la estrategia reproductiva de los machos. El segundo (“The evolution of sexual dimorphism in

flight agility in territorial and not territorial Odonata”), relaciona la agilidad de vuelo y la
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diferencia de esta agilidad entre machos y hembras con ambos subdrdenes de Odonata,
Anisoptera y Zygoptera. En el tercero y cuarto trabajo que presento, el tamafio corporal es el
rasgo morfoldgico que se encuentra bajo escrutinio para conocer las relaciones de este rasgo
entre los sexos, con su éxito de apareamiento, supervivencia y con otros rasgos de tamafo y/o
color en las alas. En ellos se evallan las relaciones de tamafio corporal de dos especies de una
familia de Odonata, el caballito del diablo escarlata americano: Hetaerina americana, y el
caballito escarlata de montafia: H. vulnerata, respectivamente. Las especies de esta familia
presenta caracteristicas bastante Gtiles para entender como actdan las fuerzas selectivas sobre
los individuos. El tercer trabajo (“Assortative mating by size in the American rubyspot
damselfly (Hetaerina americana)”) trata con la manera de como se seleccionan las parejas
reproductivas con respecto al tamafio de los individuos. El cuarto trabajo (“Seasonal variation
in the allometry of the pigmentation of the wings in adult males of the territorial devil's horse
Hetaerina vulnerata (Insecta: Odonata)”) trata sobre la variacion del tamafio y area de la
pigmentacion alar a lo largo de una temporada reproductiva. Estos cuatro trabajos presentan una
perspectiva de la evolucion del tamafio corporal en Odonata y como se relaciona con otros
rasgos de tamafio y comportamiento, revelando el papel de la seleccidn sexual como una fuerza
selectiva activa para mantener o modificar los rasgos de tamafio entre individuos de un mismo
sexo y entre ambos sexos en una sola especie. Ademas, presento dos trabajos que abordan la
historia natural de algunas especies de este Orden de insectos, la primera como un articulo de
divulgacion sobre el trabajo que se desarrolla en el laboratorio donde llevé a cabo mis estudios
de doctorado (“El caballito escarlata de montafia y la coloracién animal”). El segundo, una nota
cientifica sobre la fauna encontrada en una region de alta prioridad para su conservacion en
México (“New records from the Chimalapas-Uxpanapa region, Mexico (Odonata:
Calopterygidae, Heteragrionidae, Polythoridae, Thaumatoneuridae, Coenagrionidae,
Gomphidae, Libellulidae)”).
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Objetivos

Objetivo general

Poner a prueba las relaciones entre diversos caracteres morfolégicos, conductuales y
moleculares para conocer la influencia de la seleccion natural y sexual sobre la evolucion de los

rasgos biologicos en libélulas y caballitos del diablo.

Objetivos particulares

e Comprender como afecta la variacién del tamafio corporal de los machos y de las
hembras, la variacion de la pigmentacion alar y la tactica reproductiva de los machos,
en las tendencias evolutivas de cambio de las proporciones sexuales de los adultos de
Odonata.

e Comprender la relacion entre las técticas reproductivas de cada especie con las
diferencias sexuales de la agilidad de vuelo y su evolucion en Odonata.

e Conocer si existen apareamientos selectivos por tamafio en una especie de caballito del
diablo (Hetaerina americana).

e Entender la relacion entre el tamafio corporal y la pigmentacién a alar de los machos
durante una temporada reproductiva completa, en una especie de caballito del diablo
(Hetaerina vulnerata).

e Exponer el estudio de la evolucion del color utilizando el modelo de estudio de los
insectos del Orden Odonata.

e Mostrar algunas especies del Orden Odonata de nuestro pais, ademas de exponer la

necesidad de continuar con el estudio de biodiversidad en este Orden de insectos.

Cada uno de los capitulos presentados en esta tesis aborda cada objetivo particular.
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Abstract

The proportions of males and females has determinant effects on behaviour and mating
systems. Deviations from a 50:50 sex ratio is common in animals, derived from sexual
differences in survival and/or mortality probabilities, migration rates and maturation times at
different development stages. Generally, sexual differences in morphology and behaviour are
linked to population dynamics that affects sex ratios. The interest in the variation of sex ratios
in Odonata dates, at least, from the nineteen century, but its evolutionary understanding is still
not completely understood. First, we construct a molecular phylogeny including 99 Odonata
species, of which we collect sex ratio at emergence as adults, at sexual maturity, body size, male
wing pigmentation and mating system. Then, we use phylogenetic comparative methods to
modelled morphological and behavioural traits to understand the evolutionary trends of the adult
sex ratio (ASR). All the families with ASR estimated at emergence (exuviae picking) do not
show any sexual bias, but at sexual maturity (mark-recapture method), most of them are male
biased. The mating system of each species, is the one of the drivers that maintain or modify the
ASR in Odonata at an evolutionary level, but depend on the portion population taking account,
newly emerged or sexually mature adults, that morphological traits interact with them. In the
former, the body size and wing pigmentation are evolutionary related to ASR differently
between non-territorial and territorial species. Meanwhile, in the latter, sexual size dimorphism

is evolutionary related with ASR differently between non-territorial and territorial species.

Keywords: Adult sex ratio, Odonata, Mating system, Body size, Exuviae, Recapture.
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“I formerly thought that when a tendency to produce the two sexes in equal numbers was
advantageous to the species, it would follow from natural selection, but I now see that the whole

problem is so intricate that it is safer to leave its solution for the future” (Darwin, 1871).

Introduction

The adult sex ratio (ASR), the proportion of adult males in an adult population, is an
important property of breeding populations (Bessa-Gomes et al., 2004; Le Galliard et al., 2005;
Székely et al., 2014), which has determinant effects on the ecology, behaviour, population
dynamics and breeding systems of the species (Kokko & Jennions, 2008; Székely et al., 2014).
Darwin (1871) realised that the proportions of the sexes in animals (e.g. birds, fish, insects,
mammals) were not equal. Such differences were so wide ranging and varied, that he was unable
to formulate an explanation for them at the time. Indeed, deviations from a 50:50 sex ratio is
common in both, population and species levels in many animals (Bessa-Gomes et al., 2004,
Székely et al., 2014). Amongst vertebrates, for instance, many birds exhibit male-biased ASRs
(Carmona-Isunza et al., 2017), whereas mammals tend to exhibit female-biased ASRs (Solberg
et al., 2002). Biased ASRs have also been observed in several invertebrates (Poulin, 19973, b),
and there are extreme documented cases in which males are almost entirely absent (Dyson &
Hurst, 2004), or even fully absent from populations (Normark, 2014).

Biases in ASRs can result from different factors affecting individuals at different stages
of their lives (reviewed by Székely et al., 2014): (i) biased primary sex ratios, (ii) sex differential
mortalities of young and adults, (iii) differences in maturation times between males and females,
and (iv) sex-specific dispersal and migration patterns (Wilson, 1975; Bessa-Gomes et al., 2004;
Veran & Beissinger, 2009). In many organisms, sex ratios are already biased at conception or

birth, which can be adaptive if the cost of providing parental care differs according to the sex of
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the offspring (Clutton-Brock, 1991; West, 2009). In animals with environmental sex
determination, hatchling sex ratios may be biased in response to temperature, as it occurs in
many fishes and reptiles (Pen et al., 2010). Secondary sex ratios may be further shaped by sex-
differential mortality of juveniles, which may arise from viability selection acting, for instance,
on larger-than-average individuals (Blanckenhorn, 2000). Besides, since maturation times tend
to differ between males and females in many taxa, biases in sex ratios may be observed in
populations (e.g. Osmundson, 2006; Hirst et al., 2010; Kusano & Inoue, 2011), mainly through
the recruitment of those individuals maturing earlier (Donald, 2007). Also, sex-specific
migratory patterns can skew the local proportions of males to females to extreme values
(Hamilton, 1967; Casale et al., 2005), although these may be balanced out at a metapopulation
level, since those individuals leaving a population will move to a different one if they remain
alive (Székely et al., 2014). Finally, the ASR may be different depending on which adults are
taken into account, if all the adults are considered (ASR) or if only the sexually matured (OSR:
operational sex ratio), as this two sex ratio can reflect different selective pressures and have
different implications for populations (Kvarnemo & Ahnesjo, 1996; Veran et al., 2009; Székely
et al., 2014; Carmona-lIsunza et al., 2017).

Males and females often exhibit differences in morphology and behaviour (Arngvist &
Rowe, 2005; Fairbairn et al., 2007). The evolution of dimorphic traits can lead to differences in
energy consumption, foraging ecology, and sex-specific mortalities, which are in turn likely to
influence ASR (Székely et al., 2014). For instance, in food-limited environments, large body
size and male-biased sexual size dimorphism (SSD) correlate with lower male survival in
ungulates (Toigo & Gaillard, 2003). In birds, SSD co-varies positively with higher sex-specific
mortality patterns in juvenile stages, with the highest mortality being experienced by the sex
with the largest body size (Kalmbach & Benito, 2007). Similarly, sexually selected traits are
also related to lower male survival rates, as it has been observed in guppies and barn swallows
(Moller & Szép, 2002; Godin & McDonough, 2003). Finally, ASR can have an important
influence on the mating system of a given species, but through complex feedbacks, mating
systems may also influence ASR (Székely et al., 2014; Clutton-Brock, 2017). For instance,

26



polygamy may impose sex-specific costs, whilst biases in ASR promote unequal mating
opportunities, thereby promoting polygamous mating systems (Eberhart-Phillips et al., 2017).

Dragonflies (Anisoptera) and damselflies (Zygoptera) (Insecta: Odonata), one the
earliest branching groups of insects (Wheeler et al., 2001) are an ideal model to study the
potential causes of ASR variation. Biased ASR have been reported in many odonates for over a
century (e.g. Tillyard, 1917). Darwin (1871) reported male-biased ASR in two Odonata genres:
Gomphus and Hetaerina, with males outnumbering females 4:1. Many odonate species exhibits
marked between-species differences in ASR, ranging from strongly male-biased species (e.g.
Somatochlora alpestris, Knaus, 1999) to species with female-only populations (e.g. Ischnura
hastata, Cordero-Rivera et al., 2005). Also, odonate species exhibit a range of body sizes and
SSD, which spans from female-biased to male-biased SSD; in territorial species, female-biased
SSD increases with male agility, whilst male-biased SSD increases when lower levels of male
agility evolve (Serrano-Meneses et al., 2008a, b). In several species, males exhibit wing
pigmentation (WP), a trait that has been commonly linked to sexual selection (e.g. Cdrdoba-
Aguilar & Cordero-Rivera, 2005), although the majority of studies linking this trait to sexual
selection have been carried out in species within the Calopterygidae family (e.g. Calopteryx and
Hetaerina genres). There is also a lack of comprehensive macro-ecological comparative studies
testing this link (see Svensson & Waller, 2013, for a study focusing on calopterygid species). In
any case, WP is known entail costs for males. In H. americana, for instance, the experimental
enlargement of male WP is correlated with a decrease in survival (Grether, 1997). In species
with distinct male morphs, in which males occur as either pigmented or clear-winged, it is the
former that experience the lowest survival rates (e.g. Mnais pruinosa costalis; Tsubaki et al.,
1997). Finally, two main mating systems have been described and commonly used in ecological
and evolutionary studies of Odonata: territoriality, in which males defend a territory to which
females are attracted for copulations (resource defence polygyny), and non-territoriality, in
which males do not establish or defend a territory, and instead actively look for females (non-
resource defence polygyny) (Conrad & Pritchard, 1992). Sexual selection is commonly more

intense in territorial species, compared to non-territorial ones (Suhonen et al., 2008).
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A number of studies have investigated ASR and in Odonata, using different
methodologies. For instance, in an optimisation analysis of sexually dimorphic life histories,
Crowley & Johansson (2002) predicted that males should be larger than females at emergence,
and that sex ratio should be predominantly female-biased in territorial species, compared to non-
territorial ones. Johansson et al. (2005) later used a phylogenetic comparative analysis to
investigate the relationship between SSD and ASR in Odonata, and their phylogenetic correction
suggested that both variables are unrelated. However, the sample sizes used by Johansson et al.
(2005) are limited (21 species), and the relationship between ASR and mating systems was not
tested. Also, to account for the general male-biased ASR observed in Odonata, Cordero-Rivera
& Stoks (2008) put forward five hypotheses, based mainly on differences in existing biases at
emergence, maturation times, and high female mortality. Nonetheless, Cordero-Rivera & Stoks
(2008) suggest that some of these hypotheses, on their own, are insufficient to cause the pattern,
and critically, the hypotheses proposed were not tested. Thus, considering the shortfalls of
previous studies, here we investigated potential explanations for ASR variation in Odonata using
phylogenetic comparative methods. Specifically, we investigated the relationship between ASR
and (i) body size (BS), (ii) sexual size dimorphism (SSD), (iii) male wing pigmentation (WP),
and (iv) mating systems (MS). We initially aimed to test the association between ASR and other
variables (e.g. sex-specific survival) but the data was not readily available in the literature for
the vast majority of the species used in this study. Taken together, our analyses are the most

comprehensive tests of ASR in Odonata to date.

Methods

Species selection

A species were included in our study if (i) data on ASR were available for at least one
population per species, and (ii) there were molecular data for at least two genes (one nuclear
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and one mitochondrial; see below), in order to construct a phylogenetic hypothesis to correct
for the phylogenetic non-independence of data.

ASR data compilation

ASR data were compiled from a total of 99 species of both Odonata suborders,
Anisoptera (n = 59) and Zygoptera (n = 40). Data was primarily collected from Cordero-Rivera
& Stoks (2008) chapter as well as from additional sources available in the literature (see
Supplementary Material 1 for a full list of species and source references). Where ASR estimates
were available for multiple populations of one species, all available estimates were averaged.
ASR is expressed as the proportion of males in the adult population. In literature, ASR was
obtained either from exuviae picking (n = 62 species), or from mark-recapture studies (n = 47
species), and since the ASR estimates differ between methods (see Results), the data were

analysed separately.

Morphological and behavioural data compilation

Data on morphological and behavioural traits were collected from literature and
specialised databases for the species with available ASR data. BS for each species was measured
as the average of the logio transformed values of body length (in mm) of males and females.
The SSD was calculated as logio(male body length) - logio(female body length) (Lovich &
Gibbons, 1992). The use of both, male body length as a proxy of BS, and the manner in which
we quantified SSD, have been used in previous evolutionary studies of Odonata (e.g. Serrano-
Meneses et al., 2008a, c). Male WP was quantified as the average proportion of pigment
covering the surface of an anterior and a posterior wing, and was calculated from at least three
photos from different sources, per male, per species, whenever available. Data on MS were
collected from multiple sources. Thus, species were classified by their MS as non-territorial and
territorial (Corbet, 1999; Suhonen et al., 2008), and coded as O and 1 prior to analyses,
respectively. All data are available in Supplementary Material 1.
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Phylogeny

In order to correct for phylogenetic inertia (Harvey & Pagel, 1991), we constructed a
molecular phylogeny comprising 99 Odonata species, including four other insect taxa as
outgroup (Blattodea: Blattella germanica; Coleoptera: Sitophilus zeamais; Ephemeroptera:
Callibaetis ferrugineus: Orthoptera: Oxya chinensis). Four mitochondrial and three ribosomal
nuclear genes commonly used for phylogenetic reconstructions (e.g. Bybee et al., 2008; Carle
et al., 2008; Dumont et al., 2010; Dijkstra et al., 2014; Letsch et al., 2016), and widely available
in Odonata species were selected. Thus, we obtained the DNA sequences of the mitochondrial
genes (i) 12S rRNA (12S), (ii) tRNA-Valine (Val), (iii) 16S rRNA (16S), and (iv) cytochrome
c oxidase subunit |1 (COI); and the sequences of the ribosomal nuclear genes (v) 18S rRNA
(18S), (vi) 5.8S rRNA (5.8S), and (vi) 28S rRNA (28S), from GenBank (NCBI Resource
Coordinators, 2018). The full list of the GenBank accession numbers for each gene is provided
in the Supplementary Material 2. The sequences for each gene were then independently aligned
using the MUSCLE algorithm (Robert, 2004), as implemented in PhyDE (ver. 9971; Muller et
al., 2012). The aligned sequences were later edited to remove any positions not included in every
sequence (12S = 693 bp, Val = 76 bp, 16S = 1263 bp, and COIl = 668 bp for mitochondrial
genes; 18S = 1969 bp, 5.85=163 bp, and 28S = 4153 bp for nuclear genes). jModelTest (ver.
2.1.10; Guindon & Gascuel, 2003; Darriba et al., 2012) was used to estimate the best-fit
nucleotide change rate model of each gene, which was selected according to its AICc value,
parameter numbers and -InLilkelihood. The following models were selected for each gene: 12S
= HKY+I+G, Val = HKY+G, 16S = HKY+I+G, COI = HKY+I+G for mitochondrial genes, and
18S = SYM+I+G, 5.8S = JC+I, 28S = GTR+I+G for nuclear genes.

Curated alignments of the sequences of the 99 in-group Odonata species and the four
outgroup species for the seven genes were concatenated into a single sequence using Mesquite
(ver. 3.51.; Maddison & Maddison, 2018). This resulted in an alignment of 8,985 bp in length.

This concatenated alignment and nucleotide change rate models for each gene were used to
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construct a posterior probability consensus tree using MrBayes (ver. 3.2; Huelsenbeck &
Ronquist, 2001; Ronquist & Huelsenbeck, 2003; Altekar et al., 2004). The analysis consisted of
two independent runs, each with 10,000,000 generations and four chains, sampling each 1,000
generations. The initial 25% of samples were discarded (burnin) in order to eliminate non-
converging samples. The effective sampling size and parameter convergence was assessed with
Tracer (ver. 1.7; Rambaut et al., 2018) for each run before mixing. Outgroup species were
pruned from the resulting consensus tree using the R (R Core Team, 2019) package ape (Paradis
et al., 2004). Our posterior probability consensus tree (Fig. 1) is concordant with previous
published phylogenies of Odonata for the sets of overlapping species (e.g. Bybee et al., 2008;
Carle et al., 2008; Dumont et al., 2010; Dijkstra et al., 2014).

Comparative analyses

To face the problem of lack of phylogenetic independence, the phylogenetic comparative
methods seek correlations with the appearance of the traits of interest and life histories between
two or more species under a phylogenetic hypothesis of ancestry-offspring, which is useful to
the diversity, species biology and natural history study (Felsenstein, 1985; Harvey & Pagel,
1991). We used the outgroup pruned tree to obtain the phylogenetic relationship variance-
covariance matrix. With the phylogenetic tree, the variance-covariance matrix, and the
morphological and behavioural data obtained for each Odonata species, we perform a series of
phylogenetic comparative analyses to find the relationship between the adult sex ratio variation

and natural and sexual selective forces.

Figure 1. Posterior probability consensus and ultrametric topology of 99 Odonata species, obtained by a posterior
probability analysis of molecular evidence (see methods). On each internal node indicate their posterior
probability. The node of Anisoptera and Zygoptera suborder are indicated. In the tips are the species name and
their code of the adult sex ratio. The “A” columns refers to the adult sex ratio at emergence and the “B” column
refers to the adult sex ratio at sexual maturity. In the “A” and “B” columns, blue indicate adult sex ratio biased to

males; grey adult sex ratio whit out sex bias, and red, adult sex ratio biased to females.
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Figure 1.
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Lestes rectangularis
Lestes disjunctus
Lestes sponsa
Lestes dryas
Lestes barbarus
Sympecma fusca )
Austrolestes colensonis
Lestes virens
Chalcolestes viridis

Libellulidae

Corduliidae

Gomphidae

Aeshnidae

= Cordulegastridae

Coenagrionidae

= Platycnemididae

Calopterygidae

Lestidae
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Correlation between ASR and population sample size

First to start the phylogenetic comparative analysis, we made a correlational analysis
between ASR and sample size (average of a number of individuals for each population of each
specie), measured as the logio transformed values for each specie, to examine if the population
size influences the estimates of ASR. If both variable, ASR and sample size, not correlate, means
that the ASR estimates are independent of the sample size. Also, we fitted a Phylogenetic
Generalized Least Square (PGLS) analysis to correct by phylogeny if this association are
evolutionary influenced (Supplementary Material 3, Table S1, S2 and S3) with “caper” package
(Orme, 2018) implemented in R software (R Core Team, 2019). The PGLS method incorporates
the phylogenetic autocorrelation of the species data in the structure of error (Martins & Hansen,
1997; Freckleton et al., 2002) and use the phylogenetic history of taxa to specify the structure
of the variance-covariance matrix (see Rohlf, 2001). To improve the fit of our data to the model,
we estimated the A parameter by maximum likelihood (Pagel, 1994, 1999). This analysis was
made for all Odonata species together, and for both sets of Odonata species, the species with
ASR estimated by exuviae picking and the species whit ASR estimated by mark-recapture

method.

Adult sex ratio differences between families

To examine the significance of variation in the adult sex ratio at the level of families,
one sample phylogenetic t-test for each Odonate set, by exuviae picking and by mark-recapture,
was performed using “phytools” package (Revell, 2012) implemented in R software (R Core
Team, 2019). A p of 0.5 was set as the threshold for significant biases in the adult sex ratio (Fig.
2 A and B; Supplementary Martial 3, Table S4 and S5).

Models to test the variable sources linked to the adult sex ratio

To test if the behavioural and morphological variables taking account influence in an

evolutionary way the ASR variation, we fitted Phylogenetic Generalized Least Squares models
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(PGLS) with “caper” package (Orme, 2018) implemented in R software (R Core Team, 2019).
The model inferences and the AIC values were obtained using the “MuMIn” package in R
(Barton, 2019). We did the modelling for the both sets of Odonata species, the species with ASR

estimated by exuviae picking and the species whit ASR estimated by mark-recapture method.

For each set of Odonata species, we perform a multi-predictor, saturated model to
investigate the relationship between ASR as dependent variable, and MS, WP, BS and SSD as
explanatory variables. We include all interaction between the factor and explanatory variables
and then, we generate a series of models whit all the possible combinations between the
explanatory variables, from the saturated model to the null model, in order to choose the best fit
model by AICc (Supplementary Material 3, Table S6, S7, S8 and S9). We compared PGLS
models using Akaike’s Information Criterion correcting for small sample size (AlICc) (Burnham
& Anderson, 2002, 2011; Symonds & Moussalli, 2011). This approach allows comparisons of
competing models with lower values of AIC representing “better models”. The AIC penalizes
the increases in the number of parameters in the model. We calculate the relative support for
models by examining the A AICc score (the difference in AICc score between the best
approximating model and each other candidate model). The relative strength of each putative
model is ascertained by calculating its Akaike weight (wi) which can be considered analogous
to the probability that that model is the best approximated model. The R2 was calculated based
on the likelihood radio test. We compiled a list of the top model (those models whit A AICc
score < 2). The influential effects were those where the 95% confidence interval around the

parameter estimate did not cross zero (Burnham & Anderson, 2002).

For both set of Odonata species, interactions between MS and morphological traits were
found. For the Odonata species with ASR estimates by exuviae picking, the best fitted model
showed the MS in interaction with BS and MS in interaction with WP. In the best fitted model

for the species with ASR estimates by mark-recapture method, the MS were in interaction with
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SSD. As the MS was in interaction whit the morphological traits (see Results), we modelled
each interaction apart to obtain the slopes of the territorial and non-territorials species.
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Figure 2. Adult sex ratio between Odonata families (median, upper and lower quartiles; open circles are extreme
values). The horizontal dotted line indicates ASR non-bias to any sex. The white boxes correspond to families of
Anisoptera suborder and the grey boxes to families of Zygoptera suborder. A) ASR at emergence (exuviae
picking method); B) AST at sexual maturity (mark-recapture method), the asterisk above Calopterygidae,
Coenagrionidae and Lestidae families indicate that they ASR mean are different to non-bias (see Supplementary
Material 3).
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Results

Differences between methods

Both methods estimated the ASR differently (181 data of ASR of 62 species with ASR
estimated by exuviae picking, and 92 data from 47 species whit ASR estimated by mark-
recapture method (estimate (+ S.E.): intercept = -0.97 (0.06), d.f. = 162, t = 17.26, P < 0.001;
method = 0.21 (0.04), d.f. =10, t=5.80, P <0.001). No relations were founded between methods
for the 10 species with estimates of ARS by both methods (estimate (+ S.E.), intercept = 0.47
(0.08),t=6.1, P =0.001; ASR by mark-recapture =0.05 (0.11), t =0.45, P =0.67; Res.S.E.8 =
0.033; R2 = 0.024; F1,8 = 0.197; P = 0.67; slope test not equal to one, P = 0.67). The mean of
the differences of both ASR methods were different (-0.18, 95% C.I. =-0.25t0 -0.11, d.f. =9, t
=5.85, P <0.001).

Correlation between ASR and population sample size

In no case, all Odonata species, species with ASR estimated by exuviae picking or by
mark-recapture method, the ASR estimates were not correlated with the species sample size (All
Odonata species: estimate = -0.017, t = 0.166, d.f. = 97, P = 0.869; Exuviae picking: estimate =
0.232,t=1.848, d.f. = 60, P = 0.69; Mark-recapture: estimate = 0.151, t = 0101, d.f. =45, P =
0.920). We could not see correlation either when we integrate the phylogenetic information
(Supplementary Material 3, Table S1, S2 and S3).

Differences between families

The distribution of the adult sex ratios in Odonata was widely distributed, from male to
female bias (between families-phylogenetic t-test and PGLS). Any family showed a bias to male
or to female in the set of Odonata species with ASR estimated by exuviae picking (Fig. 2 A, and

Supplementary Material 3, Table S4), in contrast, at sexual maturity, three zygopteran families
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showed an evident male bias (Calopterygidae: 66%, Coenagrionidae 66%, and Lestidae: 63%
of males, with lambda of 0.58, zero and zero, respectively), while an Anisoptera families showed
a non-significant light bias to males (Libellullidae). The remaining families, one of Anisoptera
(Aeshnidae) and one Zygoptera (Platycnemididae) could not be tested (Fig. 2 B and
Supplementary Material 3, Table S5).

Behavioural and morphological indicators of sexual selection

Territorial MS was more common among Anisoptera species than in Zygoptera,
nevertheless, one Zygoptera family was entirely territorial (see Supplementary Material 1). WP
was present in species of both suborders. Of the 59 Anisoptera species, there were 30 with WP.
In Zygoptera only 9 of the 40 species had pigment, but in this suborder the percentage was
higher in one family (see Supplementary Material 1). Anisoptera species had an overall larger
BS with lower SSD, meanwhile Zygoptera species were generally of small BS and some
families had strong SSD (see Supplementary Material 1).

In the best PGLS fitted model to explain the variation of ASR in the Odonata species
with ASR obtained from exuviae picking, the BS and WP correlates whit ASR variation,
differently between the territorial and non-territorial species, while the SSD was not related
(Table 1 and Supplementary Material 3, Table S6 and S7). Both morphological traits, the BS
and WP, in the non-territorial and territorial species were negatively correlated with the
evolutionary changes in ASR, from female bias to male bias, but the effect was greater in the
former than the later ones, and none of these models there was a phylogenetically signal (Table
2, 3, 4 and 5). In the other hand, in the best PGLS fitted model to explain the variation of ASR
in the Odonata species with ASR obtained from mark-recapture method, only the SSD correlates
whit ASR variation, differently between the territorial and non-territorial species, while the BS
or WP were not related (Table 6 and Supplementary Material 3, Table S8 and S9). The direction

of the evolutionary effects of SSD over ASR variation in non-territorial species are negative,
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this is the only model that showed phylogenetic signal. Meanwhile, in territorial species the

effects at evolutionary level are positive, and showed no phylogenetic signal (Table 7 and 8).

Table 1. Parameter estimates from best fitted model (AlCc value and lowest number of parameters) explaining
ASR variation among Odonata recently emerged as adults (exuviae method; N=48 species, A=0).

Estimate + S.E. t 95% C.I.
Intercept 1.856 + 0.219 8.458 1.427 - 2.286
Mating System -1.387 £ 0.249 5.712 -1.875 - -0.899
Body Size -0.887 £0.138 6.432 -1.157 - -0.617
Sexual Size Dimorphism 0.327 £ 0.325 0.931 -0.310 - 0.964
Male Wing Pigment Proportion 7.110 + 2.157 3.297 2.882 - 11.337
Mating System * Body Size 0.896 £ 0.151 5.949 0.600 - 1.192
Mating System * M. Wing Pigment P. -7.195 £ 2.157 3.336 -11.423 - -2.967

Influential parameters (i.e. whose confidence intervals do not include zero) are shown in bold.

Table 2. PGLS model of the non-territorial Odonata recently emerged as adults and BS (exuviae method; N=15

species, A=0).

Estimate + S.E. t 95% C.I.
Intercept 1.383 +0.238 5.814 0.917 - 1.849
Body Size -0.582 + 0.147 3.972 -0.870 - -0.294

Influential parameters (i.e. whose confidence intervals do not include zero) are shown in bold.

Table 3. PGLS model of the territorial Odonata recently emerged as adults and BS (exuviae method; N=33 species,

A=0).
Estimate + S.E. t 95% C.I.
Intercept 0.487 £0.101 4811 0.289 — 0.685
Body Size -0.004 + 0.059 0.061 -0.112-0.112

Influential parameters (i.e. whose confidence intervals do not include zero) are shown in bold.

Table 4. PGLS model of the non-territorial Odonata recently emerged as adults and WP (exuviae method; N=15

species, A=0).

Estimate + S.E. t 95% C.1.
Intercept 0.447 + 0.027 16.564 0.394 - 0.500
Male Wing Pigment Proportion -2.053 + 3.363 0.611 -8.644 - -4.538

Influential parameters (i.e. whose confidence intervals do not include zero) are shown in bold.
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Table 5. PGLS model of the territorial Odonata recently emerged as adults and WP (exuviae method; N=33 species,
2=0).

Estimate + S.E. t 95% C.I.
Intercept 0.486 + 0.007 65.130 0.472 - 0.500
Male Wing Pigment Proportion -0.082 + 0.036 2.277 -0.152 - -0.011

Influential parameters (i.e. whose confidence intervals do not include zero) are shown in bold.

Table 6. Parameter estimates from best fitted model (AlCc value and lowest number of parameters) explaining
ASR variation among Odonata sexually mature (mark-recapture method; N=45 species, A=0).

Estimate + S.E. t 95% C.I.
Intercept 0.734 £ 0.388 1.891 -0.026 - 1.494
Mating System 0.016 + 0.056 0.280 -0.094 - 0.126
Body Size -0.067 + 0.257 0.262 -0.571 - 0.437
Sexual Size Dimorphism -1.274 £1.033 1.233 -3.299 - 0.751
Male Wing Pigment Proportion -0.087 £0.071 1.230 -0.226 - 0.052
Mating System*Sexual Size Dimorphism 2.840 £ 1.404 2.023 0.088 - 5.592

Influential parameters (i.e. whose confidence intervals do not include zero) are shown in bold.

Table 7. PGLS model of ASR of the non-territorial Odonata sexually matured and SSD (mark-recapture method;
N=22 species, A=0.502).

Estimate + S.E. t 95% C.I.
Intercept 0.596 £ 0.059 10.058 0.480-0.712
Sexual Size Dimorphism -0.479 £ 0.940 0.510 -2.321-1.363

Influential parameters (i.e. whose confidence intervals do not include zero) are shown in bold.

Table 8. PGLS model of ASR of the territorial Odonata sexually matured and SSD (mark-recapture method; N=23
species, A=0).

