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Resumen

La perturbacion ambiental por pérdida de la cobertura vegetal debida al cambio de uso de
suelo conduce a aumentos de la temperatura ambiental que pueden ser letales para
animales ectotermos. En el presente estudio, se compararon las temperaturas corporales
de 26 especies de odonatos en funcién de: el tamafio corporal, el estado de conservacion
del habitat ("conservado" y mas frio vs "perturbado" y mas calido) y el suborden (Anisoptera
vs Zygoptera), asi como los limites térmicos en funcion del estado de conservacion del
habitat en dos especies: Argia pulla y Orthemis ferruginea. Se predijo que las temperaturas
corporales difieren entre los dos subdrdenes basados en sus diferencias en el tamafio
corporal y el estado de conservacion del habitat que ocupan. Asimismo, se predice que las
poblaciones en sitios perturbados tienen un limite térmico critico maximo (CTmax) Mas alto
en comparacion con las poblaciones de los sitios conservados. Este estudio se realizé en
la costa oeste de México en una region tropical con altas temperaturas ambientales. Los
anisOpteros presentaron una temperatura corporal mas alta que los zigOpteros, pero no
hubo diferencias entre los sitios. La temperatura corporal se relacion6é positivamente con la
temperatura ambiental. Esta relacién también indicé que la temperatura corporal es mas
alta que la temperatura ambiental. Argia pulla (Zygoptera) tuvo limites térmicos mas altos
en el sitio perturbado, mientras que O. ferruginea (Anisoptera) mostro la tendencia opuesta.
Los cambios microambientales aumentan la temperatura ambiental, quizas filtrando
especies de insectos. Esto podria haber llevado a la extincién a varias especies de odonatos
en el sitio de estudio, dejando solo las especies que pudieron aclimatarse. La aparente
resiliencia de los odonatos al cambio de uso de suelo debe examinarse con mas detalle,
especialmente en especies pequefias como las de los zigdpteros, que parecen verse mas

fuertemente afectadas por cambios en la temperatura ambiental.



Abstract

Disturbance (e.g. loss of plant cover) increases ambient temperature which can be lethal for
ectotherm insects. We compared the thorax temperatures of 26 Odonate insects as a
function of body size, habitat quality (“conserved” and cooler vs “perturbed” and warmer)
and suborder (Anisoptera vs Zygoptera), as well as critical thermal maximum (CTmax) and
as a function of habitat quality in two species (Argia pulla (Zygoptera) and Orthemis
ferruginea (Anisoptera)). We expected thorax temperatures to differ between suborders
based on their differences in body size and habitat quality status, and that populations in
perturbed sites would have higher critical thermal maximum compared to those in conserved
sites. This study was done in a tropical region with high ambient temperatures. Anisopterans
had a higher body temperature than zygopterans, with no difference between habitats.
Thoracic and air temperature were positively related, yet body temperatures were higher
than the ambient temperature. Argia pulla had higher CTmax in the perturbed sites, while
O. ferruginea showed the opposite trend. Microenvironmental changes increase the ambient
temperature, perhaps filtering insect species. The apparent resilience of odonates to
disturbance should be examined more closely, especially in small species like the

zygopterans, which appear to be more strongly affected by ambient temperature.



Introduccién

Los disturbios son eventos que ocurren de manera discreta en el tiempo ya sea por causas
naturales y/o humanas (Manson y Jardel, 2009), y modifican el estado, el ambiente fisico o
la estructura de un ecosistema, comunidad o poblacion (White y Pickett, 1985). Dentro de
los disturbios causados por los humanos, la del cambio de uso de suelo para la agricultura,
ganaderia, plantaciones e infraestructura, son la principal causa de la degradacion
ambiental actual de los ecosistemas terrestres y acuaticos (Allan et al., 2015; Castro et al.,
2018; Rocha-Ortega et al., 2019).

Los disturbios alteran las condiciones abioticas en diversos grados dependiendo de
la frecuencia, intensidad, extensioén y tipo (Rykiel, 1985; Schowalter, 2012; White y Pickett,
1985). Un ejemplo de ello es la pérdida de cubierta vegetal. Uno de los efectos més
inmediatos y documentados de este tipo de perturbaciones, es el aumento de la radiaciéon
solar directa y difusa en los bordes recién creados. Esto a menudo da lugar a microclimas
mas cdlidos, mas secos y mas variables dentro de los parches remanentes (Laurance et
al., 2002; Murcia, 1995; Tuff et al., 2016). Los cambios microclimaticos causados por la
pérdida de cubierta vegetal tienen consecuencias para una multitud de organismos debido
a que la temperatura es una de las condiciones ambientales mas cruciales que moldean su
adecuacion (Angilletta, 2009). Por ejemplo, en el coleéptero Ceroglossus chilensi se ha
registrado que la temperatura en los parches donde hubo pérdida de cubierta vegetal es
superior a su temperatura corporal preferencial y de rendimiento fisiolégico, medido como
el tiempo que un escarabajo puede volver a su posicion vertical normal después de ser
colocado con las patas hacia arriba (Barahona-Segovia et al., 2019). Asi, los efectos del
cambio del paisaje pueden afectar la fisiologia térmica de una gran cantidad de ectotermos

como los insectos (e.g., Andrew et al., 2019; Piessens 2009; Ping et al., 2014).

En la actualidad, se ha registrado una disminucién en la abundancia de muchas
especies de ectotermos tales como los insectos (e.g., Wagner 2020). Se han propuesto
diversas causas para explicar el declive en las poblaciones de los insectos entre las que
destacan la pérdida de habitat y el cambio climatico (Hallmann et al., 2017; Loboda et al.,
2018; van Klink et al., 2020). Sin embargo, una explicaciébn poco explorada es la
modificacion de variables microclimaticas como responsables del aumento de la
temperatura en sitios perturbados (Gonzélez-Tokman et al., 2020). Esto tiene sentido ya
que los insectos son altamente sensibles a la pérdida de cubierta vegetal (May, 1976;

Remsburg et al., 2008) dada su limitada habilidad de regular su temperatura corporal por



encima y por debajo de la temperatura del ambiente (Alemu et al., 2017; Gonzélez-Tokman
et al., 2020; Schowalter, 2012). Asi, evaluar el desempefio y las respuestas fisioldgicas de
los insectos ante temperaturas altas es clave para comprender sus respuestas individuales
al estrés térmico (Andrew et al., 2013; Barahona-Segovia et al., 2019; Vasseur et al., 2014)

y sus consecuencias poblacionales (Gonzalez-Tokman et al., 2020).