Estimate + S.E. t 95% C.I.
Intercept 0.614 +0.032 19.327 0.551-0.677
Sexual Size Dimorphism 1.382+ 0.933 1.481 -0.564 — 3.328

Influential parameters (i.e. whose confidence intervals do not include zero) are shown in bold.
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Discussion

The amounts of adult males and females, in Odonata has attracted the attention of life
scientist since the end of the nineteenth century (e.g. Tumpell, 1899), during the twentieth
century (e.g. Tyllard, 1905, 1917; Corbet, 1962; Lawton 1972), and to this day (e.g. Stoks,
2001b; Cordero-Rivera & Stoks, 2008). Even if some authors have proposed that these
quantities may be an artefact due to differences in sexual behaviour between (e.g. Parr & Palmer,
1971; Garrison & Hafernick, 1981; Hinnekint, 1987), Corbet & Hoess (1988) and Stoks (2001a)
have shown that the exuviae picking method and the mark-recapture method, respectively,
estimate in a good way the adult size ratio (ASR). We tested ASR estimates by these two
methods against their population sample size, and since they were not related, neither if we
incorporate the phylogenetic information, we can conclude that the ASR estimates were taken
account for this research were well assessed and will be similar to other populations of each
species. The sexual ratios estimated at different life cycle stages can reflect information for these
particular stages, that can be related or not to the next stage (Székely et al., 2014). The ASR by
itself, is a demographic property of populations that arises from sex differences in mortality,
maturation rates and movement patterns (Le-Galliard et al., 2005; Veran & Beissinger, 2009).
Instead, the operational sex ratio (OSR) is given by individual adults’ decisions whether to join
the breeding population, and how they can remain in suitable conditions to participate in the
reproduction (Clutton-Brock & Parker, 1992; Kokko & Jennions, 2008). We discuss the
demeanour of ASR by picking exuviae and by mark-recapture methods and the possible causes

of their evolutionary trends.

The major variation between the Odonata ASR founded by us, was due the time to
estimate it, and depend on the method used to calculate the proportions between male and female
organisms. The exuviae picking method reflects the ASR for newly adults (just emerged from
the youth stage or tenerals) which are considered sexually immature and they are not part of the

reproductive population for a while (Corbet & Hoess, 1998; Corbet, 1999), this method reveals
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almost non-bias in their ASR (one male for one female). In change, the mark-recapture method
reflects the ASR only for sexually matured individuals (since the tenerals are excluded because
they are very fragile to mark; Cordero-Rivera & Stoks, 2008), it shows that many species had a
male bias in their ASR (more males than females in the populations). This pattern found, keep
consistent if we incorporate phylogenetic-family information, non-bias for newly emergent
adults and male-bias for the sexually matured individuals. The ASR evolutionary trend in
dragonflies and damselflies are related with their mating system. For the newly emerged adults,
the body size and the male wing pigmentation are evolutionary related different between
territorial and non-territorial species. For the sexually matured individuals, is the body size
differences between sexes (SSD) are the one that interacts differently between species with

distinct mating system.

The Odonata insects are sexually diploids and genetic sex-determined organism (Kiauta,
1969), as expected an equal primary sex ratio (Fisher, 1930; Hamilton, 1967). The larva stage
specializes in growth (Wilbur, 1980) and face several stressors simultaneously (Shin et al., 2004;
Stoks et al., 2008), but the bias in the sex ratios in the early stages not necessarily translate into
bias in adulthood, and there are no predictions that say that their numbers must be matched
(Székely et al., 2014). The ASR estimated by exuviae picking relate to selective forces and
restrictions in early life cycle stages (e.g. predation risk in the larvae stage, Price, 1988; or time
constraints to emerge, Johansson & Rowe, 1999) and allows measure sex ratios before any bias
by dispersal or differential adult mortality appears (Michiels & Dhondt, 1989; Corbet & Hoess,
1998). Deviation in ASR can start ecological and evolutionary processes that can feedback this
same bias and the responses may involve settings that can only see on evolutionary scales
(Székely et al., 2014). This feedback can be positive or negative (Lehtonen & Kokko, 2012), a
bias in the ASR may increase mortality in the more common sex and thus the bias may be self-
corrected (Fisher, 1930; Hamilton, 1967) or reinforcement, for example, if the males develop
secondary sexual traits that make them more attractive for females, but also more susceptible to
depredation and starvation, a bias to females in their ASR will remain (Jennions & Kokko,

2010). Even if some populations present sexual differences in maturation rates or development
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times (protoandry in some populations: males emerge before females, e.g. De-Block & Stoks
2003; protogynadry in others populations: females emerge before males, e.g. Jodicke, 1997),
generally, both sexes emerge in a synchronized way (Corbet, 1999). The ASR variation at
emergence between species were wide between species (17-66% of males), similar to what has
already been reported for several authors (e.g. slightly biased to males in Zygoptera and female
biased in Anisoptera, Lawton, 1972; Corbet y Hoess, 1998), but when we incorporated the
phylogenetic information a non-biased ASR patterns remain for all the families represented,
similar to what was found by Jodicke (1997). Have a sex ratio without bias at the adult stage
can be advantageous for both sexes, as each individual will have the chance to reproduce
(Hamilton, 1967).

The evolutionary change in the ASR bias at emergence (exuviae picking) related to the
body size was different between territorial and non-territorial species. The species tend to
change from female bias to male bias in their ASR as its size decreases, but the effect is greater
in non-territorial than in territorial ones. In many organisms, the variety in their sex ratios
emerges until in the adulthood (Székely et al., 2014) and should influence the mating systems
and mate acquisitions (Kokko & Jennions, 2008). In organism with complex life cycle organism,
their adult body size is reached by the larval growth rate and the development time in each larval
phase (Blanckenhorn, 2005) and present a trade-off between reaching maturity at an early age
and achieve a large size, that under environmental-time constraints the mass at emergence can
be affected, but the body size keeps constant (Abrams et al., 1996; Strobbe & Stoks, 2004),
considerate as an adaptive phenotypic plasticity (Gotthard & Nylin, 1995). The size in Odonata
is fixed a few hours after emergence (Corbet, 1999), which limits weight gain and flight
performance, so that has to be optimized during larval stages (Strobbe & Stoks, 2004), and it
can be related to the adult fitness (Banks & Thompson, 1987; Moore, 1990; Anholt, 1991;
Cordero-Rivera, 1991; Crowley & Johansson, 2002). In Odonata there are a general fitness
benefits to large size in adulthood, live longer, have greater mating rates and fecundity, also it
would provide more space for fat to be built and stored; although there are some other

detriments, as the predation and starvation risks (Zahavi, 1975; Schmidt-Nielsen, 1984;
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Andersson, 1994; Plaistow & Siva-Jothy, 1999; Sokolovska et al., 2000; Crowley & Johansson,
2002; Thompson & Fincke, 2002), but evidence of non-size effect (e.g. Marden, 1989) and
benefits to be small also exist (e.g. Convey, 1989), while these benefits are probably more
important in scrambling species, because permit allocates more energetic resources to searching
for potential mates, they may also operate in territorial species who need greater
manoeuvrability to elaborate displays to woo their potential partners (Fairbairn & Preziosi,
1994; Blanckenhorn et al., 1995; De-Block & Stoks, 2007). For females, being bigger are
beneficial for fecundity until a certain point where it is no longer advantageous (e.g. Thompson
1989 & Cordero-Rivera, 1995; Honek, 1993). For territorial males, being bigger can allow them
to win contest for access to couples when the ASR ir female biased (Moore, 1990; Fairbairn &
Preziosi, 1994; Sokolovska et at., 2000), but if the density of males rises over the females, the
territorial defense no longer pays the cost, and the relation of body size and mating success
disappear (Koenig, 1990; Fincke et al., 1997; Corbet, 1999; Cordero-Rivera, 1999; Kokko &
Rankin, 2006; Raihani et al., 2008b; Suhonen et al., 2008). If the size no longer confers
reproductions improvements for males, their development time can be adjusted to decrease the
famine and depredation risk in early development stages, so the sexual proportions can bias to
males (Crowley, 2000; Crowley & Johansson, 2002). In species who realize elaborate displays
to attract females, generally, the males are small and need optimizes their body size in relation
to their flight costs (Blanckenhorn et al., 1995), in this species, the females are the ones that
choose their partner (Cordoba-Aguilar et al., 2015). In the no-territorial species, be larger also
confers benefits in mating success and survival (Sokolovska et al., 2000), and this benefits seems
to be greater to female (Anholt et al., 1991). If there are many females it is not necessary to look
for them with such determination or move a lot to find them and the selection for fecundity in
females can be greater than the necessity of be more effective in the couple search flight. But if
there are few females, the males will have to search by them and the traits linked with searching
and mobility would be selected by sexual selection and favor a small body size (Andersson,
1994; Blanckenhorn et al., 1995, Serrano-Meneses, 2008a, b) up to a certain limit (Stoks, 2000).
Our results are in concordance with those of Johansson et al (2005) who found that the bias in
the ASR are related whit the size of both sexes, joint with the Rench’s rule in this insect order

(Abouheif & Faribairn, 1997; Serrano-Menses et al., 2008a). Nevertheless, more work is
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certainly needed to establish the relationship between size at emergence, fitness components
and sex ratios (Fincke et al. 1997).

If happen an evolutionary augment in the male wig pigment proportion, the evolutionary
trend in ASR is to change to female bias, more markedly in non-territorial species than in
territorial ones. Another trait, as the secondary sexual traits are, which develops differently
between sexes also can affect the ASR variation (Arngvist & Rowe, 2005; Fairbairn et al., 2007;
Székely et al., 2014). Some Odonata species develop a morphological trait, which it is known
that behave as sexual trait in some species, a pigment in their wings, (Corbet, 1999; Serrano-
Meneses, 2008c). This color trait is very variable between species, in form, pattern and color
and is driven by sexual selection of male-male competition and by female choice (Siva-Jothy,
1999; Cordoba-Aguilar, 2002) and, generally, this wing pigmentation is more conspicuous in
males than females (Corbet, 1999). It can be used as a specific or sexual identifier (Koskimaki
etal., 2004; Rippell et al., 2005; Cérdoba-Aguilar & Cordero-Rivera, 2005; Contreras-Gardufio
etal., 2006; Svensson & Gosden, 2007). This trait generates advantages and risk for the carriers.
In territorial species, the males in good condition may produce lager pigmented areas (Grether,
1997) which correlate with fat reserves, winning a territorial contest and mating success (Moore,
1990; Grether, 1996; 1997; Hooper et al., 1999; Siva-Jothy, 1999; Coérdoba-Aguilar, 2002;
Contreras-Gardufio et al., 2006; Contreras-Gardufio et al., 2007; Serrano-Meneses et al., 2007),
in non-territorial species, it is not known very well, but they evolution are related to the intensity
of sexual selection as in territorial species (Carrillo-Mufioz & Serrano-Meneses, unpublished).
But also, the more ornamented individuals may be seen easily by their prey (Grether & Grey,
1996) and predators (MckPeek, 2008; Svensson & Friberg, 2007; Rantala et al., 2011) or have
a trade off in their immune system (Forbes y Robb, 2008) (Siva-Jothy, 1999; Cérdoba-Aguilar
& Cordero-Rivera, 2005), and consequently their survival is reduced (Grether & Grey, 1996;
Siva-Jothy & Plaistow, 1999). So have a bigger wing spot may arise the mating opportunities,
but reduce the survival of the bearer and if the males face this selective pressure and die sooner

than females the ASR will biased to females.
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The sex ratio estimated by mark-recapture method are similar to the operational sex ratio
(OSR: ratio of sexually active males to females, Kvarnemo & Ahnesjo, 1996; Shuster & Wade,
2003) and has played a central role in sexual selection, breeding and mating system (McNamara
et al., 2000; Székely et al., 2000; Jennions & Kokko, 2010). Biased OSR may emerge from
biased or unbiased ASR (Szekely et al., 2014) and can be the cause and consequence of mating
systems (Székely et al., 2000; Donald, 2002). Odonata presented a general male bias ASR for
the sexually matured organism for all the families represented. To explain such deviations has
been proposed hypothesis based on a biased sex ratio at birth, sex differential mortalities of
young and adults, sex-differential maturation times, and sex-differential dispersal and migration
patterns, however, it is recognized that these are not sufficient to explain the patterns observed
in wild populations (Stoks, 2001a, b). The males, as the more abundant sex, become the
predominant competitors for access to mates and will be under stronger sexual selection
(Kvarnemo & Ahnesjo, 1996).

The sexual differences in body sizes and shapes, behavior and ornaments can generate
differences in their energy requirements and mortality influencing the bias in the ASR (Arngvist
& Rowe, 2005; Fairbairn et al., 2007; Székely et al., 2010). We found in sexually matured
Odonata, that the sexual size dimorphism (SSD) interacts differently between species with
distinct mating system. The territorial species present an evolutionary change from female bias
to male bias in their ASR when the evolutionary change is from female biased SSD to male
biased SSD. Meanwhile, in the non-territorial species the evolutionary tendency is contrary. The
patterns of SSD change according to mating system and male flight agility and are linked to
sexual pressures (Serrano-Meneses et al., 2008a, b). The fecundity selection is the principal
responsible when the females are bigger than the males (Andersson, 1994), and happen if the
females have higher reproductive success because of their higher capacity for producing eggs
(Honek, 1993), and/or if large females are preferred by males (Legaspi & Legaspi, 2005). In
Odonata, generally the females are bigger than males, but this can be less evident or even
opposite in territorial species (Anholt et al., 1991; Fincke et al., 1997). The sexual selection and

the survival are the main responsible when the males are the biggest, as they, generally, can live
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longer, have greater mating rates (Zahavi, 1975; Schmidt-Nielsen, 1984; Andersson, 1994,
Plaistow & Siva-Jothy, 1999; Sokolovska et al., 2000; Crowley & Johansson, 2002; Thompson
& Fincke, 2002), and store more fat to fuel aerial fights (Marden & Waage, 1990; Plaistow &
Siva-Jothy, 1996; Plaistow & Tsubaki, 2000; Contreras-Gardufio et al., 2006). Also the sexual
selection in males can modify the body size to be small if they make an elaborate display to
attract mates or perform an active searching of mates (Andersson & Norberg, 1981; Fincke,
1988; Hakkarainen et al., 1996; Blomqgvist et al., 1997; Raihani et al., 2008a; Serrano-Meneses
& Szekely, 2006). For territorial species can be advantageous be smaller than females if the cost
of fight to mate is not payed, that is, when are sufficient females to each male, or if they perform
an elaborate display who need agility, or defend their territories in flight and rarely perch, and
can be able to allocate more time to sexual activity since small body size could have lower flying
costs per unit time (Koenig & Albano, 1987; Van-Buskirk, 1987; Convey, 1989), but if the
males outnumber females, the sexual selection via male-male contest increase and be bigger can
be advantageous as in this species having a territory is often a prerequisite for males to obtain
copulations, because females are attracted to these areas for copulation and/or oviposition
(Corbet, 1999; Cordoba-Aguilar & Cordero Rivera, 2005; Suhonen et al., 2008). For non-
territorial species, be smaller than females are probably because the fecundity selection is bigger
than other selection in males and the sexual selection can select small male sizes if they are
scramblers for females (Banks & Thompson, 1985; Anholt, 1991) because they may have lower
flight costs per unit time than large males and therefore may allocate more time to active search
for females instead of foraging (Blanckenhorn et al., 1995). Nevertheless, if males are less active
and the female number is high, they no need search actively for finding a mate and no need be
optimizing their size to be small, ant the benefits to be large remains (e.g. survival), in this case
SSD without bias or male bias were the commonest (Stoks, 2000; e.g. Hesperagrion
heterodoxum, Carrillo-Mufioz et al., unpublished). It should be noted that this model is the only
who presented phylogenetic signal (A=0.502), which is relatively high. For this subset, only
three species are of Anisoptera suborder and the rest are Zygoptera species, the majority of
Coenagrionidae species have a SSD biased to females and the rest, Platycnemididae and

Lestidae species have SSD biased to males, if we were capable to model what happen in this
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species, maybe we can see a clear evolutionary patterns, but with our actual data set, the
statistical power is reduced too much.

Two principal outcomes are shown with this research, firstly, the time to estimate the
sex ratios is important, the sex ratio for newly emerged adults reflects no-bias to any sex,
meanwhile the sex ratio estimated for the sexually matured adults show a general male bias.
Both of this sex ratio can be related or not, but the information obtained from them are
complementary. Second, both ASR is evolutionary influenced by the mating system and related
whit the body size and wing permutation, and related to the sexual difference in body size,
respectively. Nevertheless, with this outcome, we can’t know what happen between those two
estimates, it makes necessary more effort to know the survival probabilities of adult of both
sexes, as it can influence the bias in the ASR and the opportunities for sexual selection, and
consequently the mating system used. Other sources of variation can affect the evolution of this
sex ratio, as the genetic sex determination, the way of affront infections as Wolbachia, take into
account if the populations are semelparous or iteroparous, and certainly rise the species to test,
as the phylogenetic comparative methods are sensitive to the taxa and is possible that the slopes

or patterns can change depending on the linages investigated.
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Supplementary Material 1

Table S1. Data captured for the 99 Odonata species taken account in this study. ASRE: adult sex ratio at
emergence; ASRM: adult sex ratio by mark-recapture; MTL: male total length in mm; FTL: female total length in
mm.; WPP: male wing pigment proportion; MS: mating system, 0 = non-territorial, 1 = territorial.

Species Suborder ASRE ASRM  MTL FTL WPP MS  References

Aeshna affinis Anisoptera 0.5 0.78 59.2 61 0 1 19, 110,
162, 194,
195, 198,
202
Aeshna cyanea Anisoptera 0.48 0.62 73.4 725 0 1 22, 34, 67,
77, 110,
176, 179,
187, 194,
195, 217
Aeshna grandis Anisoptera 0.39 71.7 68 1 1 75, 133,
154, 179,
195
Aeshna isoceles Anisoptera 0.52 64.8 68.7 0.03 1 22,27, 93,
133, 152,
179, 194,
195, 202,
206, 219,
223
Aeshna juncea Anisoptera 0.46 72.8 68.5 0 1 110, 176,
194, 195,
203, 218,
221
Aeshna mixta Anisoptera 0.46 63.9 60.9 0 1 22,34, 73,
110, 176,
194, 195,
221
Anaciaeschna martini Anisoptera 0.17 73 78 0.01 0 150, 188,
211, 214,
221
Anax imperator Anisoptera 0.49 73.8 70.9 0 1 22,32, 33,
75, 49, 63,
105, 110,
133,176,
179, 194,
195
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Anax junius

Anax parthenope

Argia moesta

Argia vivida

Asiagomphus melaenops

Asiagomphus pryeri

Austrolestes colensonis

Boyeria irene

Brachythemis contaminata

Calopteryx cornelia

Calopteryx haemorrhoidalis

Calopteryx maculata

Calopteryx splendens

Anisoptera

Anisoptera

Zygoptera

Zygoptera

Anisoptera

Anisoptera

Zygoptera

Anisoptera

Anisoptera

Zygoptera

Zygoptera

Zygoptera

Zygoptera

0.48

0.46

0.55

0.4

0.52

0.47

0.47

0.58

0.58

0.57

0.52

75

40.8

335

67

64.5

44.6

63.1

295

71.9

47

48.8

45.9

715

74.5

40.2

34

68.5

64.5

61.5

30.2

70

43.1

46.6

43.9

0.03

0.58

0.89

0.81

28, 157,
158, 195,
218

13, 71,
110, 151,
178, 194,
195, 196,
199, 201,
211

25, 117,
118, 195,
218, 221
29, 34, 54,
65, 127,
195, 198,
218

89, 210,
211, 221
12,13,
212,221
34, 45,
193, 216
50, 110,
133,192,
194

90, 107,
115, 122,
142, 143,
192, 195,
213, 221,
223

34, 133,
146, 199,
211, 221,
223

20, 34, 39,
44, 110,
133, 194,
215, 223
34, 53, 60,
76, 117,
133, 137,
166, 195,
198, 223
34, 76,
131, 133,
176, 179,
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Calopteryx virgo

Calopteryx xanthostoma

Cercion lindenii

Ceriagrion tenellum

Chalcolestes viridis

Chromagrion conditum

Coenagrion hastulatum

Coenagrion mercuriale

Coenagrion puella

Coenagrion pulchellum

Coenagrion scitulum

Cordulegaster boltonii

Zygoptera

Zygoptera

Zygoptera

Zygoptera

Zygoptera

Zygoptera

Zygoptera

Zygoptera

Zygoptera

Zygoptera

Zygoptera

Anisoptera

0.51

0.52

0.53

0.57

0.49

0.47

0.59

0.75

0.61

0.63

0.58

0.87

0.82

0.66

0.68

0.67

46.4

45.7

33.2

29.9

44

34.8

32

29.6

32.2

34

29

70.3

44.2

44.3

32.3

321

40.8

33.7

29.8

32.8

35

27.9

77.3

0.96

0.8

189, 191,
195, 223
76, 82,
110, 133,
176, 179,
189, 194,
195, 223
110, 133,
176, 192,
194, 216,
223

34, 51,
164, 194,
195
5,6,7,8,
88, 110,
116, 119,
184, 194
3, 34, 36,
55, 75,
110, 133,
137, 194,
195

23, 195,
198

16, 75,
136, 189,
190, 194,
195, 204
66, 110,
119, 129,
176, 194,
195
9,11, 14,
34,73, 78,
110, 128,
165, 179,
189, 194,
195

165, 176,
179, 189,
194, 195
9, 110,
194, 195
34, 50,
110, 133,
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Cordulia aenea

Crocothemis erythraea

Deielia phaon

Diplacodes trivialis

Enallagma cyathigerum

Epitheca bimaculata

Erythrodiplax umbrata

Erythromma najas

Gomphus exilis

Gomphus flavipes

Gomphus pulchellus

Gomphus vulgatissimus

Anisoptera

Anisoptera

Anisoptera

Anisoptera

Zygoptera

Anisoptera

Anisoptera

Zygoptera

Anisoptera

Anisoptera

Anisoptera

Anisoptera

0.45

0.55

0.41

0.46

0.48

0.43

0.48

0.46

0.5

0.47

0.85

48.8

38.5

42.5

30.5

315

49.6

425

34.5

43.3

46.5

47.5

47.2

47.5

354

41.5

315

31.7

36.1

40.8

49

47.7

48.8

0.06

0.01

0.02

0.56

176, 179,
194, 195
22, 34, 58,
75, 159,
160, 176,
179, 194,
221
2,27, 60,
110, 133,
194, 195,
223

91, 211,
221, 223
99, 107,
192, 195,
211, 213,
221, 223
54, 97,
110, 114,
133,176,
179, 189,
194, 195
138, 179,
195, 208,
218, 223
100, 112,
181, 195,
205, 218,
223

75, 165,
176, 179,
189, 195
96, 117,
133, 167,
181, 195,
198, 223
21,22, 33,
106, 198,
204, 207,
212

110, 144,
194, 195
22,75, 79,
106, 110,
132, 136,
173, 176,
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Hetaerina americana

Hetaerina vulnerata

Ischnura cervula

Ischnura elegans

Ischnura graellsii

Ischnura posita

Ischnura pumilio

Ladona depressa

Ladona fulva

Lestes barbarus

Lestes disjunctus

Zygoptera

Zygoptera

Zygoptera

Zygoptera 0.51

Zygoptera

Zygoptera -

Zygoptera

Anisoptera

Anisoptera

Zygoptera

Zygoptera

0.8

0.94

0.86

0.57

0.53

0.51

0.59

0.67

0.77

0.59

0.63

44.6

46.5

27.1

30.3

26.8

241

29.1

46.4

43.6

40

36.8

38.1

36

28.2

30.5

28

23.8

29.4

42

42.6

37.6

37.4

0.1

0.11

0.1

0.03

179, 194,
195

30, 117,
118, 133,
134, 195,
198

120, 121,
181, 195,
198

46, 65, 97,
117, 133,
195, 198,
218, 222,
223

1,11, 43,
62, 73, 94,
95, 105,
110, 113,
132, 165,
176, 179,
195

34, 35, 37,
38,41, 42,
110, 192,
196

125, 133,
135, 181,
195, 198,
222

37, 40,
110, 176,
179, 189,
194, 195
9, 34,117,
133, 176,
179, 194,
195, 223
24,217,
133, 148,
176, 179,
194, 196,
223

110, 163,
194, 195
10, 47,
124, 133,
137, 195,
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Lestes dryas

Lestes rectangularis

Lestes sponsa

Lestes virens

Leucorrhinia dubia

Leucorrhinia pectoralis

Libellula pulchella

Libellula quadrimaculata

Mnais pruinosa

Nehalennia irene

Zygoptera

Zygoptera

Zygoptera

Zygoptera

Anisoptera

Anisoptera

Anisoptera

Anisoptera

Zygoptera

Zygoptera

0.45

0.36

0.46

0.46

0.46

0.47

0.68

0.65

0.61

0.65

0.67

37

43.2

35.4

34.7

37

35

52.6

43.5

55.5

26.5

36.2

40.2

37.9

33.8

35

49.7

43.1

50

27.3

0.02

0.01

0.33

0.08

0.91

198, 218,
223

73, 110,
176, 186,
189, 194,
195, 218
56, 87,
181, 195,
198
73,75,
110, 140,
141, 177,
189, 194,
195, 211,
221

110, 161,
163, 165,
194, 195
28, 34,75,
111, 176,
179, 194,
195, 221,
223

22, 66,
174, 179,
194, 220,
223
34,97, 98,
117, 133,
181, 195,
223

34, 63, 75,
105, 110,
117, 118,
133, 176,
192, 194,
195, 211,
221, 223
34, 108,
109, 133,
147, 149,
169, 199,
211, 221,
223

15, 69, 92,
186, 195,
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Onychogomphus forcipatus

Onychogomphus uncatus

Onychogomphus viridicostus

Ophiogomphus cecilia

Orthetrum cancellatum

Orthetrum coerulescens

Orthetrum sabina

Pantala flavescens

Paragomphus genei

Plathemis lydia

Anisoptera

Anisoptera

Anisoptera

Anisoptera

Anisoptera

Anisoptera

Anisoptera

Anisoptera

Anisoptera

Anisoptera

0.41

0.46

0.49

0.52

0.45

0.47

0.47

0.47

0.55

48.9

51.6

58.4

55

48.5

41.7

55

48

44.5

41.5

45.2

48.5

47.8

41

55

49.5

44.5

39.8

0.02

0.01

0.03

0.49

197, 198,
218

26, 61,
110, 133,
179, 194,
195
27,73, 74,
75, 81,
110, 123,
130, 133,
145, 212
22,73,
185, 195,
198, 199
66, 103,
155, 171,
172, 179,
195, 204,
207

34, 63, 75,
110, 133,
176, 179,
194, 195
34, 74, 80,
110, 194,
195, 223
34, 99,
107, 122,
142, 192,
195, 211,
213, 221,
223
34,99,
107, 117,
118, 122,
142, 191,
195, 199,
205, 211,
213, 218,
221,223
153, 194,
195, 198
34,72, 85,
86, 117,
118, 192,
195, 221
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Platycnemis pennipes

Pyrrhosoma nymphula

Sieboldius albardae

Somatochlora alpestris

Somatochlora arctica
Stylurus annulatus
Stylurus nagoyanus
Stylurus oculatus
Sympecma fusca

Sympetrum danae

Sympetrum depressiusculum

Sympetrum infuscatum

Sympetrum obtrusum

Sympetrum pedemontanum

Sympetrum sanguineum

Zygoptera

Zygoptera

Anisoptera

Anisoptera

Anisoptera
Anisoptera
Anisoptera
Anisoptera
Zygoptera

Anisoptera

Anisoptera

Anisoptera

Anisoptera

Anisoptera

Anisoptera

0.52

0.62

0.66

0.36

0.47
0.36

0.4

0.52

0.54

0.68

0.49

0.63

0.61

0.34

0.49

37.1

37.1

87.5

47.2

49

34.8

31.2

33.9

42

34.5

355

34.7

36.4

36.4

82.5

48.5

34.8

32.2

45.5

27.6

35

35

0.01

0.14

0.02

0.22

0.02

27, 110,
133, 165,
176, 179,
189, 194,
195, 223
17,18, 31,
57, 86,
105, 110,
176, 189,
194, 195
4, 13, 199,
209, 211,
221

83, 84,
179, 194,
195, 198,
223

139, 175,
176, 179,
195, 223
68, 221
70, 211,
221

68, 91,
209, 221
110, 156,
194, 195
102, 103,
192, 195,
198, 221,
223

101, 195,
221, 223
170, 179,
195, 211,
221,223
52, 117,
168, 181,
192, 195,
223

110, 168,
194, 195,
199, 211,
221, 223
48, 63, 64,
75, 104,
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Sympetrum striolatum

Sympetrum vicinum

Sympetrum vulgatum

Telebasis salva

Tetragoneuria cynosura

Trithemis annulata

Trithemis festiva

Xanthocnemis zealandica

Anisoptera

Anisoptera

Anisoptera

Zygoptera

Anisoptera

Anisoptera

Anisoptera

Zygoptera

0.46

0.38

0.46

0.47

0.52

0.51

0.51

0.81

40.6

32.3

33.7

25.6

35.8

345

33

41.1

325

23.6

34.5

33.5

32.3

0.01

0.03

0.01

0.23

0.03

0.02

110, 176,
179, 194,
195, 223
104, 110,
176, 179,
194, 195,
211, 221,
223

87, 117,
118, 190,
192, 195,
223

27, 34, 63,
75, 110,
133, 179,
194, 223
34, 97,
126, 133,
195, 198,
218, 223
28, 34, 86,
96, 183,
223

2, 110,
179, 180,
193, 195,
200, 223
99, 107,
122, 179,
182, 195,
213, 223
34, 45, 59,
193, 212
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Supplementary Material 2

Table S1. Gen-Bank access humbers for mitochondrial and nuclear genes. The species sample size is between
parenthesis.

Taxon 125 (67) Val (50) 16S(90) COI (87) 18S(75) 5.8S(74) 285 (80)
Out-Group

Blattella germanica NCO12901 NCO012901 NC012001 NCO12901 AF005243  AF005243  AF005243
Callibaetis ferrugineus ; ; HMO003973  JQ663249  AF370791  AY859557  AY859557
Oxya chinensis NC010219 NC010219 NCO010219 NC010219 AY037173 AF385193  AF416876
Sitophilus zeamais NC030764 NC030764 NC030764 NC030764 AJ850021  AF276518  AY131071
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In-Group

Anisoptera

Aeshnidae

Aeshna affinis EU477647 EU4TT647 EUATT647  KIB73232 - - FJ596629
Aeshna cyanea - - AF268609 KU180320 FN356031 KU180369  AF461203
Aeshna grandis EU477645 EUAT7645 EUA77645  KJ873213 - KU180363  FJ596630
Aeshna isoceles EU477649 EUA4A77649 EUA477649 KMO096997 FN356032  FN356032  FJ596628
Aeshna juncea EU4A77646 EUA77646 AB707638 KR142917 AF461231 AB711415  EU424324
Aeshna mixta EU477648 EUA477648 EU477648  KF257096 - AB706697  FJ712315
Anaciaeschna martini - - AB707653 AB708597 AB706702 AB706702 AB706702
Anax imperator EU477652 EUA477652 EU477652 KU565916 FN356035  FN356035  FJ596632
Anax junius AY749694 - AY555550  KR143134  AY749908 - FJ009959
Anax parthenope EU477651 EUA477651 AB707662 KC135891 AB706711 AB706711 -
Boyeria irene EU477640 EUA477640  EUA477640 - FN356042  FN356042  FJ596627
Cordulegastridae

Cordulegaster boltonii EUA77688 EUA77688 EUA77688  KF584934  FN356072  FN356072  FJ596634
Corduliidae

Cordulia aenea EU477707 EU477707 LCO17851 LCO17856 FN356074 FN356074  EU424326
Epitheca bimaculata EU477708 EU477708 EUA477708 AB708897 FN356087 FN356087  FJ596564
Somatochlora alpestris EU477700 EU477700 EU477700 AB708912 FN356163 FN356163  FJ506568
Somatochlora arctica - - AB707969 AB708913 FN356164 FN356164 AB706870
Tetragoneuria cynosura EU477709  EUA77709 EUA477709 KM536481  KT324334 - FJ596566
Gomphidae

Asiagomphus melaenops EU477664 - AB707719 AB708666 AB706768 AB706769  FJ596611
Asiagomphus pryeri - - AB707725 AB708671 AB706774 AB706774 AB706776
Gomphus exilis EU477656 EU477656 EU477656 KM531846 DQO08187 - FJ506614.1
Gomphus flavipes KX890620 - KX890777  KX891019 - - -
Gomphus pulchellus EU477663 - EU477663  KX890969 - - KX890820
Gomphus vulgatissimus EU477660 EU477660 EU477660 KX890971 FN356091 FN356091  FJ712320
Onychogomphus forcipatus  gus77ee0  EU477669 EU477669  KJI873220 - - EF417108
Onychogomphus uncatus EU4T7671 EU477671 EU477671  KX891032 . . FJ712321
Onychogomphus viridicostus - - AB707769  AB708716 - AB706818  AB706818
Ophiogomphus cecilia KX890627 - KX890783 - FN356130  FN356139  KX890853
Paragomphus genei KX890631 - KX890787  KU566310 - - KX890857
Sieboldius albardae - - KF256850 KF257069 KC413803 AB706844  KF256923
Stylurus annulatus - - AB707820 AB708765 AB706870 AB706870  FJ596610
Stylurus nagoyanus EU477659 EUA477659 EUA477659 KX891020 AB706872 AB706872  FJ596610
Stylurus oculatus - - AB707825 KX891021 AB706874 AB706874 -
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Libellulidae

Brachythemis contaminata

- - EF640411 KT879898 AB707056 AB707056 AB707056
Crocothemis erythraea - - EF631542 KCO12244 DQO08200 - GU196335
Deielia phaon EF640417  EF640417 EF640417 KF257064 AB707066 AB707068 GU196343
Diplacodes trivialis EF640421 EF640421 AB708023 JX306647 AB707073 AB707073  GU196342
Erythrodiplax umbrata EF640426  EF640426  EF640426 - - - -
Ladona depressa EU477730 EU477730 EU477730  AF195741  DQ008204 - FJ596598
Ladona fulva EU477728  EUA477728 EUA477728  AF195745  DQ008205 - FJ596602
Leucorrhinia dubia EU477718 EU477718 EU477718  AB711447 AB707078 AB707078  FJ596604
Leucorrhinia pectoralis EU477752 EU477752 EU4TT752  JNO91193  AF461240  AF549562  FI596605
Libellula pulchella - - EF631551 KMS532657  UB5109 - FJ009974
Libellula quadrimaculata EU477729 EU47T729 KF256841 KMS537510 AB707091 AB707091  FJ712326
Orthetrum cancellatum AF266097  AF266097  AF266097 - - - -
Orthetrum coerulescens DQ021445 DQO21445 DQO21445 KC912271 - - -
Orthetrum sabina EF640404  EF640404  EF640404 KX670387  KJ802976  AB707198  ABB860113
Pantala flavescens EF680326+

EF640450 EF640450 KF256865 KF257083 HQ630635 AB707210  KF256938
Plathemis lydia ; - EF631552 KR146762 - - EF631234
Sympetrum danae EU477740 EUA477740 EUA477740 KM532023  AF461243  AB707226  EU424330
Sympetrum depressiusculum  jo772601  JQ772601  JQ772601  AB709125  JQ772551  JQ772551  AB707231
Sympetrum infuscatum EF640442  EF640442  EF640442  KF257078 - JQ772557  KF256932
Sympetrum obtrusum EF640443  EF640443  EF640443 KMS536697 EF636429  EF636429 -
Sympetrum pedemontanum EF640444  EF640444 EF640444 KF257095 FN356171  FN356171  KF256950
Sympetrum sanguineum EUA77743 EUAT7743  EUAT7743  EF636237  AF461245  JQ772565  FJ596607
Sympetrum striolatum EU477741 EUA477741 EU477741 KF257086 FN356172  FN356172  FJ596608
Sympetrum vicinum JQ772617  JQ772617  JQ772617  EF636299  JQ772568  JQ772568 -
Sympetrum vulgatum EU477739  EUA477739 EUA477739  EF636247  AF461246 AB707301  FJ596606
Trithemis annulata - - GU323149  KU566417 - GU323055 -
Trithemis festiva EF640458  EF640458 EF640458  JN817429 - GU323051 -
Zygoptera
Calopterygidae
Calopteryx cornelia - - AB707381 AB708328  Y12890  AB706430 AB127426
Calopteryx haemorrhoidalis - - AF170957 - Y12892  AJ308362  AJ308348
Calopteryx maculata KM383926 KM383926 AF170960  JN419468  AJ459198  AJ459198 U65169
Calopteryx splendens EU477613 EU477613 EU477613 DQ411707  Y12894 AJ308371  EF417106
Calopteryx virgo - - - DQ411709  AJ458968  AJ308359  AJ308357
Calopteryx xanthostoma ; - AF170954 - AJ458971  AJ308355 -
Hetaerina americana KM383950 KM383950 KM383983 KM383854  Y12896  KM383825  FJ009952
Hetaerina vulnerata KM383952 KM383952 KM383989 KM383852 KM383822 KM383822  KJ579101
Mnais pruinosa - - AB707408 AB708357  Y12898 AJ458985  AB127423
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Coenagrionidae

Argia moesta

- - JX121181  KR148130  FJ009997 - FJ009939
Argia vivida ; - ; ; AY521866 - AY125284
Cercion lindeni EU477628 EU477628 EU4T7628 - - AJA88550  FN356089
Ceriagrion tenellum ; - - KC912307 FN356055  FN356055 -
Chromagrion conditum - - - IN419474  FJ009995  KU245324  FJ009937
Coenagrion hastulatum - - KM660019 KP272581  FN356063 FN356063  AF461207
Coenagrion mercuriale - - KP27236  KP272538  FN356068  FN356068 KM248385
Coenagrion puella AF232897 - KP272335 - AJ488546  AJ488546  KM660030
. KF370075+
Coenagrion pulchellum - - KF369678 KF369349  AJ488547  AJ488547  KM660042
Coenagrion scitulum - - KM660001 - FN356070  FN356070 KM660031
Enallagma cyathigerum KF855787 - KF855858 KC912314 FN356085 FN356085  KF855808
Erythromma najas EU055009 - EU055105  EF176769 - AJ21050  AFAB1200
Ischnura cervula AY282544 - - - FN356101  FN356101 -
Ischnura elegans GQ256005 - KF256901 AB708506 FN356103  FN356103  KF370149
Ischnura graellsii HQ834798 - - KC912318  AJ488545  AJ488545 -
Ischnura posita AY282547 - - IN419852 - - -
Ischnura pumilio FN356107  FN356107
Nehalennia irene GQ256009 - GQ256022  KR141550 ; ; -
Pyrrhosoma nymphula - - - KU220885 FN356160 FN356160  FJ596559
Telebasis salva EU477739 - EU055077 - EU055172 - EU055270
Xanthocnemis zealandica ; - KM973571 KM106848 - KU245345  KM973758
Lestidae
Austrolestes colensonis ; - KM973583 EU219873 - - KM973769
Chalcolestes viridis EU477617 EU477617 [EU477617 HQ830311 FN356058 FN356058  EU424331
Lestes barbarus EU477616 EU477616 EU477616 HQ830316 FN356110 FN356110 -
Lestes disjunctus AY282554 - EF044272  KMS537699 - - -
Lestes dryas EU477621 - EU477621 KM537318 AB706407 AB706407  AB706407
Lestes rectangularis - - EF044271  KMS537590 - - FJ009953
Lestes sponsa - - AB707363 AB708312 FN356114 FN356114  AF461204
Lestes virens EU477619 EU477619 EU477619 KF369424  FN356117  FN356117  KF370159
Sympecma fusca EU477630 EU477630 EU477630 KF369553 FN356170  FN356170  KF370312
Platycnemididae
Platycnemis pennipes EU477627 EU477627 EU477627 KF369498  AJ459230  AJ459230  FJ009928
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Supplementary Material 3. Aditional analyses

Correlation between ASR and population sample size

Table S1. PGLS of ASR for all Odonata species as response variable and sample size as predictor variable.

All Odonata Estimate (S.E.) t P
Intercept 0.556 (0.079) 7.013 <0.001
Sample Size -0.009 (0.027) 0.324 0.747

Residual S.E.¢7=0.328; R?=0.001; F1,4;=0.105; P=0.747; 1=0.242

Table S2. PGLS for Odonata species with ASR estimates by exuviae picking as response variable and sample
size as predictor variable.

Exuviae Estimate (S.E) t P
Intercept 0.360 (0.078) 4.64 <0.001
Sample Size 0.047 (0.028) 1.723 0.090

Residual S.E. 60=0.236; R?=0.047; F160=2.970; P=0.090; 1=0.050

Table S3. PGLS for Odonata species with ASR estimates by mark-recapture method as response variable and
sample size as predictor variable.

Mark-Recapture Estimate (S.E.) t P
Intercept 0.706 (0.111) 6.379 <0.001
Sample Size -0.034 (0.040) 0.841 0.405

Residual S.E.4s=0.333; R?=0.015; F145=0.707; P=0.405; A=0

Adult sex ratio differences between families

Table S4. Phylogenetic t test of ASR estimated by exuviae picking, between Odonata families. ASR estimates,
“N” (number of species per families), value of one sample t test, lambda as phylogenetically signal and P value
are show.

Family ASR N t A P

Aeshnidae 0.443 11 2.156 0 0.063
Cordulegastridae 0.472 I e S
Corduliidae 0.473 5 0.736 0 0.538
Gomphidae 0.471 15 1.130 0 0.129
Libellulidae 0.467 16 1.413 1 0.181
Coenagrionidae 0.514 8 1.851 0 0.123
Lestidae 0.472 6 1.408 0 0.254
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Table S5. Phylogenetic t test of ASR estimated by mark-recapture method, between Odonata families. ASR
estimates, “N” (number of species per families), value of one sample t test, lambda as phylogenetically signal and

P value are show.

Family ASR N t A P

Aeshnidae 0.701 2 3.330 o e
Libellulidae 0.537 11 0.447 1 0.667
Calopterygidae 0.662 9 3.235 0.58 0.018
Coenagrionidae 0.656 19 4.755 0 <0.001
Lestidae 0.625 5 7.563 0 0.017
Platycnemididae 0.543 i e

Models to test the variable sources linked to adult sex ratio

Table S6. Parameter estimates from saturated PGLS model explaining ASR variation among Odonata recently
emerged as adults (exuviae method; N= 48 species).

Estimate
(S.E)

t

Coefficient (95% CI)

Intercept

Mating System

Body Size

Sexual Size Dimorphism

Male Wing Pigment Proportion

Mating System * Body Size

Mating System * Sexual Size Dimorphism
Mating System * M. Wing Pigment Proportion
Body Size * Sexual Size Dimorphism

Body Size * M. Wing Pigment Proportion

Sexual Size Dimorphism * M. Wing Pigment Proportion

-1.842 (0.232)
-1.398 (0.263)
-0.878 (0.146)
0.016 (2.507)
7.468 (2.690)
0.901 (0.163)
-0.003 (0.333)
-7.068 (2.321)
0.199 (1.450)
-0.288 (0.828)
1.434 (8.434)

7.94
5.316
6.015
0.006
2.776
5.541
0.008
3.046
0.138
0.347

0.17

-2.297 — -1.387
-1.913 — -0.883
-1.164 — -0.592
-1.898 — 4.930
2.196 —12.220
0.582 - 2.220
-0.656 — 0650
-11.617 — -2.519
-2.643 — 3.041
-1.911 — 1.335

-15.097 —17.965

Table S7. Best PGLS model (A AICc < 2 and lowest number of parameters) predicting ASR variation in Odonata
at emergence as adults (exuviae method) with MS, BS, SSD, and WP as predictor variables.

Model components k  AAICc Wi L RZ(%)

MS + BS + SSD + WP + (MS*BS) + (MS*MP) 7 0 0309 0 0577

MS + BS + SSD + WP + (MS+BS) + (MS*WP) + (BS*WP) 8 1387 0154 0 059
* *

MS + BS + SSD + WP + (MS*BS) + (MS*WP) + 8 1895 0.12 0 0.586

(SSD*WP)

MS= mating system, BS= body size, SSD= sexual size dimorphism, WP= male wing pigment proportion. k=
number of parameters in the model. A AICc= differences between AICc models. wi= Akaike weight. A =

phylogenetically signal. R?(%)= measure of model fit.
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Table S8. Parameter estimates from saturated PGLS model explaining ASR variation among Odonata sexually

mature (mark-recapture method; N=45 species).

E?;'.”;‘)te t  Coefficient (95% Cl)
Intercept 0.773(0.516)  1.496 -0.238 — 1.784
Mating System -0.333(0.441) 0.076 -1.197 — 0.531
Body Size -0.093 (0.342) 0.272 -0.763 — 0.577
Sexual Size Dimorphism -1.883 (13.61) 0.138 -28.562 —24.796
Male Wing Pigment Proportion -0.343(0.748)  0.458 -1.809 — 1.123
Mating System * Body Size 0.036 (0.283)  0.126 -0.518 — 0.591
Mating System * Sexuel Size Dimorphism 1.878 (2.039) 0.921 -2.118 — 5.874
Mating System * M. Wing Pigment Proportion 0.183 (0.440)  0.415 -0.679 — 1.0454
Body Size * Sexual Size Dimorphism 0.717(90.07)  0.079 -17.060 —18.494
Body Size * M. Wing Pigment Proportion 0.420 (0.374)  0.112 -0.313 — 1.153
Sexual Size Dimorphism * M. Wing Pigment Proportion ~ 0.259 (2.491)  0.104 -4.623 — 5.141

Table S9. Best PGLS model (A AICc < 2 and lowest number of parameters) predicting ASR variation in Odonata
at sexual maturity (mark-recapture method) with MS, BS, SSD, and WP as predictor variables.

Model components k AAICc Wi L R*(%)
MS + BS + SSD + WP + (MS*SSD) 6 0 0175 0  0.128
MS + BS + SSD + WP + (MS*SSD) +(MS*WP) 7 1675 0076 0 015

MS= mating system, BS= body size, SSD= sexual size dimorphism, WP= male wing pigment proportion. k=

number of parameters in the model. A AICc= differences between AICc models. wi= Akaike weight. A =

phylogenetically signal. R?(%)= measure of model fit.
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Abstract

Adult dragonflies (A nisoptera) and damselflies (£y goptera) are amongst the most accomplished fiying insects on the planet.
The main functions of spatial displacement by flight in these insects are well understood (e.g., escape from predators,
foraging, mproduction,, thermore gulation), bat whether males and females exhibit diffierent degrees of flight agility across
species—and why—is by contrast, poorly unde rstood. This is important because flight agility may differ between males and
females due to the costs imposed on females by the high levels of sexual selection and sexual conflict observed in certain
species. Here we used a wing parameter to estimate sexnal dimorphism in flight agility in 63 Odonata taxa. We then used a
phylogenetic comparative method to investigate whether s xual dimorphism in flight agility differed between (i) Anisoptera
and Fypoptera, and (ii) mating systems (non-territorial, territorial). Our resuolts first show that the distribotion of sexuoal
dimorphism in flight agility between Odonata families is non-random. Second, our resulis suppest that whereas sexual
dimorphism in flight agility is not different between non-territorial and territorial Anisoptera, in Zygoptera it is predomi-
nantly female-biased in non-territorial species, and male-bizsed in territorial ones. There may be important behavioural
and mating diffeences between Anisopiera and Zypgoptera which explain the different needs of agility observed between
suborders and mating sysiems.

Keywords Flight agility - Mating system - Odonata - Sexnal dimorphism

Introduction
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In manmy insect species, flight is directly related to spa-
tial displacement, feeding, survival and reproduction
{Marden 2000). Dragon- and damselflies (Insecta: Odo-
nata) are amongst the best examples illustrating selection
for improved flight performance due to natural and sexoal
selection (Dudley 2002). The males of virtually all odonaie
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species locate feeding and breeding grounds, capture prey
in the air, and evade predators via flight. Also, the males
of mamy species attempt to capture females during chases,
which is likely to select for increased manoceuvrability
in the context of sexual selection (Thomhill and Alcock
1983; Dudley 2002). The different mating behaviour of the
males has been used to classify species as either territorial
{mesource defence polygyny) or non-ermitorial (non-resource
defence polygyny) (Conrad and Pritchard 1992). In territo-
rial species, one of the key determinants of male mating
success is the acquisition of a erritory, as females ame typi-
cally attracted to these for copulations (Subhonen et al. A08).

&) Springes

86



Joumnal of Ethalogy

In these species, males actively fight each other over the
possession of a territory. In non-territorial species, males
do not establish ferritories, and instead wander along water
bodies actively looking for females (e.g., Fincke 1985). In
such species, males typically exhibit scramble competition
polygyny, which is favoured over iermitory or emale-defence
when neither females nor the msources used by these am
economically defendable (Thombill and Alcock 1983; Dick-
inson 1992). The males search or patrod looking for females,
and male-male competition is indirect, because the success
in acquiring mabes depends on the ability of males to locate
these, or on encounter rate (Dickinson 1992). Female choice
iz absent in this mating system; thos, malke traits (e.g, Aight
display or body coloomtion) evolve under other selective
pressumes (g_g., o reduce intrasexual harassment; Khan and
Herberstein 20 19). Since particular selective pressures oper
ate om the individuals of species belonging to either mat-
ing systiem, important morphological and behhavioural dif-
ferences between ferritorial and non-territorial species ame
likely to evolve (Conrad and Pritchard 1992).

In territorial species, for instance, male wing pigmenta-
tion is & mone prevalent trait {Carrillo-Mufior et al. in prepa-
ration), and the patterns of sexual size dimorphism (S50
change according to mating system and male flight agility
{Serranc-Meneses et al. 2008). Also, in territorial species,
low flight agility males tend be larger than females, whilst
high flight agility males are usually similar sired to {or even
smaller than) females (Serranc-Meneses et al. 2008). 55D,
by comtrast, is not relaied to male flight agility in non-territo-
rial species. How can these results be explained? & potential
explanation to these patterns lies in the behaviour of males,
and the energetics of flight. Male-bizsad 55D was penemlly
expected in territorial species (e.g-, Sokolovska et al. 2000;
Johansson et al. 2005) given the mating advantapes of large
body size. Nonetheless, large body size is not always selec-
tively advantageous for males, hence there are several ter
ritorial species in which male s ase smaller than Emales (2.g.,
Plathemis ydia and Sympetrum rebicurdulum; Koenig and
Albano 1987; Van Buskirk 1987; mspectively). The males
of many territorial species commonly defiend their territories
from other males whilst on the wing. handly ever perching.
In such species, larpe body size could become a disadvan-
tage. since small body size conld have lower flying costs
per anit time, by contrast. Small males would then be able
to allocate more time to sexual activity (i.e., searching for
females), rather than foraging {‘Ghisalin-Reiss, small-male
hypothesis’, Blanckenhom et al. 1995). As a consequence,
small male body size may become increasingly advanta-
peous, and monomorphism or female-biased 35D would
evolve. Such males may not only be better at defending
territories, but also at securing copulations. This is likely,
given that small male size may relate imve mely to the amount
of flight muscle in certain species, which would result in
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lower power output per unit body size, nepatively affecting
maximum acceleration and manpeuwvrability. For instance,,
in the territorial dragonfly Libellula guadrimaculata, non-
territorial males are larper and less sucoessful (in terms of
mating) than e rritorial males (Comvey 1989).

Male morphology in Odonata may thus change to max im-
i=a male fitne ss (e.g., to reduce make-male mating atempis;
Sherratt and Forbes 200 1; Khan and Herberstein 2019), and
here we are particolarty interested in chanpes that maxim-
ise mating success. Males ame known to harass females im
several odonate spacies (e.g.. Samejima and Tsubaki 2010;
Takahashi and Watanabe 2010}, therefore it would be in
the female’s best inerest to minimise the negative effects
of male harassment (Parker 1979). There may be several
ways in which females reduce harassment from males (see
Schuliz and Fincke 2013), and the ahbility to ootmanoewyme
and escape from chasing males may be one of them. For
instance, in the territorial damselfly Calopery splendens,
males actively chase females at high male densities, but
they fail to catch up with them (Hilfert- Roppell and Rop-
pell 2009). Although Hilfert-Roppell and Rippell {2009)
attribute this observation mostly to male behaviour (males
fiy ermatically to signal to other males as well as to females
whilst in pursuit), flight speed in Odonata typically depends
on body- and wing size, wing shape, wing loading and kin-
ematic parameters of wing beats (Ruppell 1989). Themefore,
we hy pothesise that male and femalke fight agility may differ
amongst odonate taxa, in response to high levels of competi-
tion over mates.

In this study, we imvestigated whether flight agility was
different between males and females (i) across a sample of
(Odonata families, and (1) amongst erritorial and non-ter-
ritorial species of dmponflies (Anisoptera) and damsalflies
(Zygoptera). We specifically predicted the males of terri-
torial species to exhibit higher levels of flight agility thanm
females {compared to non-territorial species), given the
higher operating levels of sexunal selaction.

Methods
Data

Data on mating systems (non-territorial, erritorial) wen
obtained from published sources, and from museum speci-
mens we obiained photographs of the fully extended wings
of males and females using a digital camera (Canon 200
with a 60 mm macro lens). The photographs of the right
wings of males and females were used to estimate the non-
dimensional radius of the second moment of wing area
{r5(5)) for all 63 odonate taxa (34 Anisopiera, 29 Zypop-
tera) for which we weme able to obiain data on mating
system and DMA sequences to construct a phylogenetic
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tree {see balow). The values of both, the anterior and pos-
terior wings, wemne averaged to obtain a single ry{5) value
per species. Mon-dimensional moments of wing area ame
functions of wing shape, since they depend exclusively
on the distribution of the non-dimensional chord along
the wing (Betis and Wootton 1988). r(5), the radius of
the first moment of wing area, denotes the position of the
wing’s centroid, whilst the radius of gy mation, r5), refers
to the distribution of wing area along the wing axis, and it
is proportional to the mean Lift force in & quasi-steady-state
serodynamic analysis, which sugpests it is important for
the energetics of Aight (Weis-Fogh 1973; Ellington 1984).
Low values of ry(5) denote a high basal distribution of
wing amea, and a wider range of available flight speeds at
lower emergy costs (Outomuro et al. 2013). Thus, wings
with extended, marrow tips could benefit from high aspect
ratio whilst maintaining relatively low moments of area,
and hence high agility (Betts and Wootton 1998). ro(5) has
been the focus of several studies, including insects (e.g.,
Betts and Wootton 1988; Wakeling and Ellington 1997},
hirds and bats (Ellington 1984). In particular, its relation-
ship with wing size in calopterygid damselflies has been
previously investigated (Outomuro et al. 2013), and has
also been used as a proxy for male flight agility in studies
of sexual sie dimorphism in Odonata (e.g.. Serrano-Men-
eses et al. 2008). Thus, here we use ry(5) 85 2 proxy for
flight agility. The full list of species, data and sources am
available in Supplementary Material 1. A detailed descrip-
tion of how to calculate ro(5) is provided in Supplementary
Material 2.

‘We calcolated sexual dimorphism in flight agility as
logpimale agility) — logy(female agility). This is similar
to the estimation of sexusl size dimorphism, as it yields
data which are symmetrical around zero and do not vio-
late the assumptions of parametrical tests (Lovich and Gib-
boms 1992). Because low ry(5) valoes denote high agility,
positive valwes of sexual dimorphism refer to female-biased
dimorphism (or species in which females ae mome agile than
males), whereas negative values denote male-biased dimor
phism {species in which makes ame the most agile sex ).

Statistical analyses

‘W tested whether sexnal dimorphism in flight agility was
equal to monomorphism (similar flight agility batween
males and femnales) in four Anisopiem (Aeshnidae, Cordulii-
dae, Gomphidze, Libellulidse) and two Zygpopiera families
{(Calopieryridae, Coenagrionidae). To this end, we used a
saries of one-sample Wilconon signed rank tests, and speci-
fied mu=0. Because of very low sample sizes (n< 3) we
were unable to apply the=e tests to Cordulepastridse, Lesti-
dae and Platycnemididae.

Phylogenetic comparative analyses

Tao cormect for the ply logenetic non-inde pendence of species
{Harvey and Pagel 1991), we built 8 molecular phylogenetic
tree which included all 63 odonate taxa. The description of
the methodology used to build the tree, a5 well a5 accession
numbers and the tree topology are provided in Supplemen-
tary Material 3.

To test whether sexual dimorphism in flight agility dif-
fered bebween (1) mating systems (non-temmitorial, erritorial )
and (ii) suborders (Anisopiera, Zygoptera) we used the Phy-
lopenetic Generalised Least Squares method (PGLS; Pagel
1997 ; Freckleton et al. 2002). PGLS is a powerful phylo-
penetic comparative method that uses a phylogenetic tree
{or tnees) to specify the structure of its variance—covariamce
mairix to incorporate the phylopenetic autocormelation of
the data. The method tests the maximum likelihood of the
evolutionary regee ssion between traits (Fagel 1997). We esti-
mated the maximum likelihood of the weighting parameter i
(Freckleton et al. 2002 to improve the fit of our data to our
madel, and forther used i to cormect for phylogenetic effects.
In the analysis, sexual dimorphism in fight agility was spec-
ified as the dependent variable, and mating systems and sub-
orders wene used as independent variables. We also tested
the first order inferaction term mating sy stems*suborde s,
and since it was statistically significant (see Resulis), it was
retzined in the model.

The PGLS model was carried out using the R (R Come
Team 20 19) package “caper” (Orme et al. 2018). The Wil-
coxon signed rank tests and Figs. 1, 2 weme carried out using
R (R Core Team 2019).

Results

In Anisoptera, sexnpal dimorphism in flight agility was
mastly male-bissed in Gomphidae (one-sample Wilcoxon
signed rank tests, ¥ =0, P=0.008; Fig. 1) and Libellolidae
(V=225 P=0.036), whereas it was not significantly dif-
ferent from monomorphism in Aeshnidae and Corduliidse
(P> 0500 in both cases). In Zygoptern, Caloptery gidas
exhibits more male-biased dimorphism (¥ =28, P=0.005),
whilst Coenagrionidae is penerally female-biased (W =127,
P=01034).

The significant interaction term mating
systems* suborders sugpests that sexual dimorphism in
flight agility differs between mating systems when suborder
i= considered (Table 1). Inspection of the inferaction term
show s that in Anisoptera, sexual dimorphism in flight agility
does not differ between non-territorial and territorial spe-
cies (estimaie + 5E:0.001 £ 0001, 1, 3,=0.705, P=0.486),
whilst in Zypoptera, evolutionary increases in erritoriality
corme late with evolutionary increases in male-biased sexual
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Fig.1 Boxplot of s=xual dimorphizm in flight agility in nine Odonets
families. The white boxes mefer to A nisopier families, whilst the grey
bmes refer in Eygopiera families. Positive values of sexoal dimoe-
phizm in fight agility denpts femals-hinsd dimorphizm (Emoles o
moee agile than males), wherens negative values denote malks- bimssd
dimorphism. The horizontal dashed fne refers o monomorphism, or
similar flight agility in males and Emales. Medians, lower- @nd upper
cuartiles, sample mimimore and maximems (whiskers), 2= well =
atypical extreme valees (open circles) are shown. The aserisks show
those families for which very few doin wene availshle, and fests for
momomorphism wer not carried out

dimorphism in flight agility (—0.002 £0.001, 1, =2.854,
P=0.008; Fig. ). Thus, in non-territorial Zypgoptera,
females have evolved to higher levels of fight agility than
males, whereas males tend to be more agile than females in
territorial species.

Discussion

Motwithstanding the exploratory nature of oor study, we
believe it offers valoable nsights into the evolution of sex-
ual dimorphism in Aight agility in Odonata. First, we found
that sexual dimorphism in flight agility differs between our
sampled (donata families. There is a range of dimorphism
which spans from female-biased to male-bizsed fight agility.
Second, we found that sexual dimorphism in flight agility
can be predicted by mating system, although this is troe
only for Zy goptera. In Anisopier, by contrast, sexual dimor
phism in flight agility is not different between non-erritorial
and territorial species. Thus, our prediction that the males
of territorial species would evolve to higher levels of fight
agility than females is only applicable to Zypoptera.
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Fg. 2 Baoxplot of sexual dimorphism in fight agility (dependent vari-
ahile) in non- termitorial (white bowes) and territorial (grey boxes) dmg-
onflies (Anisopiera) and damssifliex (Eypoptem). Ax in Fig. 1, posi-
tive valoes of sxoal dimorphism denole female- binsed dimorphism,
dashed line shows monomorphism Medians, kwer and upper quar-
tiles, sample mimimumes and meimums (whiskers), a5 well as atypi-
cal exireme valves (open circles) as shown. The figure is provided
for guidance omly, since the datn shown ane species level, non-phy ko-
penetically comected values

Table 1 Sexual dimorphism in Bight agility (dependent variable) as a
function of mating system and suborders wxing Phylopenetic General-
imed Least Squares {PGLS) in Ddonata. & is the weightng parameier
in PGLS (Freckleton et al. X00T)

Independent variables Estimale + 5 H. ¥ P walue
Mating systems 0.004+0007  T0B4 0042
Suborders 0.003+0001 3099 0003
Mating systems* Subonders —0.003+0.001 2433 0011

L=0000. F=0.159, F, »=3705, P=0016

A possible ex planation to our results relaes to diferences
hetween suborders im (i) wing characteristics, and (ii) the
manner in which males defend their territories and search
fior mates. First, there ame differences in aspect mtio, distribo-
tion of area ower the length of the wing, and wing loading
between suborders (Grabow and Roppell 1995). Mote that
these are not characteristics we measured directly in our
study, but these may relate to basal differences in the agility
hetween suborders. Second, on one hand, in Anisoptera, the
males of several territorial species do not perch between
territorial bouts, and occasionally they even copulate on the
wing. Such males spend the vast majority of time flying,
patrolling their territories. The makes of non-territorial spe-
cies also fly for long periods, whilst they cover large ameas
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searching for potential mates. On the other hand, the males
of territorial Zygopiera tend to perch for significant periods
of time between territorial bouts, and compete constantly
with other males over access to females, especially at high
male densities (Suhonen et al. 200E). The males of non-
fermmitorial species do not cover large areas whilst looking for
mates, and spend less time or none in challenging territory
owners (Suhonen et al. 200E). This may select for different
needs of flight agility and flight energetics bebween mating
sysiems and suborders. For instance, increased flight agil-
ity may be more melevant to males of erritorial Zygopera,
given their need to catch up with females quickly, whilst
trying to out-compete other males at the same time (e.g.,
Céordoba-Aguilar et al. 2009). By contrast, the males of
non-territorial taxa engape in scramble competition, and as
such, these are ex pected toewolve high levels of flight agility
to secure copulations (e.g., Samejima and Tsubaki 2010).
The females may respond to the increased selection pres-
sure from male hamssment by hiding assisted by their dull
colouration and cryptic behaviour (Khan and Herberstein
2019), and'or by becoming faster and more agile, themby
matching or surpassing the levels of male flight agility. In
Anisoptera, the males of non-territorial and territorial spe-
cies may have similar flight agility needs, given their mating
behavioor. However, we do not cormently have data to make
direct tests, and there is also a peneral lack of mlevant data
in the literature. For instance, to our knowledpe, no study
has tesied energy consumption by non-territorial males in
searching for mates (Suhonen et al. 2008), or thoroughly
imvestigated the importance of flight agility to mating swc-
cess. The latter may prove to be fruitful, as the females of
certain dragonfly taxa are known to actively avoid malke
harassment, sometimes by ecwrring to exmeme behayiours,
such as dropping to the ground and stopping all movement
{“drop and stop™; Wildermuth et al. 2019). The reduction
of mak harmssment can be beneficial to emales, as it can
diminizh the fitness costs to females from sexual conflict,
therby increasing the productivity, density and stability of
a population (Takahashi et al. 2014).