La diferenciacion de la biologia térmica entre poblaciones puede ser debido a
presiones selectivas divergentes en ambientes locales (Sinclair et al., 2012). Las curvas de
desempefo térmico permiten identificar cémo la temperatura corporal influye en el
desempenfio o adecuacion de un ectotermo (Sinclair et al., 2016). Por ejemplo, Liefting et al.
(2009) encontraron que las poblaciones de Drosophila serrata de un sitio donde la
temperatura es altamente variable, muestran una tasa de desarrollo mas estable sobre un

gradiente térmico que las poblaciones de un clima tropical estable.

Una forma de entender la respuesta al estrés térmico dado por las curvas de
desempefio térmico son los limites térmicos criticos maximos (CTmax) Y minimos (CTmin) de
supervivencia. Estos limites son los extremos térmicos que un organismo puede tolerar para
sobrevivir (Lighton y Turner, 2004; Rezende et al., 2011). Los limites térmicos son tan
determinantes en la vida de un animal, que pueden restringir los climas en los que las
poblaciones pueden persistir (Calosi et al., 2010). Sin embargo, la tolerancia al calor se
puede lograr por diferentes medios como la plasticidad fenotipica y la adaptacion genética
(Denlinger y Yocum, 1998; Gonzéalez-Tokman et al., 2020). La aclimatacién térmica, un tipo
de plasticidad fenotipica, puede ocurrir cuando la exposicién prolongada a un aumento de
temperatura provoca un cambio fisiolégico en un organismo que aumenta el limite térmico
méximo (CTmax) O la temperatura 6ptima de rendimiento (Rohr et al., 2018). La adaptacion
genética involucrada en la tolerancia al calor puede resultar potencialmente de mutaciones
de novo o de variacion genética permanente (Hoffmann y Willi, 2008) y puede ocurrir
relativamente rapido, como en mosquitos Chironomus riparius criados a diferentes
temperaturas (Foucault et al., 2018).Ademas, los resultados de Diamond et al. (2017) y
Angilletta et al. (2007) sugieren que puede existir una rapida aclimatacion térmica a
ambientes modificados por urbanizacion, al encontrar que poblaciones de hormigas que
habitan en zonas urbanas poseen mayores limites térmicos que las poblaciones que
habitan en zonas rurales. Sin embargo, en la mayoria de las especies de insectos se
desconoce su capacidad para aclimatarse o adaptarse a nuevas condiciones

microclimaticas generadas por perturbaciones como la pérdida de cubierta vegetal.



Los limites térmicos de los insectos estan relacionados con sus caracteristicas
fenotipicas como son el tamafio corporal (Rohr et al., 2018). El tamafio del cuerpo es una
variable determinante porque el intercambio de calor es una funcién de la relacion
superficie/ volumen del cuerpo (Corbet y May, 2008). Por otro lado, la masa corporal tiene
un fuerte efecto en el desempefio de los ectotermos en distintos climas (Sformo y Doak
2006) ya que una mayor masa se ha relacionado a una mayor tolerancia a las altas
temperaturas (Bouchebiti et al. 2014; Klockmann et al., 2017; Nielsen y Papaj 2015) y a una
mayor habilidad de termorregulacion (May, 1976; Sformo y Doak, 2006).

Los odonatos son un grupo de insectos con ciclo de vida complejo ideal para evaluar
los efectos producidos por la pérdida de cubierta vegetal debido a que ellos dependen
ampliamente de la temperature Ambiental para realizar sus actividades diarias, y se han
observado efectos de las altas temperaturas en su tamafio corporal, distribucién y fenologia
(Hassall, 2015; Hassall et al., 2008). Por otra parte, entre sus dos subordenes principales
(Zygoptera y Anisoptera), existen rasgos conductuales y ecofisioldgicos diferentes, lo cual
puede determinar la respuesta de cada grupo ante cambios ambientales. Por ejemplo, los
anisopteros se asocian a sitios soleados abiertos debido a su mayor tamafio y mayor
eficiencia termorregulatoria (May 1976), mientras que los zig6pteros (caballitos del diablo),
estan restringidos a areas con cobertura y sombreado extenso del dosel, un tamafio
corporal mas pequefio y poco control sobre su temperatura corporal (Carvalho et al., 2013;
da Silva Monteiro Junior et al., 2013). Aun cuando se admite que los odonatos son
relativamente resilientes ante grandes cambios en su habitat (Rocha-Ortega et al., 2019),
su supervivencia podria verse comprometida si el animal supera ciertos niveles térmicos
(Rocha-Ortega et al., 2020). Sin embargo, se tienen muy pocos estudios experimentales
sobre la relacion entre cambios ambientales, temperatura y limites térmicos en odonatos.
El estudio de estas variables puede aclarar la respuesta de los odonatos ante los profundos
cambios ambientales inducidos por el hombre, y estos resultados pueden extrapolarse para

entender las causas del declive de insectos en general.

En este estudio se evaluaron las temperaturas corporales y los limites térmicos
maximos (CTmax) de forma experimental en comunidades de odonatos que habitan en sitios
perturbados y conservados, en una localidad ambiente muy calurosa. Esta localidad se
ubica en la costa del Pacifico en México y, al igual que muchas areas del planeta, la
vegetacion original ha sufrido grandes cambios primordialmente por huracanes y cambio

de uso de suelo (Lazos-Chavero et al., 2018). En primer lugar, se predice que habra



diferencias en las temperaturas corporales entre ambos suboérdenes a partir de sus
diferencias en tamafo corporal y el tipo de sitio (“conservado” o “perturbado”). En segundo
lugar, se predice que aquellas poblaciones de odonatos que habitan en sitios mas céalidos
a causa de la pérdida de cubierta vegetal tendran mayores limites térmicos maximos (CTmax)

y mayor actividad a altas temperaturas en comparacién con sitios conservados.
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ABSTRACT

Disturbance (e.g. loss of plant cover) increases ambient temperature which can be lethal for
ectotherm insects especially in hot places. We compared the thorax temperatures of 26
odonate insects as a function of body size, habitat quality (“‘conserved” and cooler vs
“perturbed” and warmer) and suborder (Anisoptera vs Zygoptera), as well as critical thermal
maximum (CTmax) and as a function of habitat quality in Argia pulla (Zygoptera) and
Orthemis ferruginea (Anisoptera). We expected thorax temperatures to differ between
suborders based on their differences in body size and habitat quality status, and that
populations in perturbed sites would have higher critical thermal maximum compared to
those in conserved sites. This study was done in a tropical region with high ambient
temperatures. Anisopterans had a higher body temperature than zygopterans, with no
difference between habitats. Thoracic and air temperature were positively related, yet body
temperatures were higher than the ambient temperature. A. pulla had higher CTmax in the
perturbed sites, while O. ferruginea showed the opposite trend. Microenvironmental
changes increase the ambient temperature, perhaps filtering insect species. The apparent

resilience of odonates to disturbance should be examined more closely, especially in small
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species like the zygopterans, which appear to be more strongly affected by ambient
temperature.

Key words: Disturbance, critical thermal maximum, tropics, survival, Odonata
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Introduction

Disturbances are events that occur at a discrete moment due to natural and/or human
causes that modify the state, physical environment, or structure of an ecosystem, community
or population (White and Pickett, 1985; Manson and Jardel, 2009). Among disturbances
caused by humans, land use change for agriculture or infrastructure is currently the main
driver of environmental degradation in terrestrial and aquatic ecosystems (Allan et al., 2015;
Castro et al., 2018). This type of disturbance alters abiotic conditions to differing degrees
depending on the frequency, intensity and affected area (Rykiel, 1985; Schowalter, 2012;

White and Pickett, 1985), being the loss of vegetation cover one example.

One of the most immediate and well-documented effects of loss of vegetation cover
is the increase in direct and diffuse solar radiation at the newly generated edges (Royer et
al., 2011). This environmental change often leads to warmer, drier, and more variable
microclimates within the remaining patches (Laurance et al., 2002; Murcia, 1995; Tuff et al.,
2016). A loss of vegetation cover also brings about a number of consequences for a variety
of organisms given that temperature is one of the most crucial environmental conditions
shaping organisms’ fitness (Angilletta, 2009). Examples of such affected organisms are
insects (May, 1976; Remsburg et al., 2008; Samways and Sharratt, 2010) due to its limited
ability to shift their body temperature above or below the ambient temperature (Alemu et al.,
2017; Gonzalez-Tokman et al., 2020; Schowalter, 2012). One case is that of the coleopteran
Ceroglossus chilensi. The temperatures recorded in patches where vegetation cover has
been removed, are above this species’ physiological performance temperature (Barahona-
Segovia et al., 2019).

Divergent selective pressures in local environments can result in the differentiation
of thermal biology among populations (Sinclair et al., 2012). One way to illustrate such
differentiation, the thermal performance curves show how body temperature influences an
ectotherm’s performance or fitness (Sinclair et al., 2016). For example, Liefting et al. (2009)
found that populations of Drosophila serrata from a temperate climate where temperature is
highly variable, had a more stable development rate over a thermal gradient than
populations from a stable tropical climate. One way of understanding the thermal stress
response given by thermal performance curves are the critical thermal maximum (CTmax)
and minimum (CTmin). These limits are the thermal extremes that an organism can tolerate
(Lighton and Turner, 2004; Rezende et al., 2011). Thermal limits are so determinant in

animals’ lives that they limit the climates in which populations can persist (Calosi et al.,



2010). Even so, mechanisms such as phenotypic plasticity and genetic adaptation can allow
heat tolerance (Denlinger and Yocum, 1998; Gonzalez-Tokman et al., 2020). Thermal
acclimation, a type of phenotypic plasticity, can occur when prolonged exposure to
increasing temperatures leads to a physiological change in an organism that increases its
CTmax Or performance optima (Rohr et al., 2018). Moreover, results from different studies
have indicated that there can be rapid thermal acclimation by insects to human-driven

environments (Diamond et al. 2017; Angilletta et al. 2007).

A decrease in insect abundance and/or richness has been recorded in recent
decades (e.g., van Klink et al., 2020). Different explanations have been proposed for such
phenomenon, from which habitat loss and climate change emerge prominently (Hallmann
et al., 2017; Loboda et al., 2018; van Klink et al.,, 2020). However, a less explored
explanation is that of modification of microclimatic variables particularly increased
temperatures in disturbed sites following loss of vegetation cover (Gonzéalez-Tokman et al.,
2020). Evaluating insects’ performance and physiological responses to high temperatures
is key to understanding their individual responses to thermal stress (Andrew et al., 2013;
Barahona-Segovia et al.,, 2019; Vasseur et al., 2014) and population consequences
(Gonzéalez-Tokman et al., 2020). However, the ability/inability to acclimate or adapt to new
microclimate conditions generated by disturbance like loss of vegetative cover of most

insects is unknown.

Odonate insects are an ideal system to evaluate the effects of high temperatures
produced by loss of vegetation cover since they depend strongly on ambient temperature to
carry out their daily activities, and there are observed effects of high temperatures on their
body size, distribution, and phenology (Hassall, 2015; Hassall et al., 2008). Odonates are
top predators in both aquatic and terrestrial ecosystems. In these insects, there are
behavioral and ecophysiological differences between the two main suborders, Anisoptera
(dragonflies) and Zygoptera (damselflies), that may determine a distinct response of each
group to environmental changes. For example, while anisopterans are associated with open,
sunny sites due to their larger body size and mass, and better thermoregulatory ability
(May,1976), zygopterans are restricted to areas with extensive vegetation cover and canopy
shade, due to their smaller body size and mass, and reduced control over their body
temperature (Carvalho et al., 2013; da Silva Monteiro Junior et al., 2013). The link between
body size and mass, and thermoregulation ability in these two suborders is not surprising as

the thermal limits are related to body size and mass in insects in general (Rohr et al., 2018).
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This is because while heat exchange is a function of the surface area-to-volume ratio of the
body (Corbet and May, 2008), body mass is positively related to increased tolerance to high
temperatures (Bouchebti et al., 2014; Klockmann et al., 2017; Nielsen and Papaj, 2015) and,
thus, better thermoregulatory ability (May, 1976; Sformo and Doak, 2006). Although
odonates have been considered relatively resilient to dramatic habitat modifications, for
example, land use change (Rocha-Ortega et al., 2019), their survival could be compromised
if their thermal thresholds are surpassed (Rocha-Ortega et al., 2020). However, there are
no experimental studies of a direct link between human-driven environmental changes,
temperature, and thermal limits in these animals. Disentangling these relations could clarify
not just the responses of odonates to human-induced environmental change but one can

also learn about the causes of declines in abundance and/or richness of insects in general.