Heme we used 3 macro-e volutionary approach to ime sti-
pate patterns of sexual differences in flight agility, and used
a mphological wing parameter (r+(5)) &s a proxy for Aight
agility. We further used two hinary variables (mating sys-
tem and suborder) as predictors. We acknowledge the limits-
tions of our approach, given that (i) the relationship between
r9i5) and fAlight agility may not be so stmightforward, and
we ame fully awam that a single parameter canmot prope iy
describe flight agility (Dudley 202, and (i) using binary
traits as predictors in PGLS models could be statistically
problematic, because these contain relative by litile informea-
tion. Nonetheless, we believe that oor study has revealed
interesting, previously unknown patierns in edonates that
deserve further investigation. First, an empirical test in the

territorial damselfty C. splenders showed that females am
able toescape from chasing males (Hilfert- Roppell and R op-
pell 2009). C. splendens, according to our calcolation of
sexual dimorphism in fight agility (0.0005; Suppleme ntary
Material 1), is a species inwhich females ame expected to be
maore agile than males. This sugpests that the use of ro(5) as
a praxy for flight agility is not erroneous, as it is consistent
with field observations. Second, PGLS is a mobust compars-
tive phylogenetic method which can deal with discrete data,
even when used as a response variahle (Jeriz and Freckleton
2015

To summarise, our esults highlight patems of sexoal
dimorphism in flight agility which had not been previously
investigated in (donata. Also, the current results suggest
that more data is needed to explain the observed patterns.
For instance, more, refined data on flight agility would prove
very useful, as would do the inclusion of dats on malke den-
sity and sex ratios, for it wounld allow more precise testing
beyond mating systems in Odonata. Finally, although we
propose that females may espond to the evolution of high
levels of male flight agility by increasing their own, it muost
e considered that this is not the sole form in which females
avoid male harassment. In certain damselfly taxa, for exam-
ple, fiemales overcome increased malke harassment by means
of male mimicry, even when it can impose important costs
on the fitness of males (Gering 2017).
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Supplementary Material 1

Table S1. Data used in the study and sources. T = territorial; NT = non-territorial. Sample size refers the number
of individuals used to calculate r»(S) per sex; we used the same number of males and females per species, according
to the availability of museum specimens. Given that low values of r(S) denote individuals with high flight agility,
positive values of sexual dimorphism in flight agility (SDFA) denote taxa in which females are more agile than
males, whereas negative values of SDFA denote taxa in which males are the most agile sex. SDFA = (logio male
r2(S)+1) — (logio female ry(S)+1). (1) Arai (1985); (2) Azpilicueta-Amorin, M., unpub. data; (3) Brooks and
Lewington (2004); (4) Coleccion Nacional de Insectos, Instituto de Biologia, Universidad Nacional Auténoma de
México, Mexico; (5) Corbet (1999); (6) Cordero-Rivera (1988); (7) Cordoba-Aguilar (2002); (8) Cérdoba-Aguilar
etal. (2007); (9) Dunkle (1989); (10) Dunkle (2000); (11) Fincke, O. M., pers. comm.; (12) Johansson et al. (2005);
(13) Koskiméki et al. (2004); (14) Kumar and Prasad (1977); (15) Manolis (2003); (16) McVey (1988); (17) Natural
History Museum, Odonata collection, London, UK; (18) Novelo-Gutiérrez, R., pers. comm.; (19) Ocharan (1987);
(20) Plaistow and Siva-Jothy (1996); (21) Serrano-Meneses et al. (2007); (22) Silsby and Parr (2001); (23) Siva-
Jothy et al. (1998); (24) Sokolovska et al. (2000); (25) Tynkkynen et al. (2006); (26) Walker (1958); (27) Watanabe
et al. (1998).

Species Suborder Mating System rz(S) Male rz(S) Female SDFA Samplesize Source
Aeshna grandis Anisoptera T 0.548 0.559 -0.0031 5 12,17
Anaciaeschna isosceles Anisoptera T 0.548 0.567 -0.0053 5 3,17
Anotogaster sieboldii Anisoptera T 0.548 0.545 0.0008 5 1,17
Archineura incarnata Zygoptera T 0.565 0.574 -0.0025 5 5,17
Atrocalopteryx atrata Zygoptera T 0.600 0.611 -0.0030 5 5,17
Boyeria irene Anisoptera NT 0.568 0.559 0.0025 5 17,19
Brachytron pratense Anisoptera T 0.566 0.560 0.0017 5 3,17,19
Calopteryx aequabilis Zygoptera T 0.597 0.603 -0.0016 5 15, 17
Calopteryx amata Zygoptera T 0.606 0.594 0.0033 5 5,17
Calopteryx cornelia Zygoptera T 0.587 0.584 0.0008 5 5,17
Calopteryx haemorrhoidalis ~ Zygoptera T 0.594 0.596 -0.0005 5 7,17
Calopteryx japonica Zygoptera T 0.594 0.600 -0.0016 5 17,27
Calopteryx maculata Zygoptera T 0.599 0.609 -0.0027 5 17,24
Calopteryx splendens Zygoptera T 0.593 0.591 0.0005 5 17,25
Calopteryx virgo Zygoptera T 0.595 0.602 -0.0019 5 13,17
Calopteryx xanthostoma Zygoptera T 0.595 0.601 -0.0016 5 17,20
Celithemis eponina Anisoptera NT 0.546 0.547 -0.0003 5 5,17
Cordulegaster boltonii Anisoptera T 0.548 0.554 -0.0017 5 5,17,19
Crocothemis erythraea Anisoptera T 0.548 0.554 -0.0017 5 2,3
Dromogomphus spinosus Anisoptera NT 0.552 0.555 -0.0008 4 17,26
Echo modesta Zygoptera T 0.598 0.608 -0.0027 3 5,17
Enallagma cyathigerum Zygoptera NT 0.622 0.618 0.0011 3 4,15
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Erythemis simplicicollis
Gomphus exilis
Gomphus externus
Gomphus graslini
Hetaerina americana
Hetaerina titia

Ischnura cervula
Ischnura perparva
Ischnura ramburii
Ladona depressa
Ladona fulva

Lestes disjunctus

Lestes viridis

Libellula incesta
Libellula luctuosa
Libellula needhami
Libellula pulchella
Libellula quadrimaculata
Macromia amphigena
Macromia splendens
Matrona basilaris
Megaloprepus caerulatus
Mnais pruinosa
Neurobasis chinensis
Onychogomphus uncatus
Ophiogomphus severus
Orthemis ferruginea
Pachydiplax longipennis
Perithemis tenera

Phaon iridipennis
Phyllogomphoides albrighti
Platycnemis pennipes
Pseudostigma aberrans
Sapho bicolor
Somatochlora metallica
Stylurus amnicola
Sympetrum corruptum
Sympetrum illotum
Telebasis salva

Tramea lacerata

Tramea onusta

Anisoptera
Anisoptera
Anisoptera
Anisoptera
Zygoptera
Zygoptera
Zygoptera
Zygoptera
Zygoptera
Anisoptera
Anisoptera
Zygoptera
Zygoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Zygoptera
Zygoptera
Zygoptera
Zygoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Zygoptera
Anisoptera
Zygoptera
Zygoptera
Zygoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Zygoptera
Anisoptera
Anisoptera
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0.604
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0.605
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0.572
0.541
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0.629
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0.536

-0.0017
-0.0036
-0.0039
-0.0022
-0.0044
-0.0038
-0.0003
0.0013
0.0061
0.0000
-0.0003
0.0008
0.0019
0.0017
-0.0034
0.0014
-0.0006
0.0006
-0.0042
0.0003
0.0011
0.0013
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-0.0006
-0.0014
-0.0014
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4,15
10, 17
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Supplementary Material 2

Protocol for calculating wing area, and wing shape. This protocol and the Excel file
necessary to calculate r>(S) and other moments of wing area (see below), have been adapted
from previous versions developed by Peng Chai, Robert Dudley, and Douglas Altshuler, who
kindly allowed us to use these for our calculations. The Excel file “Wing Analysis

Calculations.xls” can be obtained from the corresponding author, M. A. Serrano-Meneses; E-

mail: martin.serrano@udlap.mx. The file was adapted following the calculations outlined by
Ellington (1984).

Overview

This protocol provides guidance for calculating morphological features of animal wings
for use in aerodynamic calculations. As such, it is not restricted to odonates. The starting point
is a digital photograph of the wing that includes an internal reference scale such as graph paper

or a ruler. Alternatively, the known length of the wing can be used to calibrate the image.

Image processing
Images are processed using the freeware package ImageJ, which is available for

download at http://rsb.info.nih.gov/ij/.

1) Locate the image file containing the two right wings. Ideally, the full wings must be visible,
from the insertion of the wings to the body all the way to the tips (see Fig. S2.1, in which the
extended wings of a female Celithemis eponina are shown). Open it using a digital photo editing
software, such as Adobe Photoshop. Change the image size, so that the wings do not exceed a
total length of 500 pixels. Save the image file.

95


mailto:martin.serrano@udlap.mx

Figure S2.1. Female, Celithemis eponina.

2) Open the resized image file containing the two right wings using ImageJ (File/Open or Ctrl
+ O). Rotate the image until the leading edge vein is horizontal with respect to the screen (Fig.
S2.2). Remember that the wing is oriented horizontally with the wing tip to the right of the
screen. In the example provided, we will work using the posterior wing. Rotations can be made

using Image/Rotate/Arbitrarily... and the angle can be checked using the “Angle tool”.

Figure S2.2. Rotated image, with the leading edge vein of the posterior wing positioned

horizontally with respect to the top of the screen.
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3) Begin to set the scale by choosing the “Straight line” tool and then tracing a line on the graph
paper, on a section with known distance (e.g. Imm or 5 mm). Alternatively, trace a straight line
over the full length of the wing, if the length in mm is known. This is the case for the example

image shown in Fig. S2.3.

(XX ) Celithemis eponina2.tif
173 (Red). 3.98x3.00 inches (956x720); 16-bit. 3.9M8

Figure S2.3. Straight line (yellow) traced from the insertion of the wing to the body, to the tip.

4) Once you have measured the distance in pixels between lines in the graph paper, or from the
insertion of the wing to the body to the tip, you are ready to set the scale (Analyze/Set Scale).
Enter the distance in pixels between lines in the box entitled “Distance in Pixels”.
Enter the Known distance in mm for each grid of the graph paper in the box entitled
“Known Distance.”
Enter ‘mm’ in the box entitled “Unit of Length”.
Click “Ok”.

5) Select the “Polygon selection” tool, and carefully trace around the outer edge of the wing to
isolate it from the background (Fig. S2.4). [Save the image as an intermediate step (File/Save
or Ctrl +S).
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Figure S2.4. Edge of the wing selected using the “Polygon selection” tool (dashed line around the

wing).

6) Set the image type to 8-bit grayscale (Image/Type/8-bit) (Fig. S2.5). Next, threshold the
image to isolate the wing planform from the background (Fig. S2.6). Threshold
(Image/Adjust/Threshold or Ctrl + Shift + T). Adjust the slider bars so that the wing is fully
isolated from the background and the complete planform is visible (Fig. S2.7).

ece Celithemis eponina3.tif @ 100% (Gray/8) *
] L 13 L K E ] v, 1.2 1 I

Figure S2.5. 8-bit grayscale image.
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Figure S2.6. Isolated wing planform.

Figure S2.7. Fully isolated planform.

7) Select the wing using the “Wand (tracing) tool” and copy (Edit/Copy or Ctrl + C).

8) Create a new file (File/New or Ctrl + N) that is 500 pixels wide by 300 pixels high.

9) Paste the wing into the new file (Edit/Paste or Ctrl + V). [Save the image as an intermediate
step (File/Save or Ctrl + S).

10) Apply the Lookup Table (Image/Lookup Tables/Apply LUT).

11) Select all (Edit/Selection/Select All or Ctrl + A).

12) Make a plot profile of whole image (Analyze/Plot Profile or Ctrl + K). Note: the regions
where there is no wing should have “0” values, whereas the regions containing the wing should

have positive values. If this pattern seems inverted, then the image must be inverted as well

(Edit/Invert or Ctrl + Shift + 1) and another plot profile must be generated.
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13) Copy the plot. This can be accomplished in several ways. One of them is to hit the “Copy...”
button in the plot profile window. The second is to use the menus (Edit/Copy) and the third is a
shortcut key (Ctrl + C).

14) Open a new file in MS Excel. Paste (Ctrl + V) in the first cell of the spreadsheet. Confirm
that the number of rows with entries (including zeros) is the same as the width of the ImageJ
window (e.g., 500 pixels). Ignore or delete the first column. Select the cells in the second column
with non-zero entries and note the number of rows. This value is the wing length in pixels. Copy
the non-zero values from the second column (Ctrl + V).

15) Open the file “Wing Analysis Calculations.xls”. Paste into the first cell in the column entitled

“profile plot”. Enter the values for height, width, wing length (mm), and wing length (pixels).

16) Save as a new file (in order to keep a copy for your records) and note the values for moments

of wing area, which are provided at the bottom of the file.
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Supplementary Material 3

Phylogenetic tree

In order to carry out phylogenetically corrected analyses, we constructed a molecular
phylogenetic tree comprising all 63 Odonata species (34 Anisoptera, 29 Zygoptera). We
included four other insect taxa as outgroup (Blattodea: Blattella germanica; Coleoptera:
Sitophilus zeamais; Ephemeroptera: Callibaetis ferrugineus; Orthoptera: Oxya chinensis). Thus,
we obtained the DNA sequences of four mitochondrial (12S rRNA gene: 12S; tRNA-Valine
gene: Val; 16S rRNA gene: 16S; cytochrome ¢ oxidase subunit I: COI) and three ribosomal
nuclear genes (18S rRNA gene: 18S; 5.8S rRNA gene: 5.8S; 28S rRNA gene: 28S) from
GenBank (NCBI Resource Coordinators 2018). These genes are commonly used in
phylogenetic reconstructions of Odonata (e.g. Bybee et al. 2008; Carle et al. 2008; Dumont et
al. 2010; Dijkstra et al. 2014; Letsch et al. 2016). Accession numbers for the genes used are
provided in Tables S3.1 and S3.2. The sequences of each gene were independently aligned using
the MUSCLE algorithm (Robert 2004) as implemented in PhyDE ver. 0.9971 (Muller et al.
2012). The aligned sequences were edited to remove any positions not present in every sequence
(mitochondrial genes: 12S =693 bp, Val = 76 bp, 16S = 1263 bp, COI = 668; nuclear genes:18S
= 1969 bp, 5.8S = 163 bp, 28S = 4153 bp). The best-fit nucleotide change rate model of each
gene was later estimated with jModelTest ver. 2.1.10 (Guindon and Gascuel 2003; Darriba et
al. 2012) and selected according to their AlICc, parameters numbers and —InLilkelihood. The
following models were selected for each gene: 12S = HKY+I+G, Val = HKY+G, 16S =
HKY+I+G, COIl = HKY+1+G for mitochondrial genes, and 18S = SYM+1+G, 5.8S = JC+l, 28S
= GTR+I+G, for nuclear genes.

Curated alignments of the sequences of the 63 ingroup Odonata species and the four
outgroup species were concatenated into a single sequence using Mesquite ver. 3.2 (Maddison
and Maddison 2018). This resulted in an alignment of 8,985 bp long. This concatenated

alignment and nucleotide change rate models for each gene were used to construct a posterior
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probability consensus tree using MrBayes ver. 3.2 (Huelsenbeck and Ronquist 2001; Ronquist

and Huelsenbeck 2003; Altekar et al. 2004). The analysis consisted of two independent runs,

each with 10,000,000 generations and four chains, sampling each 1,000 generations. The initial

25% of samples were discarded (burnin) in order to eliminate non-converging samples. The

effective sampling size and parameter convergence was assessed with Tracer ver. 1.7 (Rambaut

et al. 2018) for each run before mixing. Outgroup species were finally pruned from the resulting

consensus tree using the R (R Core Team 2019) package ape (Paradis et al. 2004). Our posterior

probability consensus tree (Fig. S3.1) is concordant with previous published phylogenies of

Odonata for the sets of overlapping species (e.g. Bybee et al. 2008; Carle et al. 2008; Dumont
et al. 2010; Dijkstra et al. 2014).

Table S3.1. GenBank accession numbers for the mitochondrial genes used to construct the phylogeny used in the

study.
Outgroup 12S Val 16S Col
Blatella germanica NC012901.1 NC012901.1 NC012901.1 NC012901.1
Callibaetis ferrugineus HMO003973.1 JQ663249.1
Oxya chinensis NC010219.1 NC010219.1 NC010219.1 NC010219.1
Sitophilus zeamais NC030764.1 NC030764.1 NC030764.1 NC030764.1
Odonata species 12S Val 16S col
Aeshna grandis EU477645.1 EU477645.1 EU477645.1 KU180299.1
Anaciaeschna isosceles EU477649.1 EU477649.1 EU477649.1 KM096997.1
Anotogaster sieboldii EU477686.1 EU477686.1 EU477686.1 AB708824.1
Archineura incarnata KF369626.1
Atrocalopteryx atrata KF256893.1 KF256893.1 KF257110.1
Boyeria irene EU477640.1 EU477640.1 EU477640.1
Brachytron pratense EU477641.1 EU477641.1 EU477641.1 KY847551.1
Calopteryx aequabilis EU054934.1 KM383956.1
Calopteryx amata DQ411628.1
Calopteryx cornelia LC366483.1 AB708327.1
Calopteryx haemorrhoidalis AF170957.1
Calopteryx japonica --- --- AB127065.1 KF257102.1
Calopteryx maculata KM383926.1 KM383926.1 AF170960.1 JN419468.1
Calopteryx splendens EU477613.1 EU477612.1 AF170955.1 DQ411707.1
Calopteryx virgo DQ411709.1
Calopteryx xanthostoma --- --- AF170954.1
Celithemis eponina EF640393.1 EF640393.1 AF037190.1
Cordulegaster boltonii EU477688.1 EU477688.1 AF266056.1 KF584934.1
Crocothemis erythraea AF266100.1 AF266100.1 EF631542.1 MF774557.1
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Dromogomphus spinosus
Echo modesta
Enallagma cyathigerum
Erythemis simplicicollis
Gomphus exilis
Gomphus externus
Gomphus graslini
Hetaerina americana
Hetaerina titia

Ischnura cervula
Ischnura perparva
Ischnura ramburii
Ladona depressa
Ladona fulva

Lestes disjunctus

Lestes viridis

Libellula incesta
Libellula luctuosa
Libellula needhami
Libellula pulchella
Libellula quadrimaculata
Macromia amphigena
Macromia splendens
Matrona basilaris
Megaloprepus caerulatus
Mnais pruinosa
Neurobasis chinensis
Onychogomphus uncatus
Ophiogomphus severus
Orthemis ferruginea
Pachydiplax longipennis
Perithemis tenera

Phaon iridipennis
Phyllogomphoides albrighti
Platycnemis pennipes
Pseudostigma aberrans
Sapho bicolor
Somatochlora metallica
Stylurus amnicola
Sympetrum corruptum
Sympetrum illotum

EU477662.1
EU055003.1
MF716899.1
AY282566.1
EU477656.1
EU477655.1
EU477661.1
EU054936.1
KM383937.1
AF067705.1
AF067716.1
AF067720.1
EU477730.1
EU477728.1
AY?282554.1
EU477617.1
AY282563.1

EU477729.1
AF266049.1
EU477696.1
EU054990.1
NC031823.1

EU477671.1
EU477673.1
EF640402.1
EF640433.1
EF640409.1
EU477675.1
EU477627.1
JQ966649.1
EU477702.1
EU477657.1
EF640439.1
EF640441.1

EU477662.1

MF716899.1
EU477656.1
EU477655.1
EU477661.1
KM383949.1
KM383937.1

EU477730.1
EU477728.1

EU477617.1

EU477729.1

EU477696.1

NC031823.1

EU477671.1
EU477673.1
EF640402.1
EF640433.1
EF640409.1
EU477675.1
EU477627.1

EU477702.1
EU477657.1
EF640439.1
EF640441.1

EU477662.1
KF369709.1
MF716899.1
EF631505.1
AF266074.1
KX890668.1
EU477661.1
AF170951.1
KM383961.1

GU812263.1
EU477730.1
EU477728.1
EF044272.1

EU477617.1
AF037179.1
AF037178.1
AF195730.1
EF631551.1

EF631589.1

AF266046.1
EU477696.1
AB707395.1
NC031823.1
AB127063.1
KJ730206.1

AF266054.1
EU477673.1
EF640402.1

EF631512.1

EF631529.1

EU183234.1
EU477675.1
EU477627.1
DQ642984.1
KF369896.1
AB707987.1
KX890710.1
EU055041.1
EF640441.1

KX890955.1
KF369379.1

MF716899.1
AF195759.1

KM537192.1
KX890898.1
MG466503.1
KM383863.1

AF195741.1
AF195745.1
KM537699.1
HQ830311.1
MG381974.1
AF195749.1
AF195751.1
AF195753.1
JN294441.1
KF257059.1
KF369432.1
NC031823.1
LC366779.1
MG518624.1
KX891032.1
KX890937.1

AF195761.1

KF369498.1
KF369539.1
AB708932.1
KX890946.1
KM529511.1
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Telebasis salva
Tramea lacerata
Tramea onusta

AF067721.1
EU054980.1
AY282561.1

EU055077.1
EF631538.1
EF631593.1

AB709202.1

Table S3.2. GenBank accession numbers for the nuclear genes used to construct the phylogeny used in the study.

Outgroup 18S 5.8S 28S

Blatella germanica AF005243.2  AF005243.2 AF005243.2
Callibaetis ferrugineus AF370791.1  AY859557.1  AY859557.1
Oxya chinensis AY037173.1  AF385193.1 AF416876.1
Sitophilus zeamais AJ850021.1 AF276518.1 AY131071.1
Odonata species 18S 5.8S 28S

Aeshna grandis --- KU180363.1 FJ596630.1
Anaciaeschna isosceles DQ008199.1  FN356032.1 FJ596628.1
Anotogaster sieboldii AB706943.1  AB706943.1 FJ596638.1
Archineura incarnata AJ459202 AJ459202.1 KF370024.1
Atrocalopteryx atrata KC413771.1  AB706426.1 FJ596560.1
Boyeria irene FN356042.1  FN356042.1 FJ596627.1
Brachytron pratense EU055199.1 FN356043.1 EU424323.1
Calopteryx aequabilis AY338716.1  AJ308360.1 AY338673.1
Calopteryx amata AJ458977.1 AJ308361.1 FJ009949.1
Calopteryx cornelia Y12890.1 AB706430.1 AB127426.1
Calopteryx haemorrhoidalis AJ458976.1 AJ308362.1 AJ308348.1
Calopteryx japonica KC413781.1  AJ459193.1 KF256957.1
Calopteryx maculata AJ459198.1 AJ459198.1 U65169.1
Calopteryx splendens Y12894.1 AJ308371.1 EF417106.1
Calopteryx virgo AJ458968.1 AJ308359.1 AJ308357.1
Calopteryx xanthostoma AJ458971.1 AJ308355.1 AJ308355.1
Celithemis eponina AF461233.1  AF549603.1 AF461218.1
Cordulegaster boltonii FN356072.1  FN356072.1 FJ596634.1
Crocothemis erythraea DQ008200.1  --- GU196335.1
Dromogomphus spinosus DQ008189.1  --- FJ596613.1
Echo modesta EU055194.1  AJ458984.1 EU055292.1
Enallagma cyathigerum FN356085.1  FN356085.1 KF855808.1
Erythemis simplicicollis - EF631389.1
Gomphus exilis DQO008187.1  --- FJ596614.1
Gomphus externus DQO008184.1  --- FJ596612.1
Gomphus graslini ---
Hetaerina americana Y12896.1 KM383825.1  FJ009952.1
Hetaerina titia AJ458990.1 AJ458990.1
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Ischnura cervula
Ischnura perparva
Ischnura ramburii
Ladona depressa
Ladona fulva

Lestes disjunctus

Lestes viridis

Libellula incesta
Libellula luctuosa
Libellula needhami
Libellula pulchella
Libellula quadrimaculata
Macromia amphigena
Macromia splendens
Matrona basilaris
Megaloprepus caerulatus
Mnais pruinosa
Neurobasis chinensis
Onychogomphus uncatus
Ophiogomphus severus
Orthemis ferruginea
Pachydiplax longipennis
Perithemis tenera

Phaon iridipennis
Phyllogomphoides albrighti
Platycnemis pennipes
Pseudostigma aberrans
Sapho bicolor
Somatochlora metallica
Stylurus amnicola
Sympetrum corruptum
Sympetrum illotum
Telebasis salva

Tramea lacerata
Tramea onusta

FN356101.1
FN356106.1
FN356108.1
DQ008204.1
DQ008205.1

FN356058.1

U65109.1
AB707091.1
FN356127.1
DQ008195.1
AJ459206.1
FJ010033.1
Y12898.1
AJ459199.1

DQ008192.1

FJ010032.1
AJ459225.1
AJ459230.1
FJ009992.1
AJ459222.1
AB707037.1
DQ008186.1
EU055135.1
JQ772556.1
EU055172.1
DQ008206.1

FN356101.1
FN356106.1
FN356108.1

AB707091.1
FN356127.1
FN356128.1
AJ459206.1
AJ458985.1
AJ459199.1

AJ459225.1

AJ459230.1
AJ459222.1
AB707037.1
JQ772548.1
JQ772556.1

AB707308.1

FN356101.1
FN356106.1
FN356108.1
FJ596598.1
FJ596602.1

EU424331.1

EF631392.1
FJ009974.1
FJ712326.1
FJ596570.1
FJ712329.1
EU055279.1
FJ009977.1
AB127423.1
AJ459199.1
FJ712321.1
FJ596618.1
EF631266.1
EF631198.1
FJ009976.1
AJ459225.1
FJ009928.1
FJ009934.1
KF370295.1
FJ596569.1
EU055230.1
JQ772556.1
EU055270.1
EU055269.1
EF631281.1
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Figure S3.1. Topology of the posterior probability consensus tree of Odonata used to correct the phylogenetic
non-independence of data. The figure was produced using the R package ggtree (Yu et al. 2017).
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Abstract

Assortative mating refers to the non-random nature of mating patterns between certain
males and females. Thus, males and females may associate negative- or positively, based
on different traits. Amongst these associations, assortative mating by size is one of the most
common patterns found in natural populations of animals. Two main hypotheses have been
proposed to account for the occurrence of assortative mating by size. First, it may be the
result of mechanical, temporal, or physiological constraints. Second, it may occur in
response to direct or indirect selection on mating preferences. Here we investigate whether
the American rubyspot damselfly exhibits true assortative mating by size. Males of this
species exhibit high levels of male-male competition, as they compete over territories, to
which females are attracted for copulation. There is a documented large male body size
advantage: the largest males are better able to hold their territories and thus secure more
copulations. Our major results show that i) mated males are more likely to be larger than
unmated males, whereas mated and unmated females tend to have similar body sizes; ii)
H. americana exhibits true assortative mating by size; as such, this patter is not driven by
seasonal changes in the body sizes of males and females. We suggest that this mating
pattern occurs in this species given the advantages of large male size, and the advantages of
large female body size (i.e. higher fecundity). We believe that males may be able to
evaluate a female’s reproductive value and exert mate choice.

Keywords Assortative mating - body size - territoriality - damselfly

Introduction

There is a traditional saying in Mexico conceming the non-random nature of mating
patterns between certain males and females: dos, para quererse, deben parecerse — to love

4 Martin Alejandro Serrano-Meneses
martin.serrano @udlap.mx

Extended author information available on the last page of the article
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one another, two must be alike. In biology, the correlated similarity between the members
of a mated pair on a given genetic or phenotypic trait is known as assortative mating (Jiang
et al. 2013). When assortative mating is detected, the pattern may be positive, or negative
(also known as disassortative mating; Partridge 1983; Hooper and Miller 2008; but see
Jiang et al. 2013). There are several empirical examples of assortative mating in animals,
and these occur mostly as positive correlations on many different traits (reviewed by Jiang
et al. 2013), including major histocompatibility complex alleles (Bonneaud et al. 2006),
heterozygosity (Garcia-Navas et al. 2009), age (Black and Owen 1995), colour (Kriiger
etal. 2001; Jawor et al. 2003), condition (Fauchier and Thomas 2001; Sharp and Agrawal
2009), and body size (Forbes et al. 1992; Masumoto 1999; Tarano and Herrera 2003).
Amongst these relationships, assortative mating by size (i.e. by several traits related to body
size) stands out as one of the most common forms of assortative mating in natural
populations of animals (Crespi 1989; Jiang et al. 2013).

To explain the occurrence of assortative mating by size, two main hypotheses have
been advanced (Crespi 1989; Jiang et al. 2013). First, assortative mating may be the
incidental result of mechanical, temporal and physiological constraints (Jiang et al.
2013). There may be several mechanisms that contribute to these constraints, such as
spatial and temporal segregation, intrasexual competition, and intersexual conflict
(Crespi 1989; Armgqvist et al. 1996; reviewed by Jiang et al. 2013). Under this
hypothesis, the resulting assortment may be selectively advantageous, neutral, or
deleterious. Second, according to mate choice hypotheses, assortative mating may
evolve as a response to direct or indirect selection on mating preferences. This is likely
to occur if there is a male or female behavioural tendency to mate with a mate of certain
size (Crespi 1989). Thus, male choice may cause assortative mating if males tend to
choose large, fecund females (relative to other females) as mates (reviewed by Ridley
1983). Nonetheless, one of the main problems with this hypothesis is that male choice
cannot be separated from male-male competition, as these are antagonistic processes
whose effects may not coincide (Crespi 1989). For instance, in certain species with
intense male-male competition, females may be mated regardless of their size, and
mated males may be larger than unpaired males as a result of male-male competition
(e.g. Lawrence 1986). By contrast, in species with female-biased sex ratios, males may
be mated regardless of size, but mated females may be larger than unmated females as a
result of male choice. In other species, without male-male competition, both males and
females prefer to mate with larger-than-average individuals, and small individuals seem
to be left with no option but to mate amongst themselves (Brown 1990).

In insects, assortative mating by size has been observed mainly in beetles (Bernstein and
Bernstein 2003), bugs (McLain and Shure 1987; Fairbairn 1988), butterflies (Kemp 2008),
and flies (Pavkovi¢-Luci¢ et al. 2009), but apart from a brief mention of the mating pattern
by Serrano-Meneses et al. (2007), to our knowledge, it has never been properly investi-
gated in dragonflies and damselflies (Insecta: Odonata). Odonates are an interesting group
to investigate assortative mating by size and its possible causes mainly because of their
mating behaviour and mating strategies. Although different mating systems have been
reviewed by Corbet (1999), two are commonly used to describe the mating behaviour of a
given species with different degrees of sexual selection: non-territoriality, and territoriality.
Males of non-territorial taxa do not establish or defend areas which are used by females for
oviposition. Males of territorial taxa fight over the acquisition of a territory (Corbet 1999),
since it greatly increases male mating success, as females are attracted to these areas for
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copulation and/or oviposition (Cordoba-Aguilar and Cordero-Rivera 2005). Fights over a
territory may be short (e.g. 3-5 s), or long (from 20 min to over 2 h; Serrano-Meneses et al.
2007); however, males commonly acquire their territories after prolonged encounters
(reviewed by Cordoba-Aguilar and Cordero-Rivera 2005). In Calopterygidae, the acquisi-
tion of a territory is usually determined by the outcome of aerial encounters between
residents and intruders (Cordoba-Aguilar and Cordero-Rivera 2005). In these encounters,
males with higher energy reserves (metabolic fat), larger body sizes and/or higher levels of
wing pigmentation, have a mating advantage over other males (Marden and Waage 1990;
Grether 1996a, b; Plaistow and Siva-Jothy 1996; Koskimiki et al. 2004; Contreras-
Garduio et al. 2006; Serrano-Meneses et al. 2007; Serrano-Meneses et al. 2008).

In this study, we investigate whether assortative mating by size occurs in a territorial
damselfly, the American Rubyspot (Hetaerina americana) (Fabricius). In this species,
males are larger than females (Serrano-Meneses et al. 2007) and bear red spots at the
base of the wings, which are sexually selected traits maintained via male-male inter-
actions (Grether 1996b). Males exhibit two main alternative mating tactics, non-
territoriality, and territoriality (Serrano-Meneses et al. 2007; Raihani et al. 2008). Males
compete intensely over the monopolisation of a territory since male mating success is
largely determined by the ownership of a territory. Larger-than-average males are more
likely to become and remain territorial, and also hold larger amounts of metabolic fat,
which enable them to sustain long territorial fights (Serrano-Meneses et al. 2007). Non-
territorial males have very low mating success (compared to territorial males) but are
still able to secure a number of copulations. Thus, since variation in male morphology,
mating behaviour and mating success exists between territorial and non-territorial
males, here we investigate whether an association between male and female morphol-
ogy is likely to exist amongst mated individuals.

Materials and Methods
Study Site

Fieldwork was carried out in Tehuixtla, Morelos, Mexico (18° 32" 56” N, 99° 16’ 23”
W, mean elevation 840 m.a.s.l.) from December the 17th 2003 to February the 27th
2004 (season 2003), and from November the 12th to December the 15th 2004 (season
2004). We worked along one of the shores of the Amacuzac river, in a section
approximately 300 m long.

Marking, Morphometrics, Body Size and Age Estimation

Using an insect net, we caught unmarked individuals on a daily basis and marked them
with an indelible black marker on the right anterior wing. We used a unique combina-
tion of three digits that was easily readable through binoculars from a distance of one to
five metres. For each captured individual, we measured body length (from the head to
the tip of the abdomen) and wing length (right anterior wing) using an electronic digital
calliper (to the closest 0.01 mm). Both traits, body- and wing length, were used as
proxies for body size. Also, by following the protocol of Cordoba-Aguilar (1994), we
determined the approximate age of individuals based on morphological cues. Briefly,
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juvenile-mature males have bright, intense brown, green and red body colours as well
as highly translucent wings; mature males show less brightness and intensity in body
colouration, their wings are less translucent; old males are typically dark and their
amber wings tend to be broken at the tips. Since old males tend to be non-territorial, we
only included juvenile-mature and mature males in the analyses (see similar approaches
in Serrano-Meneses et al. 2007 and Ramirez-Delgado et al. 2015). In this way, we
aimed to minimise error when assigning males as either territorial or non-territorial (see
below). Handling time was approximately 3 min for each individual.

Male Mating Behaviour and Mating Success

We carried out daily surveys between 11:00 and 14:00 h (Central Standard Time). This is
the time when American rubyspots are most active (see Serrano-Meneses et al. 2007).
During the surveys, we noted i) the identity of marked males and ii) whether they were seen
defending an area or not. In the study site, territorial males established and defended
territories against conspecifics and remained in the area after aggressive interactions with
other males. By contrast, non-territorial males did not establish or defend territories and
instead wandered along the study site; they were also constantly chased off by territorial
males. Nonetheless, in order to minimise errors when categorising males, we considered a
male as territorial if it was observed defending a particular area for at least two consecutive
days. Once a male was defined as territorial, we placed a translucent plastic straw within the
male’s territory. The straw was marked with the identity of the territorial male and helped us
to identify territorial males faster and more accurately. Finally, during the surveys, we noted
the identities of those males and females observed in copula, or we captured and marked
them if one or both individuals were not marked, and took the measurements described
above. Since no male or female were observed copulating more than once, an individual
was considered to be successful if they were observed in copula at least once.

Statistical Analyses

In order to minimise the effect of seasonality on body size variation, we only consid-
ered for analyses those copulating pairs observed during consecutive days, although we
also tested directly for seasonal variation in body size (see below).

First, we tested whether the data were normally distributed by using Q-Q plots (Sokal
and Rohlf 2012). Since the data did not depart from a normal distribution, we used two-
way ANOVAs to investigate differences in body size amongst seasons and the sexes. In
this analysis, either body- or wing length were used as variables, and season and sex were
used as two-level factors. Similarly, we used two-way ANOVA to investigate differences in
body size between those T and NT males observed in copula. In these analyses, body- and
wing length were used as variables, and male status (T or NT) and season were used as two-
level factors. In these analyses, season was included as a factor in order to account for
observed differences in body size between seasons (see Results). We tested first order
interaction terms in each analysis, and when a term was statistically significant, it was
retained in the corresponding test. Where appropriate, post-hoc differences were investi-
gated using Tukey’s honestly significant difference tests.

Second, we tested for differences in body size between mated and unmated males
and females using two-way ANOVAs. In the analyses, we used either body- or wing
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length as variables, and mating success (coded as 1, for mated individuals; or 0, for
unmated ones), and season, as two-level factors. In these analyses, season is included to
account for seasonal variation in mating success. First order interaction terms were
investigated in each analysis and retained if statistically significant. Posterior differ-
ences were investigated using Tukey’s honestly significant difference tests.

Third, we investigated seasonal changes in the body sizes of captured individuals
using Pearson’s product-moment correlations between the body sizes of either males or
females, and the days when the individuals were observed in copula (henceforth date).

Fourth, to investigate assortative mating by size amongst males and females observed in
copula, we used major axis regressions (MA). The advantages of this method over others,
such as OLS regression (Model I regression) and reduced major axis regression (RMA)
have been discussed elsewhere (e.g. Sokal and Rohlf 2012; Alvarez et al. 2013). MA
regression assumes that both x and y variables are estimated with error and that error
variance is equal in both variables, and it provides an estimate of the allometric slope
between variables measured in the same units. Also, MA regression allows the statistical
testing of the general null hypothesis 3= 0, as well as the null hypothesis of isometry =1
(Harvey and Mace 1982; McArdle 1988; LaBarbera 1989; Fairbairn 1997). The method is
known to perform better when both variables are transformed to a logarithmic scale (Sokal
and Rohlf 2012); thus, data on male and female body sizes were log; transformed prior to
analyses. Furthermore, we assessed the magnitude and shape of triangularity of each MA
regression, by following a procedure similar to the one described by Amgqvist et al. (1996).
The procedure allows the observer to discriminate between true and apparent assortative
mating. The apparent forms of assortative mating are linear relationships between male and
female body size, with a high degree of heteroscedasticity (e.g. the data form triangular
shapes around the regression line), whilst the true forms are distinguished by the symmet-
rical distribution of observations along the regression line (see Amqvist et al. 1996). Thus,
we regressed female body size (dependent variable) on male body size (independent
variable), and we saved the residuals from these MA regressions. We then used Spearman’s
rank correlations to investigate the relationship between the absolute values of the residuals,
and male body size. This index of heterocedasticity will be < 0 if large females are preferred
over small ones, and > 0 if small females are preferred over large ones.

Finally, we constructed two lineal models, in which we tested whether the associ-
ation between the body sizes of copulating males and females could be driven by
changes in body size along the seasons. Thus, Model 1 included female body length as
a function of male body length, date (i.e. consecutive days), and season. Model 2
included female wing length as a function of male wing length, date, and season. The
interaction term male body size*date was tested in each model, but as these were not
statistically significant, they were removed from the models. Season was included in
the models to account for body size differences between seasons 2003 and 2004. For
consistency, data on body size were log), transformed prior to analyses.

Statistical analyses and figures were produced using R (ver. 3.5.0 “Joy in Playing”; R
Core Team 2018). MA regressions were carried out using the ‘smatr’ package (Warton
et al. 2012), which is used to calculate the allometric slope between two variables and their
95% confidence intervals (upper — lower Cls). A slope is considered different from f=1 if
the calculated Cls exclude $=1 and the associated P value of the regression is < 0.05.
Also, the package implements a procedure to test whether a calculated slope differs from a
given slope value (‘slope.test’). The procedure is described in Warton et al. (2006).
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Results

A total of 756 males and 144 females were marked in both seasons. From these, 72 males
and 72 females were observed in copula. The body length of marked individuals differed
between seasons and between the sexes (two-way ANOVA: season, F} go7 = 157.800, P =
0.001; sex, F)g97=2115.400, P=0.001): individuals from the 2003 season were on
average smaller than individuals from the 2004 season, and also, males were larger than
females. The pattern was similar for wing length (season, £ gg7 =84.530, P =0.001; sex,
Fg97=15.010, P=0.001), except that based on this trait, females are larger than males.

In males observed in copula, body length was similar amongst T and NT males
(male status, F59=0.166, P=0.685; season, F¢ =15.010, P=0.001), albeit wing
length changed differently amongst male status when season was considered (male
status, F59=0.010, P=0.920; season, F|s9=9.806, P=0.003; male status*season,
Fi59=4.031, P=0.049). An inspection of the interaction term showed that the only
significant difference in wing length occurs between T males, amongst seasons
(Tukey’s honestly significant difference test, P =0.004): T males marked in the 2004
season had longer wings than males marked in the 2003 season.

Body Size and Mating Success

Male body length changes differently between mated and unmated males when season is
considered (male mating success, F 75, =4.888, P=0.027; season, F) 75, =143.233, P=
0.001; male status*season, F 75, =4.386, P=0.037; Fig. 1). Inspection of the interaction
term suggested that, whilst in the 2003 season mated and unmated males had similar body
lengths (P = 0.995), mated males from the 2004 season were larger than unmated males from
the same season (P =0.013), and also larger than mated and unmated males from the 2003
season (P=0.001, in both cases). Mated males further exhibited longer wings than unmated
ones (male mating success, F|753=9.961, P=0.002; season, F} 753 = 62.003, P=0.001).

Interestingly, body size was not different amongst mated and unmated females
(female mating success, F 141 =2.875, P=0.092; season, F 141 =60.903, P=0.001).
This was also true for female wing length (female mating success, F 14, =2.562, P=
0.112; season, F 14 =18.494, P=0.001).

Body Size Variation

In the 2003 season, male body length was not correlated with date (734 =—0.313, P=0.056),
but male wing length decreased as the season progressed (134 =—0.519, P=0.001). Both
female body length and female wing length, however, were not correlated with date (35 =
—0.291, P=0.077, 134 =—0.230, P = 0.164; respectively). In the 2004 season, neither male
body length, nor male wing length were correlated with date (73, =—0.074, P=0.677, r3, =
0.577, P=0.746; respectively). In females, both body length and wing length were also not
correlated with date (5, =—0.112, P=0.527, r;, =—0.014, P =0.938; respectively).

Assortative Mating by Size

Table 1 summarises the calculated MA slopes between male and female body
sizes for T and NT males found in copula, for seasons 2003 (Figs. 2 and 3)
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Fig. 1 Boxplot of male body length of mated (grey boxes) and unmated males (white boxes) in seasons 2003
and 2004. Medians, lower- and upper quartiles, sample minimums and maximums (whiskers), as well as
atypical extreme values (open circles) are shown

and 2004 (Fig. 4). With the exception of the relationship exhibited by T males
in 2003, and the relationship between male and female wing lengths in 2004,
males and females of Hetaerina americana exhibit true assortative mating by
size, since data points of the significant MA slopes exhibit homoscedasticity (g

Table 1 Slopes of major axis regressions (MA) of female body size as a function of male body size (BL =
body length; WL = wing length; log), transformed values), 95% confidence intervals (Cls) (when available),
and their associated P values for territorial (T) and nonterritorial (NT) males of Hetaerina americana

Season 2003

X Y Status Slope Lower - Upper CIs MA Pvalue n g P value

Male BL Female BL  Not considered 0.599 0.039-1.708 0.041 38 0.200 0.228
T 2494 NA - NA 0.332 18 0.122  0.627
NT 0.635 0.075-1.769 0.036 11 -0281 0402

Male WL Female WL Not considered 2.304 1.461-4.499 0.001 38 -0.099 0.552
T 2432 1.274-8.671 0.012 18 —0.199 0428
NT 1.066  0.609-1.908 0.002 11 0354 0286

Season 2004

X Y Status Slope Lower - Upper CIs MA Pvalue n  rho P value

Male BL  Female BL  Not considered 0.659 0.172-1.541 0.016 34 0272 0.119
T 0.595 0.155-1314 0.015 29 0247 0.197

Male WL Female WL Not considered 0.582 NA — NA 0.209 34 0341  0.048
T 0.618 NA - NA 0.123 29 0458 0.012

Analyses in which male status was not considered are also shown (see Materials and Methods). Spearman’s
rank correlation (r;) was used to test for heteroscedasticity of the absolute values of the residuals from MA
regressions on the /og)o transformed values of female size (see Statistical analyses). Non-significant correla-
tions denote true assortative mating by size
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Fig. 2 Fitted major axis (MA) regression slopes between log), female body length as a function of log), male
body length of copulating pairs of Hetaerina americana. a Full 2003 sample, including mated males with
unknown status (T =territorial, NT =nonterritorial) (n=38). The general pattern is consistent with true
assortative mating by size [/, lower confidence interval (CI) — upper CJ: 0.599, 0.039-1.708, P=0.041
(Table 1). b 2003 subsample, including only mated males with known status. T males (n = 18): closed dots,
continuous line; NT males (n = 11): open dots, dashed line). T males do not exhibit assortative mating by size,
whilst NT males do (0.635, 0.075-1.769, P =0.036)

statistic and relevant P values are provided in Table 1, for each MA regres-
sion). Interestingly, the majority of the significant slopes denote isometric
relationships in the mating pattern between males and females; thus, males
generally mate with females with body sizes similar to theirs.

The lineal models in which we tested for the influence of seasonality on the mating
patterns between males and females, suggests that female body size is positively related
to male body size, but not to the date when the mating pairs were collected (Model I:
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Fig. 3 Fitted MA regression slopes between /og), female wing length as a function of log;, male wing length
of copulating pairs. a Full 2003 sample, including mated males with unknown status (T = territorial, NT =
nonterritorial) (n=38). The general pattern is consistent with true assortative mating by size [/, lower
confidence interval (CI) — upper CJ: 2.304, 1.461-4.499, P=0.001 (Table 1). b 2003 subsample, including
only mated males with known status. T males (r = 18): closed dots, continuous line; NT males (n = 11): open
dots, dashed line). Both T and NT males exhibit true assortative mating by size (2.432, 1.274-8.671, P=
0.012; 1.066, 0.609-1.908, P=0.002; respectively), albeit the hyperallometric slope exhibited by T males
suggest larger-than-average males tend to mate with the largest females, compared to NT males, which exhibit
an isometric slope

male body length, estimate + SE, 0.265 +0.098, r=2.714, P=0.008; date, —0.001 +
0.001, t=1.082, P=0.283; season, 0.002 £0.004, r=4.514, P=0.001; F; 65 = 25.040,
r2=0.525, P=0.001; Model 2: male wing length, 0.559 +£0.157, = 3.570, P=0.001;
date, —0.001 £0.001, t=0.483, P=0.631; season, 0.007 £0.003, r=1.949, P=0.055;
F363=10.570, 12=0.318, P=0.001).
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Fig. 4 Fitted MA regression slopes between /og)o female body length as a function of logo male body length
of copulating pairs in 2004. The full sample (n = 34 males) includes mated males with unknown status (open
triangles; n=35). The general pattern, including all males (dashed line), is consistent with true assortative
mating by size [/3, lower confidence interval (CI) — upper CJ: 0.659, 0.172-1.541, P=0.016 (Table 1). The
subsample, excluding males with unknown status (continuous line), suggests that true assortative mating by
size occurs in T males (0.595, 0.155-1.314, P=0.015)

Discussion

Our study has produced two major results. First, depending on the trait used to estimate
body size, mated males are likely to be larger than unmated males. In any case, it
appears that in H. americana, larger-than-average males are more likely to mate.
Serrano-Meneses et al. (2007) showed that in this species, male body size was under
directional selection, so that larger males had an advantage over smaller males,
although Serrano-Meneses et al. (2007) did not test whether mated males were larger
than unmated ones. Interestingly, body size does not differ amongst mated and unmated
females. Potential explanations for these results are discussed below.

Our second main result suggests that true assortative mating by size is exhibited by
H. americana and that it is not a by-product of seasonality (e.g. a temporal con-
straint), since 1) data from both seasons were analysed separately, ii) the body sizes of
males and females did not change considerably within seasons, and iii) female body
size is positively related to male body size, but not to the date when the copulating
pairs were observed. Thus, it is likely that the pattern is the result of the characteristic
intense male-male competition of the species (Cérdoba-Aguilar et al. 2009) — through
the advantages of large male size — and perhaps, a process of male choice. Larger-
than-average males in this species are better at defending territories compared to
smaller males (Serrano-Meneses et al. 2007), since territory tenure and fighting rate
increase with body size. This is possible since metabolic fat, the main energy source
used during flight, increases with body size (Serrano-Meneses et al. 2007). Such
males may further signal their condition and their ability to defend a territory through
wing pigmentation (Grether 1996a; Contreras-Garduiio et al. 2006; but see Contreras-
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Garduno et al. 2007), since this trait increases hyperallometrically with body size
(Alvarez et al. 2013). Nonetheless, the advantages of large female body size are not
clear in this species. Serrano-Meneses et al. (2007) investigated whether female body
size was related to fecundity, but did not find a relationship between egg size, egg
number, and female body size. A positive relationship between female body size and
fecundity (e.g. number of ovarioles) is expected in insects (Hon€k 1993). In Odonata,
this relationship has not been thoroughly investigated. Nonetheless, data from two
damselfly species, Coenagrion puella (Banks and Thompson 1987) and Ischnura
graellsii (Cordero 1991), show that fecundity is a positive function of female body
size: in the former species, larger females produce more eggs because they live longer
than smaller females, and in the latter, clutch size increases with female body size.
Unlike Banks and Thompson (1987) and Cordero (1991), Serrano-Meneses et al.
(2007) did not investigate lifetime egg production, or clutch size, but rather “instant
fecundity”, since they measured and counted the number of mature eggs within the
abdomens of dead, collected females. Thus, we believe that it is likely that males
increase their fitness by mating with large females, if such females are more fecund.
Smaller males may not be able to copulate with large females, because of mechanical
or female behavioural constraints (male damselflies cannot force females to copulate;
Corbet 1963), and could then have no alternative but to mate with smaller females.
This may explain why those males found in copula were larger than those males
never seen copulating.

Finally, we suggest that the possible role of male choice in assortative mating by size
in H. americana ought to be considered. A dominant view on the process of animal
reproduction is one in which indiscriminating males compete over access to choosy
females (Edward and Chapman 2011). Thus, much research has focused on how
evolutionary change is modelled by male-male competition and female choice (see
Andersson 1994). More recent studies have shown, however, that reproduction is not a
harmonious, simple process (reviewed by Arnqvist and Rowe 2005), but that the roles
of males and females are dynamic and variable (Edward and Chapman 2011). Several
species are characterised by males exerting mate choice and females competing over
access to males (“reversed” sex roles), and although this is especially likely to occur in
species in which males contribute to parental care (Gwynne 1991), this behaviour has
also been documented in species in which males do not contribute substantially to
parental care (Amundsen 2000; Bonduriansky 2001). We suggest that males of
H. americana may be able to distinguish the reproductive potential of females, and
thus may aim to copulate with those females with the highest reproductive value (i.e.
large females). Nonetheless, we currently do not have data to test this. A difficulty is the
general assumption that males of this species do not discriminate amongst females, so
they are assumed to be eager to mate with any female (e.g. Grether 1996a, b; Cordoba-
Aguilar and Cordero-Rivera 2005; Serrano-Meneses et al. 2007). However, the idea
that sperm may be costly to produce, and that males may allocate more sperm to
females of superior reproductive quality (e.g. Wedell et al. 2002) has not been tested or
even considered to occur in this or other Hetaerina species. In dung flies, for instance,
males seem to modify their sperm allocation in relation to the perceived female’s
fecundity (Parker and Pizzari 2010). We believe that much would be gained from
investigating whether males in fact evaluate females and exert choice, as our current
results suggest.

@ Springer

120



Journal of Insect Behavior

Acknowledgements A. 1. C.-M. is a PhD student of the Doctorado en Ciencias Biologicas, Universidad
Auténoma de Tlaxcala. This study was partially funded by the programme Fortalecimiento de Cuerpos
Académicos (Convocatoria 2016) (SEP-PRODEP), through a grant to the Cuerpo Académico Ecologia y
Evolucion (UATLX-CA-227), Universidad Autonoma de Tlaxcala, Mexico.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of interest.

References

Alvarez HA, Serrano-Meneses MA, Reyes-Marquez I, Jiménez-Cortés JG, Cordoba-Aguilar A (2013)
Allometry of a sexual trait in relation to diet experience and alternative mating tactics in two rubyspot
damselflies (Calopterygidae: Hetaerina). Biol J Linn Soc 108:521-533

Amundsen T (2000) Why are female birds omamented? Trends Ecol Evol 15:149-155

Andersson M (1994) Sexual selection. In: Princeton University press. USA, New Jersey

Arngvist G, Rowe L (2005) Sexual conflict. Princeton University press, New Jersey, USA

Arngvist G, Rowe L, Krupa JJ, Sih A (1996) Assortative mating by size: a meta-analysis of mating patterns in
water striders. Evol Ecol 10:265-284

Banks MJ, Thompson DJ (1987) Lifetime reproductive success of females of the damselfly Coenagrion
puella. J Anim Ecol 56:815-832

Black JM, Owen M (1995) Reproductive performance and assortative pairing in relation to age in barnacle
geese. ] Anim Ecol 64:234-244

Bernstein R, Bernstein S (2003) Assortative mating in insects: sexual selection vs. sampling artifact. West N
Am Nat 63:374-381

Bonduriansky R (2001) The evolution of male mate choice in insects: a synthesis of ideas and evidence. Biol
Rev 76:305-339

Bonneaud C, Chastel O, Federici P, Westerdahl H, Sorci G (2006) Complex Mhc-based mate choice in a wild
passerine. Proc R Soc B 273:1111-1116

Brown WD (1990) Size-assortative mating in the blister beetle Lytta magister (Coleoptera: Meloidae) is due to
male and female preference for larger mates. Anim Behav 40:901-909

Contreras-Gardufio J, Buzatto BA, Abundis L, Najera-Cordero K, Cérdoba-Aguilar A (2007) Wing colour
properties do not reflect male condition in the American rubyspot (Hetaerina americana). Ethology 113:
944-952

Contreras-Garduiio J, Canales-Lazcano J, Cérdoba-Aguilar A (2006) Wing pigmentation, immune ability, fat
reserves and territorial status in males of the rubyspot damselfly, Hetaerina americana. J Ethol 24:165-173

Corbet PS (1963) A biology of dragonflies. In: Quadrangle Books. Chicago, USA

Corbet PS (1999) Dragonflies: behaviour and ecology of Odonata. Harley Books, Martins, United Kingdom

Cordero A (1991) Fecundity of Ischnura graellsii (Rambur) in the laboratory (Zygoptera: Coenagrionidae).
Odonatologica 20:37-44

Cordoba-Aguilar A (1994) Male substrate use in relation to age and size in Hetaerina cruentata (Rambur)
(Zygoptera: Calopterygidae). Odonatologica 23:399-403

Cordoba-Aguilar A, Cordero-Rivera A (2005) Evolution and ecology of Calopterygidae (Zygoptera:
Odonata): status of knowledge and research perspectives. Neotrop Entomol 34:861-879

Cordoba-Aguilar A, Raihani G, Serrano-Meneses MA, Contreras-Garduiio J (2009) The lek mating system of
Hetaerina damselflies (Insecta: Calopterygidae). Behaviour 146:189-207

Crespi BJ (1989) Causes of assortative mating in arthropods. Anim Behav 38:980-1000

Edward DA, Chapman T (2011) The evolution and significance of male mate choice. Trends Ecol Evol 26:
647-654

Fairbairn DJ (1988) Sexual selection for homogamy in the Gerridae: an extension of Ridley's comparative
approach. Evolution 42:1212-1222

Fairbairn DJ (1997) Allometry for sexual size dimorphism: pattern and process in the coevolution of body size
in males and females. Annu Rev Ecol Syst 28:659-687

@ Springer

121



Journal of Insect Behavior

Fauchier J, Thomas F (2001) Interaction between Gammarinema gammari (Nematoda), Microphallus
papillorobustus (Trematoda) and their common host Gammarus insensibilis (Amphipoda). J Parasitol
87:1479-1481

Forbes MRL, Pagola H, Baker RL (1992) Causes of a non-random pairing by size in the brine shrimp, Artemia
salina: (Crustacea: Anostraca). Oecologia 91:214-219

Garcia-Navas V, Ortego J, Sanz JJ (2009) Heterozygosity-based assortative mating in blue tits (Cyanistes
caeruleus): implications for the evolution of mate choice. Proc R Soc B 276:2931-2940

Grether GF (1996a) Sexual selection and survival selection on wing coloration and body size in the rubyspot
damselfly Hetaerina americana. Evolution 50:1939-1948

Grether GF (1996b) Intrasexual competition alone favors a sexually dimorphic ornament in the rubyspot
damselfly Hetaerina americana. Evolution 50:1949-1957

Gwynne DT (1991) Sexual competition among females: what causes courtship-role reversal. Trends Ecol Evol
6:118-121

Harvey PH, Mace GM (1982) Comparisons between taxa and adaptive trends: problems of methodology. In:
King’s College Sociobiology Group (ed) Current problems in sociobiology. Cambridge University Press,
New York, USA, pp 343-361

Honék A (1993) Intraspecific variation in body size and fecundity in insects: a general relationship. Oikos 66:
483-492

Hooper PL, Miller GF (2008) Mutual mate choice can drive costly signaling even under perfect monogamy.
Adapt Behav 16:53-70

Jawor JM, Linville SU, Beall SM, Breitwisch R (2003) Assortative mating by multiple ornaments in northern
cardinals (Cardinalis cardinalis). Behav Ecol 14:515-520

Jiang Y, Bolnick DI, Kirkpatrick M (2013) Assortative mating in animals. Am Nat 181:E125-E138

Kemp DJ (2008) Female mating biases for bright ultraviolet iridescence in the butterfly Eurema hecabe
(Pieridae). Behav Ecol 19:1-8

Koskimaki J, Rantala MJ, Taskinen J, Tynkkynen K, Suhonen J (2004) Immunocompetence and resource
holding potential in the damselfly, Calopteryx virgo L. Behav Ecol 15:169-173

Kriiger O, Lindstrom J, Amos W (2001) Maladaptive mate choice maintained by heterozygote advantage.
Evolution 55:1207-1214

LaBarbera M (1989) Analyzing body size as a factor in ecology and evolution. Annu Rev Ecol Syst 20:97—
117

Lawrence WS (1986) Male choice and competition in Tetraopes tetraophthalmus: effects of local sex ratio
variation. Behav Ecol Sociobiol 18:289-296

Marden JH, Waage JK (1990) Escalated damselfly territorial contests are energetic wars of attrition. Anim
Behav 39:954-959

Masumoto T (1999) Size assortative mating and reproductive success of the funnel-web spider, Agelena
limbata (Araneae; Agelenidae). J Insect Behav 12:353-361

McArdle BH (1988) The structural relationship: regression in biology. Can J Zool 66:2329-2339

McLain DK, Shure DJ (1987) Pseudocompetition: interspecific displacement of insect species through
misdirected courtship. Oikos 49:291-296

Parker GA, Pizzari T (2010) Sperm competition and ejaculate economics. Biol Rev 85:897-934

Partridge L (1983) Non-random mating and offspring fitness. In: Bateson P (ed) Mate choice. Cambridge
University Press, Cambridge, United Kingdom, pp 227-256

Pavkovi¢-Luci¢ S, Keki¢ V, Cvoro A (2009) Larger male mating advantage depends on the sex ratio in
Drosophila melanogaster. Ethol Ecol Evol 21:155-160

Plaistow S, Siva-Jothy MT (1996) Energetic constraints and male mate-securing tactics in the damselfly
Calopteryx splendens xanthostoma (Charpentier). Proc R Soc B 263:1233-1239

R Core Team (2018) R: A language and environment for statistical Computing R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org/

Raihani G, Serrano-Meneses MA, Cordoba-Aguilar A (2008) Male mating tactics in the American rubyspot
damselfly: territoriality, nonterritoriality and switching behaviour. Anim Behav 75:1851-1860

Ramirez-Delgado J, Lopez-Garcia K, Lara C, Serrano-Meneses MA (2015) Wing pigmentation in males of a
territorial damselfly: alternative reproductive tactics, allometry and mating success. J Insect Behav 28:
569-581

Ridley M (1983) The explanation of organic diversity: the comparative method and adaptations for mating.
Clarendon Press, Oxford

Serrano-Meneses MA, Cordoba-Aguilar A, Azpilicueta-Amorin M, Gonzalez-Soriano E, Székely T (2008)
Sexual selection, sexual size dimorphism and Rensch’s rule in Odonata. J Evol Biol 21:1259-1273

@_ Springer

122



Journal of Insect Behavior

Serrano-Meneses MA, Cordoba-Aguilar A, Méndez V, Layen SJ, Székely T (2007) Sexual size dimorphism in
the American rubyspot: male body size predicts male competition and mating success. Anim Behav 73:
987-997

Sharp NP, Agrawal AF (2009) Sexual selection and the random union of gametes: testing for a correlation in
fitness between mates in Drosophila melanogaster. Am Nat 174:613-622

Sokal RR, Rohlf FJ (2012) Biometry: the principles and practice of statistics in biological research. W. H. In:
Freeman and company. USA, New York

Térano Z, Herrera EA (2003) Female preferences for call traits and male mating success in the neotropical frog
Physalaemus enesefae. Ethology 109:121-134

Warton DI, Duursma RA, Falster DS, Taskinen S (2012) Smatr 3- an R package for estimation and inference
about allometric lines. Methods Ecol Evol 3:257-259

Warton DI, Wright 1J, Falster DS, Westoby M (2006) Bivariate line-fitting methods for allometry. Biol Rev 81:
259-291

Wedell N, Gage MJG, Parker GA (2002) Sperm competition, male prudence and sperm-limited females.
Trends Ecol Evol 17:313-320

Affiliations

Martin Alejandro Serrano-Meneses - Kenia Lépez-Garcia ' - Aldo Isaac
Carrillo-Mufoz>*

Departamento de Ciencias Quimico-Biologicas, Universidad de las Américas Puebla, San Andrés
Cholula, C. P. 72810 Puebla, Mexico

Facultad de Ciencias de la Salud, Universidad Autonoma de Tlaxcala, Ciencias de la Salud Sur 11, Barrio
Guardia, Seccion Tercera, Zacatelco, C. P. 90740 Tlaxcala, Mexico

Centro Tlaxcala de Biologia de la Conducta, Universidad Auténoma de Tlaxcala, Carretera Tlaxcala-
Puebla km 1.5, C. P. 90070 Tlaxcala, Mexico

Doctorado en Ciencias Biologicas, Universidad Autonoma de Tlaxcala, Tlaxcala, Mexico

@_ Springer

123



124



Seasonal variation in the allometry of the pigmentation of
the wings in adult males of the territorial devil's horse

Hetaerina vulnerata (Insecta: Odonata)

Frida E. RODRIGUEZ-ESCOBAR, Aldo Isaac CARRILLO-MUNOZ y Martin Alejandro
SERRANO-MENESES. (2019).