In this study, we experimentally evaluated the body temperatures and CTmax Of
odonates inhabiting perturbed and conserved sites in a very hot environment. This
environment is located on the Pacific coast of Mexico, and as many areas on the planet, the
original vegetation has undergone drastic changes, mostly due to hurricanes and land use
change (Lazos-Chavero et al., 2018). First, we predicted that body temperature would differ
between the two suborders due to their differences in body size and mass and between the
type of site (“conserved” or “perturbed”). And secondly, we predicted that the populations of
odonates inhabiting hotter sites due to the loss of vegetation cover would have a higher
CTmax and be more active at higher daily ambient temperatures than those in conserved
sites. While for the first prediction we used data from an entire odonate community, for the
second prediction our data were gathered from one anisopteran and one zygopteran

population.

Materials and methods
Study site

We carried out this study in the Chamela-Cuixmala region. Land use in this area has
been transformed by human activity, mainly agricultural and livestock production (Villa-
Galaviz et al., 2012). Consequently, the region is currently a mosaic of intact original
vegetation, agricultural fields, and secondary forest in varying stages of succession
(Sanchez-Azofeifa et al., 2009). The vegetation in the region is tropical deciduous forest,
and the climate is subhumid warm tropical, with a marked dry season from November

through June (Martinez-lbarra et al., 2010). The average annual rainfall is 748 mm, though
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there is wide variation from year to year (from 453 to 1393mm). The maximum temperature
in the region is 37°C (Flores-Casas and Ortega-Huerta, 2019; IBUNAM, 2019).

Our work was carried out at eight sites with different percentages of vegetative cover
due to anthropogenic disturbance located in the municipalities of La Huerta, Villa
Purificacibn and Tomatlan, Jalisco, Mexico (see table 1). Sites that had an apparent
anthropogenic forest cover modification (e.g. houses and livestock and agricultural plots)

were categorized as perturbed.

Vegetation cover

To estimate the percent of vegetation cover at the study sites, we used a Landsat 8
satellite image downloaded from the USGS online server (United States Geological Survey;
https://earthexplorer.usgs.gov). The image location was path 30, row 46 and was June 2019

(the beginning of the rainy season in the region) with <10% cloud cover to ensure a high-
quality image. We did a semi-automated classification procedure with the program CLASIite
3.3 ®, assigning two classes: forest cover and non-forest cover. When we had masked data,
that is, spatial data that could not be determined due to clouds or terrain relief, we analyzed
the image visually in QGIS 3.14®. We processed the image obtained from CLASIite 3.3 ®
in QGIS 3.14 ® to obtain the percentages of forest versus non-forest cover. We were then
able to differentiate sites as “conserved” and “perturbed” (six for each category) whereby

the perturbed sites had a vegetation cover of <40%.

Records of body and air temperatures

Between September 6 and October 5, 2019, we recorded the body temperature of
390 adult individuals of 26 species of odonates in the conserved and perturbed sites (Table
2). We did this between 09 00 and 14 00 h, which corresponds to the hours of maximum
activity in these animals (all authors, personal observations). To determine the individuals’
body temperature, we captured them using an entomological net while they were perched
or in flight. After capture, we held individuals by the wings with a set of metal forceps and
took three thermographic photographs with a FLIR® model E6 camera. The resolution was
of 160 x 120 pixels with a spectral range of 7.5 -13 um and a thermal sensitivity of <60 mK
at 30°C. To ensure accuracy, the camera was calibrated using the standard calibration

service provided by FLIR®. To avoid heat exchange between the observer and the
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organism, we took the photographs within 5 seconds of gripping the wings with the forceps,
while avoiding exposing individuals to direct solar radiation when the photo was taken. We
also recorded air temperature at the time of capture using a Fluke® thermometer. Once
these data were stored in the memory of the thermographic camara, individuals were
marked on the right forewing with a fin tip marker to avoid multiple measurements of the
same individual and were released to the same site where they were captured. We
measured total body length (from tip of head to tip of abdomen) as a measure of body size

(Johansson et al., 2005) using a Lion Tools® digital caliper (+ 0.05 mm).

Analysis of thermographic photographs

Because the thorax is the warmest tagma of odonates (Polcyn, 1994), we used FLIR
Tools® software to obtain the temperatures of the synthorax (1 mm of perimeter) from three
thermographic photographs of each individual. The average of these three temperatures
were used as the thoracic temperature.

Recording of CTmax

Between September 6 and October 5, 2019, between 1200 and 1400 h, we collected
107 young adult odonates, distinguishing teneral (recently emerged) individuals, of 12
species (Table 3) in accordance with collection license established by Mexican laws
(SEMARNAT collection license: 09/K4-0514/02/14). Each animal was placed individually in
a 5-15 mL centrifuge tube, depending on the size of the individual. Then, they were
transported to the Chamela Biological Station premises to measure their heat tolerance. For
this measure we used a MyBlock™ mini dry bath that was programmed with an initial
temperature of 35 °C and an increasing temperature of 1°C every 30 min. We recorded the
survival of individuals every 30 min until they reached their CTmax. Our criterion to determine
that an individual had reached its thermal limit was that it no longer moved in response to
carefully applying a tactile stimulus using fine forceps for 10 seconds. All observations were
carried out by the same person, who was blind to the origin of the individuals (perturbed or
conserved site). Transportation time between the collection site and the experiment onset
was between 30 and 60 min. After dead, individuals were preserved in 70% alcohol. Note,
however, that given that most recorded animals were from Orthemis ferruginea (Anisoptera)

and Argia pulla (Zygoptera), these were the only two species we used for the analysis. The
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use of these two species was also due to them being the most common and abundant in
both site types.

Body mass

We obtained the dry mass of individuals used in the critical thermal maximum
experiment. To measure dry mass, the samples were dried in a BG™ incubation oven at
43°C for 4 days. Once dehydrated, their mass (x 0.0002 g) was measured with a

Scientech™ balance.

Activity in O. ferruginea and A. pulla according to ambient temperature and site

From September 6 and October 5, 2019, and between 09 00 and 14 00 h, we
recorded the probability that either O. ferruginea and A. pulla were active according to the
ambient temperature and site (conserved or perturbed). We walked along the shoreline of
all aquatic bodies and whenever we found a flying individual of either species, we captured
it using an entomological net. We recorded the frequency of either species being caught,
the air temperature at the time of capture using a Fluke® thermometer, and the type of site.
After each animal was recorded, it was marked (placing a black ink dot on the left, forewing)

to avoid using the same animal for later recordings.