Ethology Ecology & Evolution, 32(2): 148-161.

http://doi.org/10.1080/03949370.2019.1693432

125


http://doi.org/10.1080/03949370.2019.1693432

Ethology Ecology & Evolution, 2019
https://doi.org/10.1080/03949370.2019.1693432 e

‘ ') Check for updates

Seasonal variation in the allometry of wing pigmentation

in adult males of the territorial damselfly Hetaerina
vulnerata (Insecta Odonata)

Fripa E. Ropricuez-EscoBar!, ALpo I. CArrILLO-Munoz?"
and MARTIN A, SERrRANO-MENESES (!

'Departamento de Ciencias Quimico-Bioldgicas, Universidad de las Américas Puebla,

Puebla, C.P. 72810, México

2Centro Tlaxcala de Biologia de la Conducta, Universidad Auténoma de Tlaxcala,

Carretera Tlaxcala-Puebla km 1.5, Tlaxcala, C.P. 90070, México

*Doctorado en Ciencias Biolégicas, Universidad Auténoma de Tlaxcala, Tlaxcala, México

Received 30 March 2019, accepted 26 September 2019

Several sexually selected traits exhibit positive allometry. One of the explana-
tions for this pattern suggests that positive allometry should be expected only for
“pure” threat male signals, whilst isometry and negative allometry should occur in
“pure” courtship signals. Wing pigmentation (WP) is a sexually selected trait exhib-
ited by the males of several damselfly taxa (Odonata Zygoptera), which has been the
focus of a number of studies of allometry. Whilst WP tends to exhibit positive
allometry in many taxa, the pattern is not general. Previous studies have shown
that in Hetaerina vulnerata, a territorial species in which WP is used as a “pure”
threat signal, positive allometry is common. However, little attention has been paid
to the seasonal variation in the allometry of WP in this species. To address this
research gap, we collected data from a full reproductive season, from a natural
population of H. vulnerata located in Central Mexico. Our results suggest that,
first, male WP and body size generally increase throughout the season. Second,
WP increases as the end of the season approaches, independently of body size.
Finally, WP tends to be either not related to body size, or to exhibit isometry during
the first half of the season (April-June), and positive allometry during the second
half of the season (July-October). We suggest that our results may be explained by
(i) the availability of resources critical to the development of larvae, as well as the
duration of development, and (ii) an increase in the number or larger males towards
the end of the season, which may favour the exaggeration of WP. Furthermore, the
opportunity for sexual selection may vary, so that WP may be more relevant to male

mating success towards the end of the reproductive season.
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INTRODUCTION

Allometry is described as any disproportional change in a morphological trait
scaled against body size (Eberhard 2009). It is thus measured using the equation y = ax”,
where £ is the slope of a linear regression between the trait of interest (y) and body size
(x) (Bonduriansky 2007). When g = 1, the size of the trait increases at the same rate as
body size (i.e. isometry); when 8 < 1, the size of the trait increases at a lower rate than
body size (i.e. negative allometry); and finally, when # > 1, the size of the trait increases
at a higher rate than body size (i.e. positive allometry) (Huxley & Teissier 1936).
A positively allometric trait will be large — relative to body size - in large individuals,
whereas it will be disproportionately small in smaller individuals. Several traits, includ-
ing sexual traits, exhibit positive allometry (Kodric-Brown et al. 2006). Examples of this
are the forceps of earwigs (Simmons & Tomkins 1996), the eyestalks of diopsid flies
(Wilkinson & Dodson 1997; Worthington et al. 2012), the horns of dung beetles
(Tomkins et al. 2005; McCullough et al. 2015), and the sex combs of fruit flies
(Sharma et al. 2011). This pattern has attracted the attention of researchers for the
past decades, mainly because the study of the underlying causes of allometry allow us to
further understand resource allocation conflicts (Kodric-Brown et al. 2006), and pat-
terns of sexual and viability selection acting on both, the traits of interest and body size
(Cotton et al. 2004; Bonduriansky 2007; Alvarez et al. 2013).

One of the explanations for the allegedly general positive allometry of sexual
traits (Kodric-Brown et al. 2006) is the “positive allometry hypothesis” (Bonduriansky
2007). The hypothesis has two main assumptions, which are assumed to lead to the
evolution of positive allometry of sexual traits: (i) male traits, such as signals and
weapons, are under directional sexual selection, and (ii) body size is related to condi-
tion (Green 1992; Petrie 1992; Bonduriansky 2007). Thus, large males bearing an
overly exaggerated sexual trait (under strong directional sexual selection) will be
preferred by females, whereas small males will experience lower mating success,
given that the expression of their traits may be penalised by viability costs
(Bonduriansky 2007). However, not all sexual traits exhibit positive allometry
(Bonduriansky & Day 2003; Kodric-Brown et al. 2006; Bonduriansky 2007), which
has led to disagreements regarding the allometry of such traits. A possible solution is
provided by Eberhard et al. (2018), who analysed the allometry of sexual traits accord-
ing to their function. Thus, Eberhard et al. (2018) distinguished between traits that
were used as “pure” courtship (male-female signals), or as “pure” threat signals (male-
male signals, excluding weapons). Their results suggest that sexual selection favours
negative allometries on courtship traits and positive allometries on threat traits. This
may occur because even though courtship signals do convey information on an
individual’s condition, this condition does not need to relate to the allometry of the
trait (Petrie 1988; West-Eberhard 2014). Threat signals, in contrast, may be honest or
dishonest signals used by males to increase and transmit their perceived size and
power (“I am larger and more powerful than you”; Eberhard et al. 2018).
Additionally, the benefits from winning a contest may be greater for larger males,
given that these usually compete over high-quality situations or locations, which may
significantly enhance their reproductive success. As a result, larger males may com-
monly compete with similar sized individuals. If large males bear large signals, two
contesting males may find it difficult to adequately judge the differences between their
signals (Weber’'s Law in sensory physiology; Marks 1974). The larger the male, the
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larger the signal should be in order for the rival to perceive the difference between
their signals (reviewed by Eberhard et al. 2018).

Amongst damselflies (Odonata Zygoptera), wing pigmentation (WP) is
a conspicuous male trait that has been the focus of attention of a number of studies
of allometry. The males of several species exhibit pigmented spots on the wings, often
in a wide range of colours and patterns (see Corbet 1999). Male WP is known to relate
to sexual selection in several damselflies (reviewed by Cérdoba-Aguilar & Cordero-
Rivera 2005; Suhonen et al. 2008), although most of the studies have focused on
species of the genera Calopteryx and Hetaerina (Calopterygidae). The same relationship
has rarely been investigated in dragonflies (e.g. Moore 1990; Coérdoba-Aguilar
& Méndez 2006; Contreras-Garduno et al. 2011). A previous study, which investigated
the allometry of WP in 14 species of Calopterygidae, found a mixture of isometry and
positive allometry (Outomuro et al. 2014), with no clear distinction between species
exhibiting intrasexual or intra- and intersexual selection (but see Discussion). Other
studies have investigated whether the allometry of WP differs between territorial and
non-territorial males of H. americana and H. vulnerata (Alvarez et al. 2013; Ramirez-
Delgado et al. 2015), and found that although WP exhibited mostly positive allometry,
the slopes were not different amongst the alternative reproductive tactics. Ramirez-
Delgado et al. (2015) further compared the slopes of mated and unmated males of
H. vulnerata, and since these were not statistically different, Ramirez-Delgado et al.
(2015) suggested that the positive allometry of WP may not be selectively advanta-
geous per se. Nonetheless, these studies have not considered the seasonal variation in
the allometry of WP. This is important, because the expression of sexual and non-
sexual traits is expected to vary throughout the year, given that environmental condi-
tions are not constant (e.g. Plaistow et al. 2005). This shortfall was considered by
Cérdoba-Aguilar et al. (2010), who tested how the allometry of WP in H. americana
varied in two periods within a single year (January-April vs July-October 2007). Their
results showed that WP exhibited positive allometry with respect to head width, and
only in the late period of the year, whilst the rest of their results showed that WP was
unrelated to body size. Nonetheless, considering the surprising non-significant results
reported, and the limitations of the analytical approach and sample sizes used by
Cordoba-Aguilar et al. (2010), we consider that the seasonal variation in the allometry
of WP in Hetaerina (or Calopterygidae) has not been thoroughly explored.

In the present study, we investigated the seasonal variation in the allometry of WP
in the damselfly H. vulnerata, by using data collected throughout the full reproductive
period of a natural population of this species, located in the Central Mexican Plateau.
The males of this species exhibit non-fixed reproductive tactics (e.g. Ramirez-Delgado
et al. 2015). Territorial males establish and defend territories along the shores of
streams, since the possession of a territory determines higher-than-average male mating
success (Alcock 1987; Ramirez-Delgado et al. 2015). Non-territorial males, instead,
wander along the shores of the stream and do not acquire a territory; thus, their mating
success is lower than that of territorial males (Ramirez-Delgado et al. 2015). Both
territorial and non-territorial males exhibit a bright red spot at the base of the wings,
a threat signal which is known to evolve exclusively via sexual selection in the closely
related H. americana (Grether 1996a) (courtship is absent in Hetaerina damselflies).
Here, by measuring WP and body size as either lengths or areas, we predicted WP to
exhibit (i) variation throughout the reproductive season, and particularly (ii) positively
allometric slopes, which will be steeper towards the second half of the year, given the
long reproductive season of the species (Ramirez-Delgado et al. 2015), which may allow
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more time for the larvae to develop and to acquire the necessary resources to achieve
good body conditions.

MATERIAL AND METHODS

Adult Hetaerina vulnerata males were collected using aerial entomological nets, along
a 200 m section of a stream in San Tadeo Huiloapan, Panotla, Tlaxcala, Mexico (19°23'42.5”N,
98°15'36”"W, approximately 2450 m asl). The stream crosses a section of small-scale corn crops
and oak woodland. Sampling started at 11:00 and finished at 14:00 hr (Central Standard Time);
this is the period when Hetaerina damselflies show the highest activity (see Grether 1996b;
Ramirez-Delgado et al. 2015). The collection of males was performed once per month, from
April to October 2016, within the period in which individuals of this species are present around
the area. Sampling effort was similar throughout the reproductive season: we searched for,
marked and photographed males for approximately 3 hr each sampling day. No data were
obtained for August, given strong social unrest that prevented us from entering the study site.
Once a male was captured, it was marked with a unique number (from one to three digits) on the
left hindwing, using the fine side of a Sharpie® Twin Tip black permanent marker (see similar
methodologies in Serrano-Meneses et al. 2007 and Alvarez et al. 2013). With this, we made sure
an individual was not measured twice. The animal was placed dorsally on a graph paper clipping,
holding all four wings with microscope slides, on top of a Petri dish. Three photographs were
taken per male at a constant distance (for later repeatability measurements; see below), with
a Canon EOS 50D reflex digital camera, fitted with a 60 mm Canon macro lens. Handling time
was approximately 2 min per male. All males were released immediately after manipulation.

The age of each male was estimated from morphological cues (see Cérdoba-Aguilar 1994;
Ramirez-Delgado et al. 2015): (i) juvenile mature individuals have a bright, intense body coloura-
tion and highly transparent wings; (ii) mature individuals show less brightness and intensity in
body colouration and have less transparent wings; (iii) old individuals have dark body coloura-
tion and the tips of their wings are usually torn or missing. In our study, we only included
individuals of age class two, since those belonging to class one may not have fully developed wing
spots (Contreras-Gardunio et al. 2007), and males from class three occasionally have damaged
wings, which may potentially bias body size estimates (Cérdoba-Aguilar et al. 2010).

Image analyses were carried out using the software ImageJ ver. 1.8.0 (Schneider et al.
2012). From the photographs, a single person (F.E. Rodriguez-Escobar) obtained the following
data from left forewings: (a) wing length and (b) wing area (cm; as proxies of body size), and (c¢)
WP length and (d) WP area (cm?; as proxies of WP). This was done in order to minimise
measurement error variance. Body size and WP were estimated in this way in order to facilitate
comparison with other studies on the allometry of WP in damselflies (e.g., Bello-Bedoy et al.
2015; Ramirez-Delgado et al. 2015), which have analysed these traits as either lengths or areas.
Wing length was measured from the insertion of the wing to the thorax to the tip of the wing; and
WP length was measured following an imaginary straight line over the posterior cubital vein,
from the insertion of the wing to the thorax, to the distal end of the pigmented patch (see
a similar approach in Alvarez et al. 2013). From each photograph taken, we estimated the length
or area per male. These three values were averaged to obtain either body size or WP.

Statistical analyses

To assess the consistency of our measurements, we calculated the intraclass correlation
coefficients (ICCs; repeatability), as recommended by Wolak et al. (2012). Individual measurements
from each photograph were analysed using the R (R Core Team 2018; ver. 3.5.1 “Feather Spray”)
package “ICC” (Wolak et al. 2012). Our measurements, as suggested by the 95% ICCs obtained for
each trait, were highly repeatable: age (ICC, lower CI-upper CI; n = 117, k = 3, in all cases): 0.953,
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0.937-0.966; wing length: 0.980, 0.973-0.986; wing area: 0.999, 0.998-0.999; WP length: 0.973,
0.962-0.980; WP area: 0.991, 0.987-0.994.

We investigated seasonal changes in body size and WP in two ways. First, we used
ordinary least squares regressions (OLS). In these analyses, either trait (i.e. wing length,
wing area, WP length or WP area) was used as the dependent variable, and the months when
males were measured (henceforth date) as the independent variable. To validate the use of
OLS, we assessed the homoscedasticity of residuals of each regression through the use of
normality plots (Q-Q plots; Sokal & Rohlf 2003). Under this graphical method, a variable is
normally distributed if the expected and observed values follow a straight line (e.g. Alvarez
et al. 2013). The assumption of homoscedasticity of residuals was not violated by our
tests. Second, since we were unable to obtain data on 1 month (August), and OLS can be
sensitive to missing fixed values on the x-axis, we corroborated our results using ANOVA tests.
In these analyses, either trait was used as an independent variable, and date as a six-level
factor. Pair-wise comparisons after a significant ANOVA tests were carried out using Tukey’s
HSD post hoc tests.

Second, we investigated the relationship between our estimates of WP (WP length vs WP
area) and body size (wing length vs wing area) using Pearson’s moment product correlations.

Finally, to investigate a general pattern of change in WP throughout the season, we used two
Generalised Linear Models (GLMs). In these analyses, we used either WP length or area as depen-
dent variables, date as a six-level factor, and wing length or area as independent variables, respec-
tively. We included body size in these analyses in order to control for its confounding effects on the
seasonal changes of WP (WP and body size are correlated; see Results). The interaction term
date*body size was tested in both models, and since it was not statistically significant (WP length
model interaction term estimate + SE: 0.038 = 0.022, #1153 = 1.797, P = 0.075; WP area model: 0.002 +
0.006, t113 = 0.278, P = 0.781), it was removed from the analyses. Note that these analyses do not
estimate the allometry of WP, since special tests are necessary to summarise the allometric relation-
ships between pairs of variables (see below).

Estimation of the allometry of WP

To investigate the allometric relationship between WP and body size we used major axis
regressions (MA). This method is preferred over others, such as OLS (Model I regression) and
reduced major axis regression (RMA) because of a number of advantages (Harvey & Pagel
1991; Sokal & Rohlf 2003; Warton et al. 2006; Warton 2007). In brief, MA regression can be
used to describe a line-of-best-fit between two continuous variables, whilst assuming that both
x and vy variables are estimated with error, and that error variance is equal in both variables. It
further allows the statistical testing of the general null hypothesis f = 0, and the null hypoth-
esis of isometry f = 1 (McArdle 1988; LaBarbera 1989; Fairbairn 1997). The method performs
better if both variables are transformed to a logarithmic scale (Sokal & Rohlf 2003); thus, data
on WP and body size were log,, transformed prior to analyses. WP was analysed as a function
of body size for each month of the season. To validate the use of MA, we plotted the residuals
of each regression against their axis scores. In no case, we found a pattern, which suggests that
the variables are linearly related, and that residuals have the same variance at all points along
the fitted line (Miller 1986; Warton et al. 2006; Warton 2007).

MA regressions were carried out using the “smatr” package (Warton et al. 2012). A slope
is considered different from g = 1 if the calculated confidence intervals (CIs) exclude # = 1 and
the associated Pvalue of the regression is < 0.05. “smatr” implements a procedure to test
whether a calculated slope differs from a given slope value (“slope test”; see Warton et al.
2006 for a description). We used the procedure to test whether all significant slopes were f = 1.

All statistical analyses and figures were produced using R (R Core Team 2018; ver. 3.5.1
“Feather Spray”).
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RESULTS
Seasonal changes in body size and WP

Our results suggest that wing length was unrelated to date (8 + SE; # = 0.003 + 0.004,
F1,115=0.720, 7 =0.006, P = 0.398), whereas wing area (§ =0.021 + 0.004, F; 115 = 21.210, =
0.156, P =0.001), WP length (8 = 0.005 + 0.002, F; 115 = 5.414, 7 =0.045, P = 0.021) and WP
area (# = 0.005 + 0.001, Fy 115 = 50.600, * =0.306, P = 0.001) showed slight increases as the
season progressed. These results were confirmed by ANOVA tests, since we found no
differences in wing length across the season (Fs ;; = 1.417, P = 0.224), whilst there were
differences in wing area (Fs 1, = 4.963, P = 0.001; Fig. 1A), WP length (F5;; = 6.292, P =
0.001; Fig. 1B) and WP area (Fs ;11 = 10.920, P = 0.001; Fig. 1C) throughout the season. Post
hoc pair-wise comparisons show that wing area (Tukey’'s HSD, April vs October, P = 0.001),
WP length (April vs September, P = 0.004) and WP area (April vs October, P = 0.001) were
smaller at the onset of the season than they were at the end.

The similar behaviour exhibited by the traits, which were estimated as lengths or
areas, is most likely driven by the correlation between measurements (WP length vs WP
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Fig. 1. — Boxplots of adult Hetaerina vulnerata male traits showing significant seasonal variation during
2016. (A) Wing area (ecm?), (B) WP length (cm), and (C) WP area (cm?) are shown as a function of the
months in which we were able to access the study site. Medians, lower- and upper quartiles, sample
minimums and maximums (whiskers), as well as atypical extreme values (open circles) are shown.
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area, Pearson’s product moment correlation, r; ;5 = 0.802, P = 0.001; wing length vs wing
area, r115 = 0.762, P = 0.001).

Finally, WP length (GLM; estimate + SE: date, 0.004 + 0.002, 7,4 = 2.246, P = 0.027,
wing length, 0.273 + 0.035, ¢4 = 7.827, P = 0.001) and WP area (date, 0.003 + 0.001, ¢, 4 =
5.014, P = 0.001; wing area, 0.117 + 0.010, ;14 = 11.257, P = 0.001) increase with date,
when body size is controlled for. Thus, males emerging towards the end of the season tend
to exhibit disproportionately larger-than-average pigmented spots.

Allometry of WP

Tables 1 and 2 summarise the calculated MA slopes between WP length and wing
length (lengths), and WP area and wing area (areas), respectively. When date is not
considered (i.e. when the full dataset is analysed), WP exhibits positive allometry,
regardless of whether the traits are estimated as lengths (Fig. 2) or areas (Fig. 3).
When date is considered, WP is (i) either not related to body size in April and May for
lengths, or exhibits isometry in the same months for areas, (ii) isometry in June, and
(iii) positive allometry in July, September and October. Note that the allometric
relationships between WP and body size change similarly for lengths and areas from
June until the end of the season.

DISCUSSION

Notwithstanding the relatively limited sample size, this study offers valuable
insights into the seasonal variation of WP in Hetaerina vulnerata, which can be
summarised in three main results. First, male WP and body size generally increase

Table 1.

Slopes, 95% confidence intervals (CIs), * and P values obtained from MA regressions (see Material and

Methods) fitted between the log;o transformed values of WP length and wing length of adult males of

Hetaerina vulnerata throughout 2016. “P value” refers to the significance of the MA regressions between

traits. “Slope test P value” refers to a procedure in which we tested whether the calculated slope was

significantly different from g = 1 (see Warton et al. 2006). Where the relationship was not significant
(P > 0.05), the slope test procedure was not executed.

Period Slope Lower CI, Upper CI r P value Slope test P value n

Full season 2.987 2.358, 3.999 0.339 0.001 0.001 117
April 2.787 0.872, - 6.023* 0.180 0.130 Not tested 14
May -44.182 3.931, - 3.299¢ 0.003 0.851 Not tested 13
June 2.059 0.936, 11.598 0.312 0.024 0.067 16
July 2.309 1.431, 4.752 0.476 0.001 0.002 19
September 2.613 1.835, 4.233 0.489 0.001 0.001 30
October 3.009 1.539, 15.246 0.218 0.019 0.003 25

Notes: *the CIs include the y axis — the actual CIs are (0.872, infinity) and (- infinity, — 6.023); fthe
calculated non-significant MA slope falls within the range of the CIs, as these include the y axis — the
actual CIs are (3.931, infinity) and (- infinity, — 3.299).
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Table 2.

Slopes, 95% confidence intervals (CIs), > and P values obtained from MA regressions fitted between the

log;o transformed values of WP area and wing area of adult males throughout 2016. “P value” denotes

the significance of the MA regressions between traits. “Slope test P value” refers to a procedure in which
we tested whether the calculated slope was significantly different from g = 1.

Period Slope Lower CI, Upper CI r? P value Slope test P value n

Full season 1.866 1.616, 2.180 0.607 0.001 0.001 117
April 1.655 0.920, 3.758 0.518 0.004 0.083 14
May 1.364 0.782, 2.679 0.594 0.002 0.230 13
June 1.250 0.942, 1.690 0.802 0.001 0.112 16
July 1.827 1.164, 3.328 0.530 0.001 0.012 19
September 1.833 1.326, 2.718 0.558 0.001 0.001 30
October 2.220 1.310, 5.079 0.348 0.002 0.005 25
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Fig. 2. — Major axis regression slope fitted between log;o WP length and log;o wing length of males

measured throughout the full 2016 season. WP length exhibits positive allometry [f, lower confidence
interval (CI), upper CI; 2.987, 2.358, 3.999, P = 0.001].

as the season progresses. Second, there is a general, steady increase in the expression
of WP as the end of the season approaches, which is independent of body size. Finally,
our analyses of the allometry of WP suggest that, depending on whether WP and body
size are calculated as lengths or areas, from April until June WP tends to be either not
related to body size, or to exhibit isometry. From July to October, WP exhibits positive
allometry. We discuss potential explanations to our results below.
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Fig. 3. — Major axis regression slope fitted between log;o WP area and log;, wing area of males
measured throughout 2016. As it occurs with lengths, WP area exhibits positive allometry [f, lower
confidence interval (CI), upper CI; 1.866, 1.616, 2.180, P = 0.001].

First, the body size of adult damselflies commonly changes as the breeding
season progresses (Wong-Munoz et al. 2011), with body size either increasing, decreas-
ing, or a mixture of both. In damselflies, adult body size is largely determined by the
duration of larval development (e.g. Crowley & Johansson 2002; Strobbe & Stoks
2004), food availability (Jiménez-Cortés et al. 2012), photoperiod, or predators
encountered during this stage (Teuschl et al. 2007). Typically, the environmental
conditions in a given natural population are not constant throughout a season,
which may alter the availability of food and nutrients (Johansson et al. 2001; Cérdoba-
Aguilar et al. 2010) and in turn, body size at emergence. This may be especially
relevant for taxa whose adults remain on the breeding sites for long periods, such as
the damselflies of the genus Hetaerina, which can be observed on the wing throughout
the vear (e.g. H. americana; Cérdoba-Aguilar et al. 2009) or at least during an impor-
tant fraction of the year (e.g. H. vulnerata, April-mid-December; Ramirez-Delgado
et al. 2015). H. americana males emerge at smaller sizes during April, and reach
a peak in July—October (Cérdoba-Aguilar et al. 2009), whilst H. vulnerata males exhibit
an increase in body size as the end of the season approaches. The differences in the
patterns of body size seasonal variation between these closely related species may arise
from overall environmental differences in their habitats. Whilst H. americana can be
found in low-elevation, semi-tropical habitats (850 m asl; annual temperature range in
Morelos, Mexico, 24-36°C), H. vulnerata is more typical of high-elevation, temperate
regions (2450 m asl; annual temperature range in Tlaxcala, Mexico, 12-16°C), where it
also undergoes winter diapause. Large f. vulnerata larvae may experience high mor-
tality rates during the winter diapause (e.g. Teuschl et al. 2007), and thus smaller
adults may emerge at the onset of the breeding season. Once the breeding season
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begins, more benign environmental conditions could allow the larvae to continue their
development throughout the season, and these may eventually emerge bearing larger
body sizes (Teuschl et al. 2007). The pattern may be further reinforced by viability
selection acting on smaller larvae (Blanckenhorn 2000).

Second, WP of H. vulnerata males may increase towards the end of the season, and
further exhibit positive allometry from July for two, non-mutually exclusive reasons.
First, the WP of Hetaerina males is generally considered a costly (Grether & Grey 1996),
condition-dependent sexual trait (Alvarez et al. 2013) which relates to immune function
and also to food availability during the development of larvae (e.g. Contreras-Garduiio
etal. 2008; Outomuro et al. 2014; but see Gonzalez-Santoyo et al. 2010; Gonzélez-Tokman
& Cérdoba-Aguilar 2010; Jiménez-Cortés & Cérdoba-Aguilar 2013). It appears that there
is no resource allocation compromise in WP, body size, and immune function in males
(Jiménez-Cortés & Cordoba-Aguilar 2013), so that by the time the males emerge, they may
still invest in the development of exaggerated WP patterns, independently of body size
(Jiménez-Cortés & Cérdoba-Aguilar 2013). According to the “display hypothesis” (Gould
1974; Petrie 1988, 1992), only males in overall good condition will be able to invest
relatively more on sexual traits, with respect to body size. As such, WP would convey
certain information on the male’s “quality” to rivals. However, this explanation alone may
not suffice to explain the positively allometric trend exhibited by WP in H. vulnerata
(Eberhard et al. 2018). Second, WP of H. vulnerata males may exhibit positive allometry
because it has evolved as a threat signal. By definition, a “pure” threat signal is used by
males to intimidate rivals as to induce them to abandon a contest over a given resource
(Eberhard et al. 2018). Selection on the signaller may favour dishonest signals in order to
increase their perceived size and power, which may persuade similar sized rivals not to
engage in a physical contest (Eberhard et al. 2018). Under this scenario, male WP in
H. vulnerata may not be a particularly costly trait to produce. In the closely related
H. americana, male WP has evolved through male-male competition over mating terri-
tories (Grether 1996a): males with larger amounts of WP are more successful at holding
territories (Grether 1996a), and as a consequence, secure a higher number of copulations
than non-territorial males (Grether 1996a; Serrano-Meneses et al. 2007). This was also
true for males with experimentally enlarged WP spots (Grether 1996a). In H. vulnerata,
male mating success is also greatly determined by the ownership of a territory (Alcock
1982; Ramirez-Delgado et al. 2015). However, WP does not appear to determine territory
ownership (Ramirez-Delgado et al. 2015). In fact, territorial and non-territorial males
exhibit similar amounts of WP, and also similar positive allometric slopes of WP (Alvarez
et al. 2013; Ramirez-Delgado et al. 2015). Given that territorial males can be larger than
non-territorial males (Alvarez et al. 2013), the latter may dishonestly produce larger-than-
average WP spots in order to deceive territorial males before contests over territories take
place.

Apart from variation in body size and WP, seasonal changes in adult sex ratio
(Forsgren et al. 2004), sperm depletion (Preston et al. 2001), endurance rivalry
(Lidgard et al. 2005), and the economic defendability of mates and/or necessary
resources for reproduction (Quinn et al. 1996), are likely to shape seasonal variation
in the opportunity for sexual selection (Reichard et al. 2008). Under this scenario, WP
may be more relevant for male mating success during the second half of the repro-
ductive season of H. vulnerata, when male density appears to be higher. Although we
did not collect data on male density throughout the reproductive season, sampling
effort was constant, thus sample sizes suggest an increase in the number of males at
the study site. From July, a higher number of males, with larger body sizes, may
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compete strongly over the possession of territories, leading to an increase in overall
WP, and in the allometry of WP. Nonetheless, more studies including data on male
density are needed to formally test this idea.

To summarise, by emphasising the function of male sexual traits in Odonata
(following Eberhard et al. 2018), it is possible to understand why WP exhibits
different allometric slopes across taxa. Positive allometry should be expected for
taxa bearing threat signals (e.g. Hetaerina), whilst isometry or negative allometry
should be more common in taxa bearing courtship signals (e.g. Calopteryx). The
study of Outomuro et al. (2014) suggests that this may be true in Odonata. In their
study, Outomuro et al. (2014) found positive allometry in nine out of 12 significant
MA regressions in Hetaerina taxa, and also positive allometry in four (Calopteryx
aequabilis, C. splendens, C. xanthostoma and Mnesarete pudica) out of nine taxa in
which WP has a role as both a threat and a courtship signal (isometric WP was found
in C. haemorrhoidalis, C. maculata, C. virgo, Neurobasis chinensis and Sapho bicolor).
Hardersen (2010), however, found what appears to be isometry and negative allo-
metry in the WP of C. splendens — although the analytical method employed in the
study is known to consistently underestimate allometric slopes. We believe that
a macro-evolutionary comparative study, sampling a large number of odonate taxa
in which the role of WP is known, and data collected considering the seasonal
variation in WP shown here, would shed light on the forces shaping the allometry
of WP in Odonata.
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Resumen.

El origen del color en los animales ha sido un tema de intensa investigacion desde el inicio de
la biologia. Su estudio nos ha permitido comprender los mecanismos detras de tan colorido
espectaculo natural: los pigmentos organicos y las microestructuras iridiscentes. Sin embargo,
las hipotesis evolutivas que expliquen el mantenimiento de tan llamativos caracteres continian
siendo debatidas. A manera de revision, el presente articulo explora las posibles causas de la
coloracion animal, utilizando como ejemplo a un insecto distribuido en el centro de México: el

caballito escarlata de montana (Hetaerina vulnerata Hagen in Selys, 1853).
Palabras clave: Coloracion animal, Odonata, seleccion sexual.
Abstract.

The origin of animal coloration has been a subject of intense research since the beginning of
biological studies. Its examination has allowed us to understand the mechanisms behind this
colorful natural spectacle: organic pigments and iridescent microstructures. However, the
evolutionary hypotheses that explain the maintenance of such striking characters, continue to be
debated. By way of revision, this article explores the possible causes of animal coloration, using
as an example an insect distributed in central Mexico: the canyon rubyspot (Hetaerina vulnerata

Hagen in Selys, 1853).

Key words: Animal coloration, Odonata, sexual selection.
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Introduccion.

Volando sobre un arroyo a las afueras de San Tadeo Huiloapan en el estado de Tlaxcala,
los caballitos escarlatas de montafia presumen su caracteristico color rojo cobrizo en la base de
las alas. Un color notable entre otras libélulas y caballitos del diablo de la zona, que a los 0jos
de cualquier entomologo los delatan como individuos de la especie Hetaerina vulnerata. Aun
mas, si dicho cientifico posee una mirada critica, naturalmente se preguntara: ¢por qué este
insecto presenta semejante brillo escarlata? Esta apasionante busqueda por una explicacion al
origen de la coloracion animal no sélo ha sido explorada por grandes naturalistas como Charles
Darwin y Alfred Russel Wallace, sino que también ha sido examinada por disciplinas tan
complejas como lo son la fisiologia, la genética e incluso la fisica. A pesar de que su estudio
nos ha permitido entender muchos procesos a los cuales estan sometidos los organismos en la

naturaleza, hasta hoy no se ha encontrado una respuesta definitiva a semejante espectaculo.