Statistical analyses

We analyzed thoracic temperature of individuals in the field using a mixed model
(GLMM). The model initially included the effect of habitat type, ambient temperature,
suborder, and body size, as well as second- and third-degree interactions among habitat
type, suborder, and ambient temperature. In that model, collection site and species were
included as random effects. The global model was reduced using likelihood ratio tests,
eliminating terms that did not increase model fit. At the end, only effects that increased the
support for the model were included (Table 4). To analyze air temperature, we constructed
a mixed model. The model considered the effect of habitat type (“perturbed” or “conserved”)
on the air temperature. The collection site was included as a random effect. To analyze
CTmax from both sites and species (O. ferruginea and A. pulla), we constructed a mixed
model. Initially, the model considered the effect of species, habitat type, mass, air
temperature, and thoracic temperature and the second- and third-degree interactions among

species, habitat type, and mass. In these analyses, collection site was included as a random
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effect. The global model was reduced using likelihood ratio tests. The final model included
only effects that increased the model support. Prior analyses verified the homogeneity of
variance using Fligner-Killen tests. To determine the relationship between flying activity and
daily ambient temperatures in O. ferruginea and A. pulla, according to conserved and
perturbed sites, we used generalized additive models (GAMs) by setting a Poisson
distribution In these models, we used the frequency of flying activities as the response
variable, while temperature and type of site (conserved or perturbed) were set as predictor
variables. All models were validated visually using graphs of theoretical quantiles versus
standardized residuals (Normal Q-Q plot) and residuals versus fitted values.

All analyses were carried out in R version 3.2.2 (R Core Team, 2018).The R package
nlme (Pinheiro et al., 2020) was used in GLMM models in accordance with Zuur et al. (2009).
The package mgcv (Wood, 2017) was used in GAM models in accordance with (Wood et
al., 2016).

Results
Sites and air temperature

The perturbed sites had air temperatures that were significantly higher than
conserved sites (t= 2.00, df =381, p= 0.046; Figure 1).

Thoracic temperature

We found significant effects of air temperature and suborder on thoracic
temperature, while body size had a marginally significant effect (Table 3). As we predicted,
anisopterans had a higher thoracic temperature than zygopterans (Figure 2). However,
there were no differences in thoracic temperature between perturbed and conserved sites.
The positive relationship between air temperature and thoracic temperature for both

suborders is shown in Figure 3.

Critical thermal maximum (CTmax)

We found a significant effect of the interaction between species and habitat type and
habitat type and body mass on CTmax for O. ferruginea and A. pulla (Table 5). Individuals’
CTmax Of the species that were not included in this analysis are summarized in Table 3. As
predicted, A. pulla had higher thermal limits in perturbed sites. However, we found the

opposite effect for O. ferruginea (Figure 4).
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The interaction between habitat type and mass had a marginally significant effect on
individuals’ CTmax (Figure 5). In conserved sites, there was a negative relationship, while in
perturbed sites, this relationship was positive for both species (Figure 5). Body temperature,

ambient temperature, and mass did not affect CTmax in either species.

Activity at ambient temperature according to site

GAMs showed for O. ferruginea, there were differences in flying activity across
temperatures in perturbed sites (x? =14.92, p<0.001) but not in conserved sites (x*>=12.82,
p= 0.09). Yet for both sites, individuals showed no differences at higher temperatures (z=
1.46, p= 0.14). For A. pulla there were differences in flying activity across temperatures in
perturbed sites (x?>=18.02, p<0.001), but not in conserved sites (x?=7.22, p=0.20).
According to this, individuals from perturbed sites were more likely to be active at higher
temperatures (z=3.82, p< 0.001). Conversely, beyond 35 °C A. pulla showed no activity
while O. ferruginea still did.

Discussion

Thoracic temperature differs between suborders and one of the species analyzed,
A. pulla, fulfilled our prediction of higher CTmax and activity in warmer perturbed sites. In
addition, we found a strong relationship between thoracic temperature and air temperature,
which is consistent with studies in other odonates (Corbet, 1999; Corbet and May, 2008).
The differences in thoracic temperature between suborders could be explained by the
physiological thermoregulation properties of each suborder. Depending on the type of
thermoregulation that odonates use and how much they spend their time flying, they can be
categorized as “fliers” or “perchers”. Following this rationale, while anisopterans can use
either of these strategies, zygopterans are mostly perchers (Corbet, 1980). Flight plays an
important role in generating thoracic heat. In this case, anisopterans are constantly flying
while zygopterans are not (Corbet and May, 2008). In this latter suborder, heat gained from
flight is considered trivial (Tsubaki et al., 2010) so that their body temperature depends
strongly on ambient temperature. Also, the fact that zygopterans have a small size which
implies a high surface area-to-volume ratio, means that they are relatively poorly insulated
(Sformo and Doak, 2006), and from here their labelling of being thermal conformers (Corbet
and May, 2008; Junior et al., 2015; May, 1976). Accordingly, we found a marginally

significant relationship between body size and thoracic temperature. However, air
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temperature and suborder were better predictors of thoracic temperature in our model,

meaning that larger odonates did not necessarily have higher temperatures.

Loss of vegetation cover leads to changes in microclimatic conditions (Laurance et
al., 2002; Tuff et al., 2016; reviewed by Oliveira-Junior and Juen, 2019) including the
intensity of light, humidity and wind speed. Consistent with this, we found that average air
temperature is about 1°C higher in perturbed than conserved sites. Although we did not find
an effect of perturbation on thoracic temperature, thoracic temperatures in both suborders
were generally higher and never lower than air temperature (figure 4). This could indicate
that odonates have a reduced ability to maintain their temperature below ambient
temperature. Thus, higher temperatures in sites with loss of vegetation cover could have
negative consequences for odonates, especially those that have been described to have
lower tolerance, like the zygopterans (da Silva Monteiro Janior et al., 2013; Remsburg et al.,
2008; Samways and Sharratt, 2010). Moreover, it has been demonstrated that ectothermic
insects can also acclimatize to temperature, such that previous exposure to high
temperature can increase their CTmax (Coultts et al., 2016; Diamond et al., 2017; Hoffmann
et al., 2013; Rohr et al.,, 2018). Regarding this and opposite to our predictions, in the
anisopteran O. ferruginea, CTmax Was slightly lower in disturbed habitats and individuals from
disturbed and conserved sites showed the same flying activity at higher temperatures. In
contrast, in the zygopteran A. pulla, CTmaxWas higher in perturbed sites and individuals from
disturbed sites had higher activity at higher temperatures. We have two explanations for the
contrasting results of both species: 1) CTmaxis only a plastic trait for small zygopterans given
their low dispersal and thermoregulation capacity, 2) the differences in CTnax are affected
by patterns of activity characteristic to each suborder in perturbed sites. A study including
more species and at a larger scale is necessary to determine whether odonates’ ability to
acclimate to new conditions (e.g. by modifying their CTmay), iS related to their suborder and/or

behavior (e.g. flier/percher, territorial/non-territorial).

Our study zone has been subject to intense management and land use change over
the past 50 years, as well as meteorological disasters. In relation to this, while zygopteran
diversity decreases with habitat disturbance, anisopterans show the opposite pattern, which
has been explained by the ability to tolerate high ambient temperatures in open areas by the
latter animals (Carvalho et al., 2013; Corbet, 1999; Oliveira-Junior and Juen, 2019). Possibly
this anisopteran “property” can actually apply to A. pulla, in perturbed sites: being able to

tolerate high temperatures in open, disturbed areas. As a matter of fact, such link between
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small size and thermal properties has been described for dung beetles, whereby small
diurnal species with very low endothermy are able to exploit open deforested habitats
(Giménez-Gomez et al., 2020). Also, a higher thermal tolerance could allow individuals of
A. pulla living in disturbed sites to be active at high temperatures, as we found in our study.
An alternative explanation of our results is the climate variability hypothesis, which predicts
that species in habitats with more variable temperatures could inhabit wider geographic
ranges than tropical organisms, which suggests a positive relationship between thermal
tolerance range and the degree of climate variability experienced by taxa with increasing
latitude (Gutiérrez-Pesquera et al., 2016). Regarding this, O. ferruginea and A. pulla are
distributed over much of the American continent (Esquivel, 2006; Paulson, 1998), such that

the climate variability prediction is fulfilled by A. pulla which is not the case for O. ferruginea.

Tolerance to high temperatures is dependent on body size in some insects (eg.,
Baudier et al. 2015; Klockmann et al. 2017), which we corroborated marginally for both
species in perturbed sites. It has been suggested that the reduced surface area-to-volume
ratio in larger animals reduces water loss, which could be key to withstand high
temperatures, since dehydration is an important determinant in the survival of heat stress in
very warm sites (Addo-Bediako et al., 2001; Chown et al., 2011; Klockmann et al., 2017).
There is little empirical evidence of the effect of mass on thermal tolerance among
anisopterans and zygopterans, although May (1976) did not find evidence of a relation
between body size and heat tolerance among members of the family Libellulidae, to which
O. ferruginea belongs. Rohr et al. (2018) have hypothesized that acclimation capacity

increases with body size among small ectotherms which could be the case for A. pulla.

As mentioned before, our study site is located in a region with extreme conditions:
high temperatures, long periods of drought, and some perturbed areas (Garcia-Oliva et al.,
2002). These abiotic and biotic conditions generate, among other sources of stress, an
enormous thermal challenge for odonates and other ectothermic organisms. In relation to
this, Polcyn (1994) suggested that desert anisopterans are adapted to high temperatures,
such that they have higher CTmax than populations that inhabit cooler climates. This could
suggest some plasticity of species in very warm climates to tolerate perturbed habitats. This
could be tested by comparing ranges of tolerance to high temperatures between species
from warm environments versus those from temperate or cold climates. An interesting
situation in our study site is the marked seasonality with respect to water availability and

ambient temperature (Garcia and Cabrera-Reyes, 2008). We thus hypothesize that there
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may be differences in thermal limits between seasons, as occurs in other insects, such as
the ant Solenopsis invicta, in which individuals evaluated in the end of summer had higher
CTmax compared to those evaluated in March and December (Bujan et al., 2020). Actually,
Hetaerina americana, a zygopteran species present in our study site, varies in its thermal
limits between seasons (L., Isarraras-Hernandez, unpublished data). It has also been
documented that traits that may be related to tolerance to high temperatures at the individual
level, such as body size and condition, levels of proteins, carbohydrates, and glycogen can
be affected by season in odonates (Castafios et al., 2017; Wonglersak et al., 2020). These

relations are worth being investigated in the future.

Finally, there has been much recent attention to the decreasing patterns of insect
abundance and richness, being anthropogenic perturbation the main cause (Forister et al.,
2019; Grubisic et al., 2018; Leather, 2018; Wagner, 2020). Although in general odonates
are resilient to disturbances such as land use change (e.g., Rocha-Ortega et al., 2020,
2019), the new microclimate conditions generated by disturbance can have consequences
for these and other insects. Thus, determining the thermal limits of insects could be key to
understanding which insects are most vulnerable to environmental change (Gonzalez-
Tokman et al. 2020). Conversely, such information could also help to explain the survival of
insect species that, rather than reducing in number, colonize new habitats created by

anthropogenic disturbance.
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Tables and figures

Table 1. Names, habitat type, description, location, and air temperature (mean +* standard

deviation) of the study sites.

Site Habitat type Type of water Coordinates Air temperature (°C)
body

Chamela Conserved Seasonal river 19°29'47.4"N 30.86 + 2.8

Biological 105°02'18.6"W

Station, UNAM

San Miguel Conserved Permanent river 19°36'00.3"N, 31.77 £ 2.39
104°53'25.6"W

Puente Perturbed Seasonal river 19°31'38.7"N 32.28 +2.48

Chamela 105°04'16.8"W

Francisco Villa | Perturbed Permanent river 19°22'57.4"N 31.39 + 2.27
104°58'46.1"W

Agua Caliente | Perturbed Permanent river 19°21'00.0"N 32.48 £ 2.37
104°53'25.0"W

Villa Perturbed Permanent river 19°40'01.0"N 33.54+1.92

Purificaciéon 104°46'54.9"W

El Tabaco Perturbed Seasonal pond 19°40'21.5"N 34.23+£1.02
105°09'04.3"W

José Maria Perturbed Seasonal river 19°40'17.7"N 33.33+2.74

Morelos 105°10'53.7"W

Table 2. Species included in the study sites. *Species included in CTmax analysis
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Conserved (N=2 sites)

Perturbed (N=6 sites)

Aeschnidae
Gynacantha nervosa
Libellulidae
Erytrodiplax funerea
Macrothemis inacuta
Orthemis ferruginea*
Dythemis nigrescens
Erythemis plebeja
Orthemis discolor
Orthemis ferruginea*
Perithemis intensa
Pseudoleon superbus
Tramea onusta
Protoneuridae
Protoneura cara
Lestidae