Figura 1. Rio en las afueras de San Tadeo Huiloapan, Tlaxcala / Autor: M.A. Serrano-Meneses.

143



Si uno observa atentamente a los animales en el mundo natural, se daré cuenta que en la
naturaleza se presenta una amplia gama de colores, desde el rojo intenso en el plumaje de una
guacamaya, hasta la garganta violeta de un colibri. Desde el verde palido de algunos saltamontes
hasta el azul iridiscente de la mariposa Morpho menelaus. No obstante, si afinamos la mirada
podriamos suponer que no todos los colores se generan de la misma manera y que cada plumaje,
escama o pelaje pintoresco ha de tener un origen particular. Los colores en los organismos vivos
se pueden formar por dos mecanismos distintos, por la presencia de pigmentos quimicos o por
sofisticadas microestructuras que absorben, modifican y reflejan longitudes de onda de luz
especificas. Las multiples combinaciones entre estos mecanismos son la receta secreta de
animales como el camaledn o el pulpo mimo, para generar los complicados patrones de

coloracion que los hacen maestros del camuflaje (Maynard-Smith & Harper, 1995).

¢A qué se debe el color?

Los animales pueden sintetizar pigmentos dentro de su cuerpo o adquirirlos mediante el
consumo de alimentos que contengan una variedad de ellos. EI pigmento mas comun en el
planeta es la melanina, un polimero sintetizado a partir de la tirosina, que en diferentes
concentraciones puede producir toda una gama de grises: desde el cabello méas oscuro hasta los
ojos mas avellanados. Incluso se ha observado que los rojos brillantes en las alas de algunas
especies de caballitos del diablo, se deben a tan abundante pigmento. Todos los organismos
Ilevan a cabo la melanogénesis dentro de si, es decir, que producen dicho pigmento en células
especializadas sin necesidad de ingerirlo. En cambio, otros tipos de pigmento deben ser
adquiridos mediante la dieta. Ese es el caso de los carotenoides, famosas moléculas responsables
de pintar de rosa a los inconfundibles flamencos. Estos pigmentos organicos, que se encuentran
en plantas y hongos, tienen la capacidad de generar variaciones del rojo, naranja y amarillo.
Actualmente se conoce una vasta cantidad de pigmentos distintos: las pterinas que modifican la
coloracion de los ojos de las moscas, las psitacofulvinas que colorean a los loros, las porfirinas
que, mediante la ayuda de 4&tomos de cobre en su estructura, bafian de un verde vivido a los
quetzales y la biliverdina que, de manera similar al pigmento anterior, produce el caracteristico

color azul del cascar6n de los huevos de algunas aves (Caro et al., 2017) (Fig. 2).
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Figura 2. Caballito Multicolor (Hesperagrion heterodoxum) de San Tadeo Huiloapan. Se puede apreciar el azul
formados por tetrapirroles, el rojo por los carotenoides, y el anaranjado por omocromos a lo largo del cuerpo.

Autor: M.A. Serrano-Meneses.

Por otro lado, se encuentra la coloracion estructural que, como su nombre lo indica,
depende de microestructuras en los tejidos de los organismos que dispersan la luz que llegan a
ellas. Esta caracteristica, no solo es capaz de producir azules o violetas intensos, sino que ademas
puede generar cambios de color dependiendo del &ngulo en que incida la luz. A este reflejo se
le conoce como iridiscencia o de tipo espejo, y es el responsable de regalarnos tan elegantes
plumajes como el del cuello del pavo real o el brillante verde de algunas avispas y escarabajos
(Caroetal., 2017) (Fig. 3).

Ahora, si bien conocemos las moléculas y estructuras que dan origen a tan alta diversidad
de colores en el mundo animal, ain no hemos resuelto por qué, si todas las libélulas y caballitos
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del diablo de San Tadeo Huiloapan, comparten el mismo arroyo, sélo las Hetaerina vulnerata

presentan semejante pigmentacion alar.

Figura 3. Abeja de la orquidea (Euglosa obrima). Se observa coloracién corporal verde metalica, debido a los

arreglos microestructurales en combinacion de pigmentos. Autores: O. Garcia-Miranda y A.l. Carrillo-Mufioz.

Funcion y evolucion del color.

Como toda caracteristica fisiologica y morfoldgica en los animales, la coloracion se
encuentra bajo seleccion natural y sexual. En cada especie, la coloracion tiene una funcién
distinta que, si bien a veces pasa desapercibida, juega un papel critico en su supervivencia. Un
buen ejemplo del uso del color es el del camuflaje, que se define como el cambio de color
corporal que conllevan algunos organismos para igualarse a su entorno y pasar inadvertidos ante
posibles presas o depredadores (como lo sucedido en la polilla Biston betularia, ver Cuadro 1).
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Cuadro 1. Melanismo industrial: un ejemplo de la evolucion del color corporal
(Kettlewell 1955).

Biston betularia, es una especie de polilla en la que existen dos tipos de
coloracién: las blancas con puntos negros y las totalmente negras. El
comportamiento habitual de ambos tipos es el de descansar sobre los abedules,
camuflandose entre las cortezas y los liquenes de su tronco. Viviendo en los
bosques ingleses del norte, se mantenia una poblacion estable hasta que, con la
llegada de la revolucion industrial, en la zona de Manchester, un exceso de
expulsion de carbon en la atmdsfera ennegrecid a los troncos aledafios a las
fabricas y todo cambi6. En esa época se observd un cambio en el numero de
individuos de cada color, de ser las blancas con puntos negros las mas comunes,
con el pasar de los afios este tipo de polilla fue disminuyendo, generando que por
el contrario las negras dominaran los troncos cercanos a las fabricas. Para explicar
este cambio en la densidad poblacional de B. betularia se buscaron los
mecanismos de seleccion natural que estuvieran ejerciendo esta presion. En los
troncos que una vez fueron claros y con liquenes, las polillas blancas podian pasar
desapercibidas para sus depredadores con mayor facilidad que las polillas oscuras,
pero cuando lo troncos de los arboles se ennegrecieron debido a la contaminacion
industrial, fueron las polillas oscuras las que tuvieron ventajas en pasar
desapercibidas ante los depredadores. Estas presiones selectivas generan cambios
en las frecuencias genéticas, haciendo que las formas oscuras fueran mas
frecuentes en las poblaciones de esta famosa polilla. Actualmente, el caso de la
polilla de los abedules es utilizado como uno de los mas famosos ejemplos de la

evolucion de la coloracion animal (Fig. 4).
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Figura 4. Polillas de los abedules (Biston betularia). Ambos tipos de coloracion, blanca con puntos negros y

totalmente negra. Autora: J. Joslin, 2014. Grafito y tinta sobre papel.

Usualmente el color corporal es utilizado como medio de comunicacion intra- e
interespecifico. Estas sefiales pueden ser usadas en diferentes contextos, para evitar ser comido
por un depredador, para la adquisicion de algun alimento, para evadir ciertos parasitos, para
incrementar la termorregulacion o para promover la reproduccion. Por ejemplo, en el caso de la

eleccion de pareja, algunos colores brillantes de los machos sirven para reflejar la calidad de sus
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portadores. El color también puede sefializar el estatus social de los machos, no solo ante las
hembras, sino también ante otros posibles competidores del mismo sexo (Bradbury &
Vehrencamp, 2011). Como en algunas libélulas macho que, entre mas brillante sea el color de
sus alas, mayor sera su sistema inmune. Esta coloracion se muestra mediante despliegues
elaborados que son evaluados por las posibles parejas y competidores. La eleccion femenina
recae de esta manera, en escoger al macho que mejor demuestre su calidad ante los demas. Sin
embargo, estos rasgos a veces pueden ser engafiosos. Existen machos que engafian a las
hembras, brillan mucho, pero tienen una baja calidad genética. También hay los que engafian a
sus competidores, imitando la coloracién y el comportamiento femenino para evitar peleas y

conseguir mayores copulas (Arnqvist & Rowe, 2005).

Caso de estudio: Odonata.

De este modo, regresamos al orden Odonata, un grupo animal perteneciente a la Clase
Insecta, conformado por las libélulas y los caballitos del diablo. Actualmente se reconoce la
existencia de 5,200 especies vivas y 800 especies extintas de odonatos. A pesar de que su ciclo
de vida es sumamente interesante, con la mayoria de las larvas con habitos acuéticos, y con los
adultos atraidos fuertemente a cuerpos de agua para encontrar parejas potenciales y
reproducirse, esta no es la razon precisa de su importancia como organismo modelo. A
continuacion, se enumeran algunas caracteristicas fisioldgicas, conductuales y ecoldgicas, que
hacen de los odonatos un grupo atractivo para el estudio de la evolucién del color, tanto corporal
como alar (Corbet, 1999) (Fig. 5).
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Figura 5. Libélula Anillada de Frente Amarilla (Cordulegaster diadema) de San Tadeo Huiloapan. Se observan

los anillos negros formados por melanina, intercalados de los amarillos formados de la acumulacidn de pterinas.

i)

Autor: M.A. Serrano-Meneses.

La pigmentacion alar, a diferencia de la coloracion corporal, se fija una vez que el
organismo alcanza la edad reproductiva y generalmente son los machos los que
presentan una mayor expresion de este rasgo, de manera que este caracter se expresa
diferencialmente entre los sexos.

Los odonatos adultos poseen tamarios, coloraciones y comportamientos visibles ante
sus depredadores y presas, pero también ante los investigadores (Fig. 6).

Por Gltimo, muchas especies de odonatos, al desarrollar solo una o dos generaciones
de individuos al afio y al poder ser marcados individualmente sin interferir en sus

actividades, pueden ser monitoreados exitosamente y sin demasiado esfuerzo.
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Figura 6. Coloracion de las alas de algunos machos del orden Odonata. De izquierda a derecha: Calopteryx

maculata, Libellula pulchella y Neurobasis chinensis. Autor: M.A. Serrano-Meneses.

Estos atributos han generado que varias especies, no solo sean utilizadas como
indicadores de la calidad de los ambientes acuéticos, sino que ademas han ayudado a biélogos
evolutivos alrededor del mundo a proponer cinco hipdtesis sobre la evolucién y el

mantenimiento de la coloracién animal.

Hipétesis del origen de la coloracion.

Si los caracteres de los organismos machos o hembras son adaptaciones especificas al
ambiente en donde se distribuyen y al uso que le dan a dicho habitat, entonces es l6gico pensar
que la pigmentacion sera particular a dicho sitio. Si ambos sexos ocupan un nicho distinto,
aungue ocupen la misma area, también se espera que presenten diferencias en sus coloraciones.

A esta proposicién, se le conoce como la hip6tesis de la utilizacion diferencial de nicho.

La hipotesis de advertencia contra depredadores, por otro lado, sugiere que la
pigmentacion ha evolucionado para comunicar que los organismos portadores de estos patrones
vistosos son presas de dificil adquisicion. Los depredadores entonces percibiran en ellos un
gasto innecesario, ya que dicho color puede significar un grado de toxicidad elevado, lo que
haria de estos odonatos pigmentados no aptos para su consumo. Esta hipotesis no se ha podido
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demostrar del todo en estos insectos, sin embargo, a principios de siglo, dos investigadores
suecos, encontraron que el tamafio y la intensidad de la pigmentacion alar de dos especies
diferentes del genero Calopteryx estan bajo presiones selectivas distintas. En una especie se
favorece el aumento del tamafio de la mancha alar y en la otra su disminucion. Lo impactante
del caso es que en ambas especies la depredacion por las aves es la que modifica el tamafio de
sus pigmentos alares (Svensson & Friberg, 2007).

En los caballitos del diablo del género Mnais, originarias del Japon, existen dos especies
que a veces comparten la misma area de reproduccion. Cuando esto ocurre, una de ellas, Mnais
pruinosa, presenta un tipo de macho menos pigmentado que la otra, Mnais costalis. Este caso
ejemplifica la hipdtesis del desplazamiento ecolégico de caracteres, que sugiere que la evolucion
del pigmento se moldea para prevenir los apareamientos interespecificos que disminuirian la
adecuacion de las poblaciones. En otras palabras, esta hipotesis propone que la coloracion alar
se ha moldeado para el reconocimiento especifico cuando existen mas de una especie en el
mismo sitio (Tsubaki & Okuyama, 2015).

Si bien se ha explicado hasta ahora las posibles hipdtesis del origen de la pigmentacion
utilizando a los odonatos como modelo, se ha omitido un comportamiento fundamental para
comprender las Ultimas hipétesis. En los odonatos existen especies territoriales y no territoriales.
Es importante mencionar de esta manera, que todas las hipétesis anteriormente propuestas
pueden aplicarse mayormente a las especies que realizan busquedas activas de parejas
potenciales, es decir, a las no territoriales. Ya que éstas no defienden un area en particular para
conseguir una copula exitosa y actualmente se desconoce el papel que juega la pigmentacion
alar en su reproduccion. No obstante, el origen del color de las alas en estos odonatos no
territoriales es posiblemente explicado por su nicho ecoldgico, 0 como una advertencia contra

depredadores.

152



En algunas especies territoriales, como Plathemis lydia, los machos reconocen el estatus
social de sus coespecificos, o que permite que las interacciones agresivas disminuyan y que
mas de un macho permanezca en un solo territorio. Este comportamiento concuerda con lo
propuesto por la hipotesis del estatus social, que sugiere que el desarrollo de este rasgo es
utilizado para evitar conflictos innecesarios que puedan ser bastantes costosos (Wolf &
Campanella, 1974) (Suhonen et al., 2008).

Finalmente existe una ultima explicacion al problema del origen del pigmento alar en
los animales, y es probable que sea la mas adecuada para comprender por fin el mantenimiento
del color escarlata en Hetaerina vulnerata. El caballito escarlata de montafia, como en otras
especies, hace uso de sus patrones de pigmentacién alar durante el cortejo sexual y durante las
interacciones agonisticas con otros machos. Debido a este comportamiento, en varias especies
de Odonata, se ha demostrado que la pigmentacion alar de los machos esta sometida a seleccion
sexual, concediendo un mayor éxito reproductivo a los portadores que exageren su expresion
(Serrano-Meneses et al., 2017) (Fig. 7).

Se ha observado que la pigmentacion alar en Hetaerina vulnerata se relaciona con su
éxito reproductivo, ya que para los machos que invierten mas en este rasgo es mas probable
encontrar parejas potenciales y realizar una defensa de su territorio de una manera mas eficiente.
Dicho pigmento esté ligado a la condicion energética de su portador (su potencial para mantener
un territorio) y/o a su calidad inmune (capacidad contra patdgenos). Este caballito del diablo de
Tlaxcala es un ejemplo claro de lo propuesto por la Gltima hipotesis: la seleccidn sexual. Esta
hipétesis sugiere que la variacion de este tipo de rasgos es moldeada principalmente mediante

competencia intraespecifica (Andersson, 1994; Grether, 1997).
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Figura 7. Caballito escarlata de montafia (Hetaerina vulnerata) macho. Autor: M.A. Serrano-Meneses.

Conclusion.

A pesar de que el origen de la pigmentacién alar es particular para cada especie, hasta ahora se
han desarrollado numerosas hipotesis acerca de la evolucién de este rasgo. Cada afio se suman
mas investigadores a esta apasionante blsqueda, trabajando incansablemente sobre hombros de
gigantes. Desde esa perspectiva, hoy comprendemos algunas posibles causas de tan particular
brillo escarlata, y nos recuerda que incluso en un arroyo a las afueras de un pueblo tlaxcalteca,
la respuesta a tan inmensa pregunta se encuentra al alcance de todos nosotros. Para aprehenderla,
solo se necesita una mirada critica y unos cuantos caballitos del diablo.
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New records for the Chimalapas-Uxpanapa Region, Mexico (Odo-
nata: Calopterygidae, Heteragrionidae, Polythoridae, Thaumato-
neuridae, Coenagrionidae, Gomphidae, Libellulidae)
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Abstract. During a collecting trip to five tropical rainforest sites in the Chimalapas-Uxpana-
pa region in an altitudinal gradient of 155-499 m a.s.1,, a total of sixteen species of odonates
new to the region were recorded. Poorly studied species such as Erpefogomphus ophibolus
Calvert, 1905, Hetaerina infecta Calvert, 1901, Heteragrion alienum Williamson, 1919, and
Heteragrion tricellulare Calvert, 1901, were recorded. Ischnura demorsa Hagen, 1861, and
Paraphlebia spp. are discussed in greater detail. These records add to knowledge of odonate
distribution from Oaxaca and Veracruz.

Further key words. Dragonfly, damselfly, Anisoptera, Zygoptera, conservation, Neotropical
realm

Introduction

According to the most recent published revision of the biodiversity of Mexican
odonate species, and the sampled-based and coverage-based rarefaction curves
calculated by CUuEvAs-YAREZ et al. (2017), there are 356 species of Odonata (205
Anisoptera and 151 Zygoptera) in Mexico, of which 137 species occur in the state
of Oaxaca and 222 in Veracruz (GONZALEZ-SORIANO & NOVELO GUTIERREZ 2014).
Between Veracruz and Oaxaca is the Chimalapas-Uxpanapa (CU) region, a pri-
ority area for conservation in Mexico. Although it represents only 0.57 % of the
country’s total area, is considered to be a highly important global centre of biodi-
versity (ARRIAGA et al. 2000; ConaB1o 2010). This high diversity results from its
altitudinal range of 100 to 2700 m a.s.l, its intermingling ecosystems dominated
by tropical rainforest (56 %), and climatic influences from both the Pacific and the
Gulf of Mexico (ARRIAGA et al. 2000; PETERSON et al. 2003). Although new species
of Coleoptera and Lepidoptera have recently been described from the CU region
(e.g., AR1ZA-MARIN et al. 2019; CALLAGHAN et al. 2013), of the 250 species of Odo-
nata present in Oaxaca and Veracruz, to date none has been recorded from the CU
region, and for most species recorded from both states, overall distribution and

Notulae odonatologicae 9(5) 2020: 173-xx

158



197

population trends are unknown (IUCN 2019). The challenging topography of the
area hinders fieldwork and may explain this lack of data (ArRrRIAGA et al. 2000; L1rA-
TorREs & BRIONES-SaLAs 2012). This note presents preliminary data from a project
aiming to describe the distribution of dragonflies and damselflies of the Mexican
Neotropical zone.

Material and methods

Data were collected from 09-x- to 12-x-2018 in the municipalities of Uxpanapa,
Veracruz and Santa Marfa Chimalapa, Oaxaca, along a transect extending approxi-
mately 13 kilometres. Five sites between 155 and 499 m a.s.l. with tropical rainfor-
est vegetation were examined. The climate of the region is warm, with an annual
precipitation ca 1 000 mm (ARRIAGA et al. 2000). Sampling was between 12 pm and
4 pm (CST; UTC -6 h), always when the air temperature was greater than 18°C.
Adult odonates were collected with an aerial net and preserved in 70 % ethanol.
Specimens were identified under a stereoscopic microscope (Nikon DS-Fi3), with
reference to the keys by Bick & Bick (1990), GARRISON (1984, 1990, 1994), GAR-
RISON et al. (2006, 2010), HEckMaN (2008), LEONARD (1977), MEURGEY (2016),
PaursoN (2009), PENA-OLMEDO (1989), WESTFALL (1992) and WILLIAMSON
(1919). Collections were made by AICM; specimens are deposited in the Coleccion
Entomoldgica of the Universidad de las Américas Puebla (UDLAP).

List of collecting sites

(1) Municipality of Uxpanapa, Veracruz (17°10'23.567” N, 94°28’18.289” W, 155 m
a.s.l.), 09-x-2018. Slow running river next to a wooden house with scattered patch-
es of shrubs and large-leaved plants, relatively well conserved. (2) Municipality of
Santa Maria Chimalapas, Oaxaca (17°7°58.436" N, 94°27°34.455” W, 499 m a.s.l.),
11-x-2018. Fast running river with some cascades and patches of slow water stream
with very large-leaved plants, relatively well conserved. (3) Municipality of Uxpa-
napa, Veracruz (17°10°37.736” N, 94°28'42.761” W, 159 m a.s.l.), 12-x-2018. Next
to a shed along a rocky shore with slow running water and covered by tree shad-
ows. (4) Municipality of Uxpanapa, Veracruz (17°11'49.132” N, 94°28°43.316” W,
358 m a.s.l), 12-x-2018. Tiny slow running streams along a disturbed pathway
opened with a backhoe several years ago. (5) Municipality of Uxpanapa, Veracruz
(17°12°12.373” N, 94°28°55.246” W, 194 m a.s.l.), 12-x-2018. Slow wide turbid river
in a disturbed site with cattle.

Results

Sixteen species new for the CU region are listed below. Taxa new to Oaxaca and Ve-
racruz are not reported here. The topographic position of the localities is provided
in Figure 1. Numbers in bold in parentheses correspond with the list of collecting
sites.
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Family Calopterygidae

1. Hetaerina infecta Calvert, 1901
(2,3) 84 11-12-x-2018.

2. Hetaerina occisa Hagen, 1853
(1,3,4,5) 9319 9-12-x-2018.

3. Hetaerina sempronia Hagen, 1853
(5) 18 12-x-2018.

Family Heteragrionidae

4. Heteragrion alienum Williamson, 1919
(3,5) 10419 12-x-2018.

5. Heteragrion tricellulare Calvert, 1901
(2) 15 11-x-2018.

Family Polythoridae

6. Cora marina Selys, 1868
(4) 28 12-x-2018.

Veracruz

QOaxaca

Fig. 1. Topographic position of the collecting sites of the sixteen species newly recorded
for the Chimalapas-Uxpanapa (CU) region. Light grey: Selva Zoque-La Sepultura on the CU
region. Detailed information of each site is stated in the main text.
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Family Thaumatoneuridae
7. Paraphlebia spp.
(2) 19 11-x-2018.

Family Coenagrionidae
8. Acanthagrion quadratum Selys, 1876
(1) 2 9-x-2018.
9. Argia pulla Hagen, 1865
(1) 3¢ 9-x-2018.
10. Argia cuprea Hagen, 1861
(3,4) 4 12-x-2018.
11. Enallagma novaehispaniae Calvert, 1907
(3) 1 12-x-2018.
12. Ischnura demorsa Hagen, 1861
(1) 1€ 9-x-2018.

Family Gomphidae
13. Erpetogomphus ophibolus Calvert, 1905
(4) 17 12-x-2018.

Family Libellulidae

14. Brechmorhoga vivax Calvert, 1906
(3) 14 12-x-2018.

15. Micrathyria dictynna Ris, 1919
(3) 17 12-x-2018.

16. Micrathyria ocellata Martin, 1897
(3) 17 12-x-2018.

Discussion

Most of the recorded odonates in this study have a widespread distribution. Howev-
er, we highlight the presence of Erpetogomphus ophibolus, Hetaerina infecta, Heter-
agrion alienum, H. tricellulare and Paraphlebia spp. in the Chimalapas-Uxpanapa
region, because, although they are within their restricted expected range, these
records increase the scarce distributional information of these species. At sites 1, 2,
3 and 5, 38.5 % of families, 13.4 % of genera and 6.3 % of species of Odonata known
from Veracruz are represented, and at site 4, 30.8 % of families, 7.1 % of genera but
only the 2.8 % of the species from Oaxaca are represented.

It is important to mention that the specimen of Ischnura demorsa had similar
coloration to the male, so we consider it an androchromatypic female (PAuLsoN
2009). The female of Paraphlebia spp. could not be identified at the species level
because there are no identification keys for females of this genus (R. Novelo Gu-
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tiérrez pers. comm.). Although the collection site for this specimen is within the
estimated distribution range for P. quinta (CUuEvas-YANEZ et al. 2015), we decided
not to record it as belonging to this species. A recent master’s thesis was published
in the National Autonomous University of Mexico (UNAM) digital library, which
based on molecular data, describes ten new species of Paraphlebia in the Neotropi-
cal region (ORTEGA-SALAS 2017). This thesis contains only an identification key for
the males of this species, so it was impossible for us to determine the species of the
female collected. In addition, the female possessed a pattern of thoracic coloration
similar to Paraphlebia sp. nov. 5 as described by the same author in his taxonomic
review. Therefore, with the colour pattern, coupled with the recent discovery of new
Paraphlebia species, we suggest that the specimen collected should be considered as
undetermined for now. More odonatological surveys are needed at the site in order
to determine the taxonomic status of this likely new species.

Most of the odonatological records in the state of Oaxaca and Veracruz have been
from places near the coast such as Santa Maria Huatulco, Catemaco, La Tinaja and
the Reserva de la Biosfera Los Tuxtlas (ANDERSON & GRETHER 2009; SALAS-ARCOS
2010; GARRISON & GONZALEZ-SORIANO 1988; NovELO GUTIERREZ 2009). For this
reason the odonatological records reported in this note are relevant not only be-
cause they reveal the presence of these species but also because they suggest that the
CU region could be a potential dispersal corridor for odonates within Neotropical
Mexico (GUEVARA 1995).

Although the Neotropics is one of the most diverse regions in the country, there
are still areas such as the CU region that, due to its complex topography, have not
been well explored (Von ELLENRIEDER 2009). The CU region consists largely of
threatened cloud forest that, due to anthropogenic pressures, is in danger of disap-
pearing (WiLLiAMS-LINERA et al. 2002), thus reducing the distribution of poorly
studied genera such as Paraphlebia (CUEVAS-YANEZ et al. 2015). The fact that we
found an unidentified female of that genus provides strong justification for protect-
ing this area, not only for its potential biodiversity but for its unknown ethodiver-
sity (CorDERO-RIVERA 2017). Hence, it is considered that the CU region is an area
in urgent need of further odonatological surveys.
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Conclusion general

El estudio de la variacion de los rasgos morfologicos y conductuales en libélulas y
caballitos del diablo a diferentes niveles, ya sea a un nivel macroevolutivo, tomando en cuenta
las relaciones filogenéticas entre las especies de Odonata para entender los patrones de cambio
de dichos rasgos a lo largo de su historia evolutiva; o a nivel microevolutivo, averiguando como
se dan estos patrones de cambio en las especies en un tiempo mucho méas corto y a una escala
mas local, nos han permitido entender con mayor claridad como es la evolucion de estos rasgos
biolégicos y como se relacionan con otros rasgos y con los componentes de adecuacién como
es el éxito de apareamiento en este Orden de insectos. Los trabajos presentados en esta tesis
abordan diferentes aspectos de la evolucion de rasgos morfol6gicos, como el tamafio corporal,
y su relacion con otros rasgos morfologicos, como la pigmentaciéon a alar, y con rasgos
conductuales, como sus sistemas de apareamiento o las proporciones sexuales de los adultos,
ademas de las relaciones que existe de la variacion de estos rasgos en el tiempo, ya sea en una
escala macroevolutiva, evaluando la posibles causas de la variacion de los rasgos de las especies
actuales a partir de escenarios que pudieron ocurrir en tiempos remotos, 0 a una escala

microevolutva, en un contexto mas local en tiempo y espacio.

A nivel macroevolutivo podemos ver que en Odonata, la evolucion de las proporciones
sexuales de los adultos, depende en gran medida de sus sistemas de apareamiento y del momento
en que estas proporciones son estimadas, ademas de las interacciones con el tamafio corporal o
la diferencia de tamafio entre los sexos. Las proporciones sexuales estimadas en el momento
gue los organismos recién emergen como adultos, presentan nimeros similares entre machos y
hembras, por lo que se considera que se encuentra en equilibrio, en cambio, las proporciones
estimadas cuando los adultos son sexualmente maduros muestran una mayor proporcion de
machos en la mayoria de las especies. El sistema de apareamiento, el tamafio corporal y la
pigmentacion alar son rasgos que se relacionan a estas proporciones sexuales entre los adultos

recién emergidos, mientras que el sistema de apareamiento y la diferencia de tamafios corporales
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entre los sexos son los principales factores que afectan los patrones evolutivos de las
proporciones sexuales entre los organismos sexualmente maduros. Estos resultados sugieren
que es el sistema de apareamiento que presentan los machos, ya sea que defiendan un territorio
para conseguir parejas o que no defiendan un area en particular y en cambio realicen una
bldsqueda activa de las posibles parejas, asi como la relacion entre el tamafio corporal de machos
y de hembras, son los principales factores que se encuentran en juego para modificar o mantener
las proporciones sexuales se los adultos. No obstante, se hace evidente que se requiere un mayor
esfuerzo para conocer la biologia y las historias de vida de un mayor nimero de especies de
ambos subdrdenes, Anisoptera y Zygoptera, ya que la cantidad de especie que use para obtener
estos resultados es menor al dos por ciento de las especies que conocemos en la actualidad, y al
aumentar el nimero de especies podriamos encontrar patrones de cambio de las proporciones
sexuales con una mayor definicion. Asimismo, integrar variables que puedan estar relacionadas
con el mantenimiento o variacion de las proporciones sexuales, como la supervivencia
diferencial entre machos y hembras, podria ayudarnos a entender por qué en la mayoria de las
especies hay una desviacion de las proporciones con sesgos hacia los machos cuando los adultos

maduran sexualmente.

Asi mismo, a una escala macroevolutiva, podemos observar que la variacion en la
agilidad de vuelo entre los odonatos no es aleatoria, depende del suborden al que pertenezca
cada especie, Anisoptera 0 Zygoptera, asi como del sistema de apareamiento, territorial 0 no
territorial, mostrando las adaptaciones del tamafio y de la forma del cuerpo y de las alas que han
tenido las libélulas y los caballitos del diablo. Se refleja parte de la historia evolutiva de este
orden de insectos, evidenciando que cada suborden ha resuelto las presiones selectivas que ha
enfrentado de una manera distinta, ya que las libélulas son de mayor tamafio, ademas de que se
perchan menos, es decir son especies voladoras mas activas que los caballitos del diablo, de
manera general. No obstante, hay que notar que el sistema de apareamiento influencia la agilidad
de los odonatos, los machos de las especies que defienden un territorio como pre-requisito para
poder conseguir parejas reproductivas, generalmente defienden sus territorios en vuelo o hacen

cortejos elaborados, lo que permite una seleccion para el aumento de la agilidad en estas
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especies. Sin embargo, la muestra de especies que ocupamos en este trabajo también es reducida,
por lo que aumentar el nimero de especies podria ayudarnos a entender de una manera mas
profunda como es que evoluciona este rasgo morfologico y la relacion que pueda existir con la

defensa de territorios y los cortejos elaborados para la atraccion de parejas potenciales.