Archilestes grandis
Coenagrionidae
Argia oculata

Argia oenea

Argia pulla*

Argia tezpi
Enallagma novaehispaniae
Leptobasis vacillans
Telebasis salva
Calopterygidae

Hetaerina occisa

N=21

Aeschnidae

Gynacantha nervosa

Libellulidae
Erytrodiplax funerea
Macrothemis pseudimitans
Micrathyria ocellata
Macrothemis inacuta
Dythemis sterilis
Orthemis discolor
Orthemis ferruginea*
Pantala flavescens
Perithemis intensa
Tramea onusta
Protoneuridae
Protoneura cara
Coenagrionidae
Argia oculata

Argia oenea

Argia pulla*

Argia tezpi

Ischnura ramburii
Telebasis filiola
Telebasis salva
Calopterygidae
Hetaerina occisa
Hetaerina americana

Hetaerina titia




Table 3. Critical thermal maximum of odonate species found in study sites by suborder

and site.
CTmaxrange Mean CTmax
Species Suborder Site (°C) (°C)
Archilestes grandis Conserved 4 35-41 38 + 3.46
Zygoptera Perturbed - - -
Argia oenea Conserved - - -
Zygoptera Perturbed 1 37° 370
Conserved 19 37-41 40.89+1.41
Argia pulla Zygoptera Perturbed 23 39-43 42 +1.08
Argia tezpi Conserved 6 39-42 41.16+1.41
Zygoptera Perturbed 2 41 41+ 0
Dythemis nigrescens Conserved 2 43 430
Anisoptera Perturbed - - -
Enallagma novaehispanie Conserved 3 41-42 41.+ 0.57
Zygoptera Perturbed - - -
Erythemis plebeja Conserved 1 43 43+0
Anisoptera Perturbed - - -
Erythrodiplax_funerea Conserved 1 43 43+ 0
Anisoptera Perturbed 3 43-44 43.33 £ 0.57
Gynacantha_nervosa Conserved 1 43 430
Anisoptera Perturbed - - -
Hetaerina titia Conserved - - -
Zygoptera Perturbed 1 35 370
Macrothemis pseudimitans Conserved 7 41-42 41 +0.37
Anisoptera Perturbed - - -
Orthemis ferruginea Conserved 16 39-44 43.06+1.34
Anisoptera Perturbed 17 39-45 43.17 + 1.66
Pseudoleon superbus Conserved 1 43 43 +0
Anisoptera Perturbed - - -
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Table 4. Effect of variables on thoracic temperature in the mixed model. T = test value, p =

significance value, NSe=variable not selected based on the AIC criterion.

Variable t p
Air temperature 14.50 <0.001
Suborder -11.37 <0.001
Habitat type NSe
Body size 1.93 0.052
Suborder*Body size NSe -
Habitat type*Ambient temperature NSe -
Habitat type*Body size NSe -
Suborder*Body size NSe -
Habitat type*Suborder*Ambient temperature NSe -

Table 5. Effect of variables on CTmax in the mixed model. t = test value, p = significance
value, NSe=variable not selected based on the AIC criterion.

Variable t P
Species 1.41 0.162
Habitat type 1.9 0.129
Mass -0.49 0.623
Air temperature NSe -
Thorax temperature NSe -
Species*Habitat type -2.13 0.036
Species*Mass NSe -
Habitat type*Mass 1.94 0.055
Species*Habitat type*Mass NSe -
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Figure 1. Average air temperature depending on habitat type. Error bars show 95%

confidence intervals.
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Figure 2. Average thoracic temperature of the suborders Zygoptera and Anisoptera pooled
data. Error bars show 95% confidence intervals.
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Figure 3. Relationship between thoracic temperature and air temperature in 26 species of
Odonata: Zygoptera (N=228) and Anisoptera (N=162). The linear least squares regression
line (solid line) and isotherm line (equal thoracic and air temperature; dashed line) are
shown.
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Figure 4. CTmax Of Argia pulla (Zigoptera) and Orthemis ferruginea (Anisoptera) in different
habitat types. Error bars show 95% confidence intervals.
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Figure 5. Effect of the interaction of habitat type and mass on CTmax according to study

sites in both species (Orthemis ferruginea (Anisoptera) and Argia pulla (Zygoptera)). 95%
confidence intervals appearing as shaded areas.
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Discusion

Los resultados indican que la temperatura toracica es diferente entre subérdenes y
en una de las dos especies analizadas, A. pulla, se cumplié la prediccion de mayor CTmax
en sitios perturbados. También, encontramos una fuerte relacion entre temperatura toracica
y temperatura del aire lo cual es coherente con lo encontrado en otros odonatos (Corbet,
1999; Corbet & May, 2008). Las diferencias en la temperatura toracica entre subordenes
pueden estar causadas principalmente por los medios de termorregulacion fisiolégica que
los odonatos de ambos subd6rdenes poseen, asi como de procesos evolutivos. De acuerdo
con el tipo de termorregulacién empleada y la conducta que los odonatos presentan, se han
categorizado como “voladores” o “perchadores”; mientras que los anisdpteros pueden ser
de ambos tipos, los zigdpteros son perchadores por excelencia (Corbet, 1980). Corbet y
May (2008) sefialan que los odonatos voladores son “endotermos intermitentes”, ya que
poseen mecanismos fisiologicos y adoptan diferentes posturas para ganar o perder calor.
La conducta de vuelo puede jugar un rol importante en la generacién de calor toracico ya
que los anisépteros estan constantemente volando, mientras que en zigopteros, la ganancia
de calor debido al vuelo se considera insignificante (Tsubaki et al., 2010). La temperatura
corporal de los pequefios odonatos perchadores, como es el caso de los zigépteros,
depende sobre todo de la temperatura ambiental porque, al ser pequefios, tienen una alta
relacién superficie/ volumen y estan relativamente poco aislados por lo que se sugiere que
estos organismos son termoconformistas (Corbet & May, 2008; Junior, Batista, Soares, &
Cabette, 2015; May, 1976).