A nivel microevolutivo, presento dos articulos en los que se investiga la variacion de los
tamafios corporales y su relacién con los componentes reproductivos en dos especies
territoriales de caballitos del diablo de la familia Calopterygidae. En una especie, Hetaerina
americana, el tamafio corporal de los organismos que logran aparearse varia dependiendo de las
presiones selectivas sexuales, generando que el apareamiento no sea aleatorio entre machos y
hembras. Estos resultados sugieren que los machos pueden tener un grado de eleccion de sus
parejas basandose en el tamafio corporal que se relaciona con el valor reproductivo de la posible
pareja. Con otra especie cercanamente emparentada, H. vulnerata, podemos observar que el
tamano corporal de los machos aumenta conforme avanza la temporada reproductiva, asi como
la pigmentacidn alar, sin embargo, la relacion entre el tamafio corporal y el tamafio alar es
distinta al principio y al final de la temporada reproductiva. Este estudio sugiere que la
disponibilidad de recursos durante la temporada reproductiva puede afectar el desarrollo de las
larvas y de los adultos recién emergidos, generando modificaciones y seleccidn sobre los rasgos
de tamafio corporal y de pigmentacion alar en los machos de esta especie, permitiendo la
oportunidad para la seleccidn sexual. Si bien generar conocimientos medite la implementacion
de este tipo de estos trabajos enfocados a especies particulares es de gran ayuda para entender
los patrones generales y macroevolutivos, aln falta bastante esfuerzo para conocer la variacion
de los rasgos morfoldgicos y conductuales en muchas otras especies mas. Los estudios que
presento se realizaron con dos especies del genero Hetaerina, uno de los géneros mas estudiados
y entendidos entre los odonatologos, estas especies exhiben comportamientos territoriales, pero
es poco conocido como es que se puede afectar la variacion de tamafios y la diferencia sexual
de tamafio en especie no territoriales, por lo que es necesario enfocarse en géneros y especies

menos estudiadas para tener un panorama mas amplio de las relaciones entre los rasos
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morfolégicos y conductuales, y como estos se ven afectados por las presiones selectivas, como

lo son los componentes de reproduccién y de supervivencia.

Ademas, presento un articulo de divulgacion en el cual se muestra un panorama general
de los temas que se abordan en el laboratorio de biologia evolutiva del Dr. Martin Alejandro
Serrano Meneses, en el cual desarrollé mis estudios del doctorado, como lo es la evolucion de
rasgos bioldgicos en Odonata, en particular la evolucién de la coloracion corporal y alar. En este
articulo muestro como es que se generan los distintos colores en entre los insectos y en
particular, como se deposita la pigmentacion alar en una especie de Odonata. Por Gltimo,
presento un articulo sobre la diversidad de Odonata en una zona de alta prioridad para su
conservacion en el pais, lo cual expone la necesidad de aumentar los estudios sobre la biologia
de este grupo de insectos. Este Ultimo trabajo que presento ha permitido proponer un
seguimiento de la odonatofauna del sitio de estudio (Chimalapas-Uxpanapa, Oaxaca-Veracruz,
México). El cual se encuentra en evaluacion por parte de la National Geographic de Estados

Unidos de América.

Estos seis trabajos reflejan la importancia del estudio de los rasgos biolégicos y como es
que podemos esclarecer la historia evolutiva de este orden de insectos, Odonata, desde distintos
puntos de vista. Abordar el estudio de la evolucion de diferentes rasgos morfolédgicos y
conductuales, incluyendo el grado de parentesco entre distintas especies actuales, nos permite
entender las relaciones entre dichos rasgos y como es que las especies se han adaptado al medio
ambiente. Mientras que el estudio de la relacion de los rasgos morfologicos y conductuales a
niveles mas locales en tiempo y espacio, es decir sobre una sola poblacion, o pocas, de una
especie particular, nos permite entender como son los mecanismos de variacion de estos rasgos

y relacionarlos con sus historias de vida.
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Productos adicionales

In search of dragonflies from the Mexican Golden Jicara Rainforest: Odonata from the

Chimalapas-Uxpanapa region.

Prpopuesta para obtener recursos economicos de la “National Geographic Society” de Estados
Unidos de Norteamerica, para realizar exploraciones cientificas para cacterizar la odonatofauna

de la regién Chimalapas-Uxpanapa, Oaxcaca-Veracruz (ChU)

Do marine reserves increase the prey of California sea lions and in the Pacific harbor seals?

Articulo de investigacion.
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In search of dragonflies from the Mexican Golden Jicara
Rainforest: Odonata from the Chimalapas-Uxpanapa

region

National Geographic Grant

Project Leader Name / e-mail / Institution / Department
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Puebla / Departamento de Ciencias Quimico-Bioldgicas.

2. Martin Alejandro Serrano Meneses / martin.serrano@udlap.mx / Universidad de las Américas
Puebla / Departamento de Ciencias Quimico-Bioldgicas.
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Background and Relevance

Anthropogenic habitat destruction either by clandestine logging, agriculture, or by the
increase in forest fires, has had a strong impact on dragonfly and damselfly (odonates)
populations worldwide. It is estimated that 15% of all species of odonates could be threatened
(Clausnitzer et al., 2009; Sanchez-Bayo & Wyckhuys, 2019). And even, the few that could be
considered as of low concern, with the increase in temperature globally, could suffer alterations
in their physiology, development, and behavior, which would cause a niche and habitat
displacement for many of them (Hassall & Thompson, 2008). These threats are accentuated in
the neotropical zone of Mexico, where in addition to the threats mentioned above, there is little
information on the distribution and conservation status of the species that inhabit it (Paulson,
2004).

An example of this is the Chimalapas-Uxpanapa (ChU) region that crosses the border
between the states of Veracruz and Oaxaca, since, despite being considered as a priority region
for conservation and as part of the Mesoamerican Biological Corridor (Arriaga-Cabrera et al.,
2009), it is insufficiently conserved. In the last 15 years, it has been victim of severe fires in the
Santa Maria Chimalapa section, and excessive logging in the Uxpanapa area (Asbjornsen et al.,
2005; Aguilar-Lopez et al., 2020). In addition, it is a region so poorly studied that (Navarro-
Siguenza et al., 2008), until 2018, no odonatologist had stepped on its jungle. In the summer of
2018, in a 5-day field trip within the CU region, we recognized the presence of 15 species of
odonates, of which 40% of them are not listed by the IUCN, and 33% need an update of
information, so we observe that the conservation status of almost 75% of the species collected
is unknown (Carrillo-Mufioz & Garcia-Miranda, in press). In addition to this, we found some
species like Hetaerina infecta, Heteragion alienum and H. tricellulare, which by being the

largest damselflies in their genre, have a higher risk of extinction (Suéarez-Tovar et al., 2019).

In spite of the little conservationist attention that the odonates have received (Fisher,
2019), they are an important group, because they are used as pollution bioindicators in forest
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habitats, and in fresh water bodies (Rocha-Ortega et al., 2019; Sigutova et al., 2019; Vorster et
al., 2020). We even consider that the study of this region can be successful, because, in the case
of amphibians, local conservation initiatives have been able to house up to 73% of the endemic
species of the region (Ochoa-Ochoa et al., 2009). We hope that, in the future, such will be the
case for odonates. For all the above, we consider it necessary to obtain data on the diversity and
distribution of odonates in the CU region, since not only is the discovery of new species possible,
but it is the first step to determine the survival rate and population trend of each of them, or in

other words, to preserve them. (Araujo et al., 2019; La Porta & Goretti, 2019).

Goals and Obijectives

1. Describe the diversity and distribution of dragonflies and damselflies from the CU
region, Mexico
a. Collect nymphs and adults of dragonflies and damselflies from three localities
within the CU region.
b. Identify and preserve all captured specimens.
c. Spread the distributional and taxonomic collected data, in specialized journals,

scientific posters, and in local lectures within the CU community.

Methodology

We’'ll make three fieldtrips to ensure that we collect the majority of Odonata species,
some of them aren’t found through the year. We have already had talks whit the residents and
authorities of the site, so we can confirm the entrance to the fieldwork places. The first trip will
be in November, between 6 and 15, at the end of autumn, in winter we don’t go. The second
will be between March 26 and April 4, in spring, and the last will be in June 4 to 13, on summer.
Each fieldtrip will be in different locations to cover a larger area, but since it isn"t well explored,
we cannot have known the exact places we’ll reach. We’ll need an all-terrain vehicle to get to
the place where we’ll start the fieldwork, the rest of the trip will be on foot and in mules. We'll

form two teams to be able to sample a wider area, each team with two members. Aldo Carrillo-
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Mufioz and Victor Reynoso-Rosales will be a team and Oscar Garcia-Miranda and Omar
Hernandez-Ordofiez will be another, each team will be accompanied by one local guide.

Each fieldwork day, we will collect adults whit entomological nets near water bodies,
they’ll be photographed to have the live color record, and put into glassine-paper bags until the
end of the day to be process (see below). All bags will be properly labeled to match whit the
field notebook, additional data will be noted (photo number, temperature, luminosity, sex,
behavior and any other useful data). Any exuviae (remains of exoskeleton left after the change
between juvenile and adult) found will be collected and put in a jar filled whit alcohol. Site
photos and behavior videos will be taken. The larvae will be collected by stirring the bottom
substrate and driving the swimming insects towards the aquatic net, they’Il be photographed and
placed in jars until the end of the day (see below), all jars will be labeled and their respective
data will be noted. The manipulations of all the organism will be due with nitrile globes and
steel forceps to avoid pollute with grease or any other substance. At the end of the day, each
organism will be euthanized introducing them inside a lethal chamber jar. Then, adults will be
submerged in acetone until the next morning, the juveniles will be put in hot water and next will
be submerged in acetone until the next morning, this to keep some colors and to harden the
body.

Once in the lab, we’ll processed all organism put in a polyethylene bag whit a paperboard
whit the corresponding data with Martin Serrano-Meneses help. They Il be identified using
stereoscopic microscope and specialized guides, and then, they’'ll be deposited in the
entomologic collection of the “Universidad de las Americas Puebla (UDLAP)”. For each
fieldtrip we’ll generate a list of species founded and published them in specialized journals,
additionally, we’ll generate a poster and a field guide to disseminate the principal outcomes to

the local communities and anyone.
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Methodology Justification

We already went to the work area in 2018 for a prospective fieldtrip. In that occasion we
were able to collect some Odonata species in some places and we published our outcomes in a
specialized scientific journal. That excursion served to refine the proposed methods. The
Odonatologist (biologist who work whit dragonflies and damselflies) uses the mentioned
methods whit success. We will capture organism with which we are familiar in a behavior and
taxonomic way, if we capture some new species for the science, we are capable to compare it

from the already known and propose a new name for it.

To be able to complete our goals, capture, identification and publication of the odonate-
fauna and to fill the gap in the knowledge of the distribution in the proposed area it is necessary
to make a bigger and better effort than we did in the prospective fieldtrip. We will go to little
explored places, where no samples of these insects have been taken, and the area unexplored are
very extensive. The proposed field methods will allow us obtain information about the richness
of the Odonata species in the zone, besides that the information obtained of each species in the
field, like the adult behavior or the specific place of the juvenile, will be invaluable for the
science and the humanity. We not proposed new methods, but our approach is designed to
extract all possible information from each species, either in the field or in the laboratory to be
published, known and disseminated for people specialized in the subject and for people who are
not. Also we plan disseminate our outcomes among the nearby communities so they have

knowledge of their wealth and can generate local strategies for its us and conservation.

Expected Outcomes

3 Scientific publications on indexed and specialized journals, one by each fieldtrip.

1 Informative poster of the species collected and/or discovered.
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Budget Details

Parent Category | Grantee Budget | 2020 2021 Total Justification
Category

Travel Airfare 0 0 0 All team members are local and we
will travel by land.

Travel Vehicle Rental | 1,500 4,500 6,000 The rent of an all-terrain vehicle plus

and the gasoline needed to get to the

Maintenance localities are of $1500. Three fieldtrips
and one more with disclosure
purposes.

Travel Other 250 500 750 We will need rent of mules, and for

Transportation each fieldtrip the cost is about $250.
We will need it only for three
fieldtrips.

Lodging/Food Lodging 250 750 1,000 The cost of the a hotel night for four
person are about $62.5, a total of four
night per travel will be necessary and
four trips will be done.

Lodging/Food Food 1000 3000 4,000 The cost of food for the four team
member and two local guides per
travel are about $1000, including
restaurants and self-service stores. A
total of four trips will be done.

Equipment/Lab | Equipmentand | 6500 300 6,800 Clothing, camping equipment,

Supplies collecting and preserving supplies,
photography equipment will be
necessary. The majority of equipment
and supplies will be necessary since
the first fieldtrip.

Equipment/Lab Laboratory 0 0 0 None laboratory cost will be

Cost necessary.

Equipment/Lab Laboratory 0 0 0 None laboratory cost will be

Tests necessary.

Compensations | Applicant and 10,200 | 10,200 | 20,400 | The stipend for a team member would

Team Members be of $850 per month and it will be per

Comp 12 months, this stipend will cover live
expenses in Mexico country. A total of
two team members will recipe that
stipend. The applicant, Aldo Carrillo-
Mufioz, will finish their doctoral
studies before starting the project and
he has none contract for the duration of
the project. Team member Oscar
Garcia-Miranda are a freelancer and
undergraduate student collaborator
without contract.

Compensations | Assistants and 500 1000 1,500 The salary for a local guide each trip

Consultants
Comp

would be of $125 and two guides will
be hired. The salary of a professional
illustrator for the organism of one
fieldtrip will be of $250
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Evaluations Measurements | 0 915 915 Twenty posters will be printed for the
and Evaluation local communities, which will cost
$100. The publications of 200 copies
of the field guide will be of $900

Others Institutional 0 0 0 None institutional overhead will be
Overhead necessary.
Others Miscellaneous | 500 1000 1,500 Some extra expenses will be cover,

like medical emergency, equipment
and supplies not considered since the
beginning.

Ethical Certification

National Geographic Society has zero tolerance for bribery and corruption, and complies
with all applicable laws prohibiting such conduct including the U.S. Foreign Corrupt Practices
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Abstract

Community marine reserves are geographical areas closed to fishing activities, imple-
mented and enforced by the same fishermen that fish around them. Their main objective is
to recover commercial stocks of fish and invertebrates. While marine reserves have proven
successful in many parts of the world, their success near important marine predator colo-
nies, such as the California sea lion (Zalophus californianus) and the Pacific harbor seal
(Phoca vitulina richardii), is yet to be analyzed. In response to the concerns expressed by
local fishermen about the impact of the presence of pinnipeds on their communities’ marine
reserves, we conducted underwater surveys around four islands in the Pacific west of the
Baja California Peninsula: two without reserves (Todos Santos and San Roque); one with a
recently established reserve (San Jeronimo); and, a fourth with reserves established eight
years ago (Natividad). All these islands are subject to similar rates of exploitation by fishing
cooperatives with exclusive rights. We estimated fish biomass and biodiversity in the seas
around the islands, applying filters for potential California sea lion and harbor seal prey
using known species from the literature. Generalized linear mixed models revealed that the
age of the reserve has a significant positive effect on fish biomass, while the site (inside or
outside of the reserve) did not, with a similar result found for the biomass of the prey of the
California sea lion. Fish biodiversity was also higher around Natividad Island, while inverte-
brate biodiversity was higher around San Rogue. These findings indicate that marine
reserves increase overall fish diversity and biomass, despite the presence of top predators,
even increasing the numbers of their potential prey. Community marine reserves may help
to improve the resilience of marine mammals to climate-driven phenomena and maintain a
healthy marine ecosystem for the benefit of both pinnipeds and fishermen.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218651
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Fig 1. Study area. The study area comprised four islands in the Pacific Ocean off the west coast of the Baja California Peninsula, Mexico.

https://doi.org/10.1371/journal.pone.0218651.9001

[11]. In this region, the California sea lion’s diet is composed mainly of fish and cephalopods,
although it may include crustaceans, especially during abnormal oceanographic conditions
[12]. Harbor seals in this region prey mainly on benthic fish, such as California lizardfish
(Synodus lucioceps) or flatfish (Citharichthys spp.), but also on squid (Doryteuthis opalescens)
and octopuses (Octopus spp.) [13].

Few studies have focused on the possible effects of no-take marine reserves on top preda-
tors. A comparison between undisturbed and exploited coral reef communities found signifi-
cantly higher top predator (such as sharks) biomass and density on undisturbed communities
[14]. Research conducted in an experimental marine reserve next to a major African penguin
(Spheniscus demersus) colony found that the foraging effort in the colony next to the reserve
reduced by 25 to 30% compared with the year prior to the establishment of the reserve. Mean-
while, no significant difference in foraging effort between both years was found in another col-
ony which did not have an established marine reserve [15]. However, the above described
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findings should not lead to the expectation that all species increase in abundance and biomass
within marine reserves. Given that no take-reserves change the dynamics of the community, it
should be expected that some species increase in abundance while others decline [16]. Red

abalone (Haliotis rufescens) has shown lower densities in marine reserves where sea otters
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(Enhydra lutris) have been reintroduced [17]. In conclusion, these studies have shown that
protected or undisturbed areas tend to favor top predators like harbor seals and other pinni-
peds, which should be taken into account when planning marine reserves for the recovery of
depressed stocks [11].

In light of the above, we hypothesized that the marine reserves established at Natividad and
San Jeronimo islands may be effective in increasing overall fish biomass and diversity, despite
the pinniped populations on the islands.

To assess the above described effect, we compared fish biomass and diversity around four
islands off the west coast of the Baja California peninsula: two without marine reserves-Todos
Santos and San Roque; San Jeronimo, with reserves established the same year as our surveys
were conducted; and, Natividad, with reserves that had been established for eight years (since
2006) by the time our surveys were conducted in 2014. There are important harbor seal colo-
nies at all of these sites, while, on Todos Santos, San Jeronimo and Natividad, California sea
lion colonies are also found.

Methods

We conducted underwater surveys around four islands along the Pacific coast of the Baja Cali-
fornia peninsula, Todos Santos, San Jeronimo, Natividad and San Roque, with important sea
lion and harbor seal rookeries [18] (Fig 1). Although there are marine reserves close to San Jer-
onimo and Natividad, the sampling sites chosen, both within these reserves and beyond, were
over rocky substrates and in favorable visibility and wave strength conditions (Fig 2).

The surveys comprised the use of survey cylinders and were undertaken by divers from the
local community, certified by COBI for scientific diving, and by scientific divers from the Uni-
versidad Auténoma de Baja California (UABC, or Autonomous University of Baja California).
Each diver stood suspended on the water column at a depth of between 9 and 22 meters, and
took a series of point-count snapshots of the fish present in the 360° around their position and
at a distance of up to two meters, for 15 minutes [19]. The divers recorded location coordi-
nates, date, depth, water temperature, species, number of individuals and size. This process
was repeated between 11 and 16 times per island.

For macroinvertebrates, a different team of divers swam close to the bottom, at a depth of
between 11 and 24 meters, following a 30-meter long transect (60m?) and recording all macro-
invertebrates one meter to the right and left of the transect line [19], with between 14 to 16
repetitons per island. It should be noted that bad weather conditions forced the suspension of
the survey on San Jeronimo Island after only five surveys. All surveys were conducted during
August and September 2014.

Fish biomass

Fish biomass was calculated using Froese and Thorson’s [20] Bayesian approach for estimating
length-weight relationships in fish, with A and B parameters for the length-weight relation-
ships obtained from FishBase [21].

To compare prey biomass, the potential prey species for pinnipeds were selected based on
prior dietary studies conducted in this region on California sea lions [12] and harbor seals
[13]. Invertebrate prey, such as squid and octopus, were excluded here because we did not
have data on such species.

Data analysis

In order to analyze the effect of the implementation of marine reserves on the biomass around
these islands, we constructed different generalized linear mixed models (GLMM) [22]. Fish
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biomass was used as the response variable, while years of protection (the period of time elapsed
from the establishment of the reserves to the sampling date) and protection status (whether
the site was inside or outside a reserve) were used as explanatory variables. The sampling sites
around the islands were used as the random factor. We constructed different models with dif-
ferent combinations of variables and selected the best according to its Akaike Information Cri-
terion (AIC) score, with the lowest score indicating a more parsimonious model [23]. We used
R (A Language and Environment for Statistical Computing) version 3.5.3 to construct the
GLMMs [24].

The same analysis was employed using the biomass of potential California sea lion and
Pacific harbor seal prey, but using a filter database of fish biomass constructed according to
the known prey of each pinniped species [12, 13, 25, 26].

Species accumulation curves were used to measure fish and macroinvertebrate species rich-
ness, while Simpson’s diversity index, using EstimateS 9.1, measured biodiversity [27]. We
chose the Simpson index because it tends to be more sensitive than the Shannon index to the
dominant species in a community [28], thus complementing the species richness information
provided by the species accumulation curve. We compared the fish diversity around each
island via one-way ANOV A tests and a posteriori Tukey tests, while a Kruskal-Wallis test was
applied to establish invertebrate diversity. Minitab 17 was used for both analyses [29].

Fish biomass
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Fig 3. Fish biomass. The asterisks represent the mean fish biomass, the circles represent the outliers, the whiskers
represent upper and lower quartiles, the boxes represent the interquartile range and the bands inside the boxes
represent the median.

https://doi.org/0.1371/journal pone.0218651.g003
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Results
Fish biomass

Fish biomass, considering all species and survey points both within marine reserves and
beyond (n = 55), was highest around Natividad Island, followed by San Roque, San Jeronimo
and Todos Santos islands (Fig 3). After filtering the results for known California sea lion fish
prey, biomass was also found to be higher around Natividad than around Todos Santos and
San Jeronimo (Fig 4). We did not include San Roque because there are no sea lion rookeries
there. Both Natividad and San Jeronimo recorded similarly high mean numbers for the fish
biomass of potential Pacific harbor seal prey, although the confidence intervals are very wide,
while San Roque and Todos Santos presented very low biomass levels (Fig 5).

In all models, the data show a gamma distribution. According to its AIC value, the best
model uses the fish biomass as the response variable and both the level of protection of the site
(inside or outside of a reserve) and the years since the marine reserve were established as
explanatory variables (51 Table). The results show that the age of the marine reserve around
the islands is a significant factor with a positive trend (p = 0.037), while the protection of the
site (inside or outside of the reserve) was not (p = 0.694; 52 Table). This means that the bio-
mass around Natividad Island, with marine reserves established eight years prior to the survey,
tended to be higher than that found around San Jeronimo, protected for one year, or Todos
Santos and San Roque, which lack this protection entirely. Additionally, the protection status

California sea lion prey biomass
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Fig 4. Fish biomass of potential California sea lion prey. Only the reported fish prey of California sea lions are
included. The asterisks represent the mean fish biomass, the circles represent the outliers, the whiskers represent upper
and lower quartiles, the boxes represent the interquartile range and the bands inside the boxes represent the median.
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the islands is a significant factor with a positive trend (p = 0.037), while the protection of the
site (inside or outside of the reserve) was not (p = 0.694; 52 Table). This means that the bio-
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tended to be higher than that found around San Jeronimo, protected for one year, or Todos
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Pacific harbor seal prey biomass
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of the sampling site had little effect on fish biomass levels, which tended to be similar both
inside and outside the marine reserves. This could potentially mean that there is a spillover
effect around the marine reserves. The model showed a significant intercept (p = 0.001), indi-
cating that biomass around islands without a reserve is different from zero.

After filtering the biomass of potential California sea lion prey, the best model used poten-
tial prey biomass as the response variable, and the protection of the sampling site and the years
since the establishment of the marine reserve as explanatory variables (Table 1). In this model,
we eliminated the results from San Roque because there are no California sea lion rookeries on
that island. The results show that the age of the marine reserves had a significant positive effect
on prey biomass (p = 0.001), while the protection status of the site did not (p = 0.938). The
intercept was significant (p = 0.001; Table 2). As with the general biomass, this result shows

Table 1. GLMM:s of the fish biomass of California sea lion prey against years and protection of the site.

Fixed effects AIC Deviance Variance of Residuals
Anything 52528 52520 11.295

Years of protection 52522 52512 11.29

Years and protection of the site 52524 52512 11.29

Protection of the site 52530 52520 11.295

Years, protection and interaction 52526 52512 11.284

https://doi.org/10.1371/journal.pone.0218651.t001
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Table 2. GLMM:s of the fish biomass of California sea lion prey, with years of protection and protection of the site
as response variables.

Fixed effects Estimate (s. e.) 3 p
Intercept 4.368 (0.395) 11.062 0.001
Protection of the site -0.028 (0.368) 0.077 0.938
Years of protection 0.751 (0.187) 4.008 0.001
Variance of random effects

Residual 11.29

Sampled spot nested in island 9.69

Island 0

https://doi.org/10.1371/journal.pone.0218651.t002

that islands with older marine reserves, such as Natividad, have a significantly higher prey bio-
mass, which, in this research, was similar both inside and outside the reserves.

The best model for the biomass of potential Pacific harbor seal prey had the same variables,
with none of the explanatory variables having a significant effect on the biomass of potential
prey. In this model, it was the protection of the sample site that had a small negative effect on
biomass (Tables 3 and S3).

Biodiversity

Although fish species richness was higher around Natividad than the other islands (n = 31), the
sampling effort here was also higher, as can be seen in the fish species accumulation curve (Fig
6). The effort around San Jeronimo was reduced due to weather conditions; however, consider-
ing the minimum common sampling effort, San Jeronimo presented the highest level of richness
(n = 30). Fish diversity, which considers both richness and evenness, was significantly higher
around Natividad than around the rest of the islands, according to Simpson’s index
(F3,51 =90.05, P < 0.001), followed by San Roque, San Jeronimo and Todos Santos, respectively.
Finally, the macroinvertebrate species accumulation curve (Fig 7) shows that Natividad pre-
sented the highest species richness value. Although the highest number of sampling points
were applied on Natividad, richness plateaus were obtained around San Roque and Todos San-
tos islands before records were taken at the last sample point, meaning that sufficient sampling
effort was undertaken. We were unable to estimate species richness around San Jeronimo
Island due to adverse weather conditions. In terms of the Simpson diversity index, San Roque
presented the highest mean (4.035, 95% CI = 3.817-4.13), followed by Todos Santos (3.515,
95% CI = 3.222-3.58) and Natividad (3.2, 95% CI = 3.079-3.217), with a significant difference
found between at least in one of the means (Kruskal-Wallis, H = 23.98, DF = 2, P < 0.001). San
Jerénimo was not included in the surveys for the Simpson diversity test due to the low number
of survey sites.

Table 3. GLMMs of the fish biomass of Pacific harbor seal prey, with years of protection and protection of the site
as response variables.

Fixed effects Estimate (s. e.) t P
Intercept 3.511 (1.069) 3.284 0.001
Protection of the site -0.624(0.332) 1.881 0.059
Years of protection 0.665 (0.561) 1.185 0.236
Variance of random effects

Residual 3.524

Sampled spot nested in island 2273

Island 3.685

https://doi.org/10.1371/journal.pone.0218651.t003
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Fish species accumulation curve
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Discussion

The results of the present research showed that, even though similar exploitation methods and
rates are found on all four islands studied here [7], fish biomass and diversity around Nativi-
dad Island is clearly superior to the other islands. According to our model, this may be attrib-
uted to the fact that marine reserves have been established around this island since 2006, given
that the age of the reserve was a significant factor in the higher fish biomass found there. More-
over, the protection provided by the reserve was not significant, which may indicate a spillover
effect, where biomass and diversity are similar both inside and outside these reserves. In other
parts of the world, fish reserves have been demonstrated to increase the abundance and size of
the fish inside them [2, 30, 31]. However, in order for them to be a successful management and
conservation tool, it is necessary that there is a flow of individuals from the reserves to the sur-
rounding fishing areas, which has proven difficult to verify [32]. In contrast, many studies
have found increased abundance, over time, both inside marine reserves and in adjacent fish-
ing areas over time [32-34]. The spillover success of different species depends on their charac-
teristics, wherein they may be either density-dependent or independent because of random,
migratory or behavioral movements [32].

In the case of San Jeronimo, the date on which the reserve was established was too close to
the survey dates to show any significant improvements over islands without reserves. However,
as with the results for Natividad, an effective increase both in biomass and in biodiversity may
also be expected at San Jeronimo Island.

All four islands under study have important harbor seal colonies, with colony sizes of 473
individuals on Todos Santos, 523 on San Jeronimo, 724 on Natividad and 633 on San Roque

PLOS ONE | https://doi.org/10.1371/journal.pone.0218651 June 20,2019 10/15

193



@ PLOS ‘ O N E Pinniped prey in marine reserves

Macroinvertebrate species accumulation curve

14 —
212
L
=]
=
2
[ 10 —
172}

L
o=
53
2.
w 8 —

6 —

© Natividad 4 San Jeronimo O Todos Santos € San Roque

rrrrr-1rr 1 1T 1T 1T T T T T T T T"1
1 2 3 4 5 6 7 8 9 10 12 14 16

Number of samples

Fig 7. Macroinvertebrate species accumulation curve. The number of macroinvertebrate transects are represented on the X
axis and the accumulation of new species recorded after taking survey data at each sample point is represented on the Y axis as
species richness. Each line represents a different island. Only five transects were applied around San Jeronimo Island due to bad
weather conditions.

https://doi.org/10.1371/journal.pone.0218651.9007

recorded during the pupping season of 2009 [35]. Their diet on these islands consists mainly
of benthic fish, such as California lizardfish (Synodus lucioceps), flatfish (Citharichthys spp.)
rockfish (Sebastes spp.) and toadfish (Porichthys notatus), as well as octopus (Octopus spp.)
and squid (Doryteuthis opalescens) [13]. When the marine reserves were established, local fish-
ermen were concerned that pinniped foraging would prevent the recovery of target species in
the reserves. However, we found that the biomass of potential harbor seal prey was higher
around both Natividad and San Jeronimo compared to San Roque and Todos Santos, despite
Natividad having the largest harbor seal rookery [36].

California sea lion colonies are typically larger than harbor seal colonies because their popu-
lation in the region is much higher, estimated at 33,447 in 2010 [37], compared to 4,862 harbor
seals in 2009 [38]. In 2010, the size of sea lion colonies on these islands was 449 on Todos San-
tos, 1,371 on San Jeronimo, and 1,176 on Natividad. While there are no sea lions on San
Roque, 2,186 sea lions were recorded that year on Asuncion Island, 9.5 km to the southeast
[39]. With little preference for specific prey, the California sea lion has sometimes been called
an opportunistic predator [40]. However, a review of diet studies and databases in this region
revealed the California sea lion to be a plastic specialist, meaning that it consumes many differ-
ent resources in low quantities and few resources with a high frequency [12]. California sea
lions consume more than 137 species of fish and 24 mollusk species, mainly cephalopods [12].

Our results showed that the biomass of potential California sea lion prey was higher around
Natividad, with the model showing a significant effect of the age of the reserves, with Natividad
the only island with eight-year-old reserves at the time of sampling. Around San Jeronimo,
which has a colony with a similar size, the prey biomass mean was up to four times lower. This
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indicates that the implementation of marine reserves has not only the potential to recover fish-
eries production, but also to increase potential pinniped prey biomass and overall fish diver-
sity, thus potentially benefiting pinniped populations [1, 9].

The last point discussed above is important in two main ways. Firstly, it would give these
predators more resilience to cope with adverse oceanographic conditions, such as the El Nifio-
Southern Oscillation [38, 39], minimum oxygen zones, or other climate change effects, such as
the movement of certain prey away from high-temperature water masses. The marine reserves
around Natividad have already been proven to increase ecosystem resilience to minimum oxy-
gen zones caused by climate effects [4]. Secondly, the above discussed effect has the potential
to reduce conflicts between fishermen and pinnipeds, with severe conflicts occurring between
them around the world, threatening both these marine mammals’ existence and the fisheries’
income [40]. There seems to be a trend, in that the more exploited a marine ecosystem is, the
bigger the conflicts become [7, 41-44]. The fishermen of the cooperatives under study report
conflicts with the California sea lion and, to a lesser extent, with the harbor seal populations.
These animals tend to damage fishing gear, including lobster traps, and scare fish from the
nets, although these contflicts are on a much lower scale than in other parts of the world. Com-
paring the four islands studied in the present research, Natividad had a lower percentage of
complaints from fishermen about such conflicts than the other three [7].

In conclusion, our results show that overall fish biomass and diversity increases after
marine reserves have been established for a number of years, even in the presence of large pin-
niped colonies. These reserves also have the potential to mitigate climate-induced stress on
their populations, as well as increasing potential prey biomass; therefore, they may help pinni-
ped population health and, by increasing prey availability, may reduce competition for com-
mon resources between fishermen and pinnipeds.
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