Sformo and Doak (2006) sugieren que la capacidad de termorregulacion en
odonatos aumenta con el tamafio corporal. Se encontr6 una relacion positiva
marginalmente significativa entre tamafio corporal y temperatura toracica. Sin embargo, la
temperatura ambiental y el suborden fueron los mejores predictores de la temperatura
toracica en nuestro modelo, por lo que no necesariamente un odonato mas grande tendra
mayor temperatura corporal. Para ambos subdrdenes, se propone que los individuos mas
oscuros habitan en climas mas frios debido a que absorben mayor radiacion solar mientras
que los de coloracién mas clara habitan en sitios més calidos ya que reflejan la radiacion
solar y evitan sobrecalentamiento (Pinkert et al., 2017), tal como lo establece la hipétesis
de melanismo térmico (Clusella Trullas et al., 2007). Por lo anterior, es probable que la
coloraciéon de los individuos tenga un efecto en la ganancia de calor toracico y en la

regulacion de la temperatura corporal y que, ademas sea diferente entre organismos de
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sitios conservados Y sitios perturbados con poca cubierta vegetal. Esto requiere evaluarse

a mas detalle en futuros estudios con nuestros organismos de estudio.

La pérdida de cubierta vegetal da lugar a cambios en las condiciones
microclimaticas (Laurance et al. 2002; Nowakowski et al. 2018; revisada por Tuff, et al.,
2016), incluida la intensidad de la luz, la humedad, la velocidad del viento y la presién del
aire (Chen et al. 1999; Laurance et al. 2002; Murcia 1995). Coherente con esto, se encontré
que la temperatura promedio del aire es mayor en sitios perturbados que en sitios
conservados en poco mas de 1 °C. Aunque no se encontr6é un efecto de la perturbacién
sobre la temperatura toracica de los odonatos, en ambos subdrdenes las temperaturas
toracicas son generalmente mas altas y nunca mas bajas que las del aire, lo cual podria
indicar que estos organismos tienen poca capacidad para mantener temperaturas
corporales por debajo de la temperatura del ambiente, por lo tanto, mayores temperaturas
en sitios con pérdida de cubierta vegetal podrian tener una consecuencia importante en los
odonatos, sobre todo en aquellas especies donde se ha descrito menor tolerancia como
son los zigépteros (da Silva Monteiro Junior et al., 2013; Remsburg et al., 2008; Samways
and Sharratt, 2010). Sin embargo, se ha demostrado que los insectos ectotermos pueden
tener una aclimatacion a la temperatura, de modo que la exposicion previa a las altas
temperatura provoca que su CTmax aumente (Coutts et al. 2016; Diamond et al. 2017;
Hoffmann, Chown, and Clusella-Trullas 2013; Rohr et al. 2018). En odonatos, la CTmax
puede ser un rasgo plastico ya que se ha encontrado que los adultos presentan tolerancia
muy variable a las altas temperaturas, asociado con las variaciones locales y estacionales
en la temperatura ambiental (Isarraras-Hernandez, 2020). Contrario a las predicciones, en
el Unico anis6ptero que pudimos analizar, O. ferruginea, la CTmax fue ligeramente mas baja
en habitats perturbados. En contraste, en A. pulla, el tnico miembro del suborden Zygoptera
gue fue analizado, la CTma fue mayor en sitios perturbados. Se proponen dos posibles
explicaciones para los resultados contrastantes en ambas especies: 1) que la CTmax Solo
sea un rasgo plastico para pequefios zigopteros dado su poca capacidad de dispersion y
termorregulacion. 2) que las diferencias en la CTmax estén afectadas por los patrones de
actividad caracteristicos de cada suborden en los sitios perturbados. Es necesario un
estudio con mas especies y a mayor escala para determinar si la capacidad de los odonatos
a aclimatarse (e.g. modificando CTma) a las nuevas condiciones creadas por las
perturbaciones esta relacionada con el suborden y/o conducta (e.g.,volador/perchador,

territorial/no territorial).
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Los limites térmicos encontrados en las especies analizadas pueden estar
relacionados con los cambios inducidos por el hombre, asi como los fendmenos climéticos
del area de estudio. La zona de estudio ha estado sujeta tanto a un intenso manejo con
cambio de uso de suelo durante los ultimos 50 afios, asi como a desastres meteorolégicos.
Se ha sefialado que perturbaciones tales como el cambio de uso de suelo difiere entre
regiones pero, en general, en regiones con recientes eventos de perturbacion las especies
menos tolerantes pueden extinguirse localmente, mientras que las especies mas tolerantes
responden positivamente dada la creacién de nuevas condiciones de habitat o recursos
(Palma et al.,, 2016; Schowalter, 2012). Relacionado con esto, se ha descrito que la
diversidad de Zygoptera disminuye con la perturbacion del habitat, mientras que la
diversidad de Anisoptera aumenta con la perturbacion del habitat dado que la acentuada
luminosidad resultante de remocion de la vegetacion riberefia favorece a este suborden que
requiere altas temperaturas ambientales para iniciar sus actividades (Carvalho et al., 2013;
Corbet, 1999; Oliveira-Junior & Juen, 2019). Una mayor tolerancia térmica, podria ser clave
del éxito de muchas especies, entre ellas A. pulla, en sitios perturbados, como sucede en
escarabajos del estiércol, en donde se ha encontrado que especies pequefias y diurnas con
muy baja endotermia (diferencia entre la temperatura ambiental y temperatura corporal) son
capaces de explotar habitats abiertos deforestados (Giménez Gémez et al., 2020). Otra
explicacién alternativa a nuestros resultados es la hipotesis de variabilidad climatica, la cual
predice que las especies de habitats con temperaturas mas variables podrian habitar
rangos geograficos mas amplios que los tropicales, lo que sugiere una relacion positiva
entre el rango de tolerancia térmica y el nivel de variabilidad climatica experimentado por
taxones con latitud creciente (Gutiérrez-Pesquera et al., 2016). Tanto A. pulla como O.
ferruginea se distribuyen en gran parte de América (Esquivel, 2006; Paulson, 1998), por lo
gue esto se cumple para A. pulla, mientras que O. ferruginea, a pesar de tener una amplia
distribucion, se sale del patron esperado.

Es importante tener en cuenta la conducta de los adultos de A. pullay O. ferruginea para
comprender sus diferencias en CTma. Mientras que los machos de la primera son
perchadores, no territoriales y suelen no ser tan activos (observacion personal), los machos
de O. ferruginea continuamente se encuentran volando, son territoriales y agresivos contra
heteroespecificos y conespecificos (Harvey y Hubbard, 1987). En un ambiente perturbado,
quizas defender un territorio impliqgue un mayor gasto energético para machos de O.
ferruginea debido a la escasez de recursos como el alimento y menos hembras

(Christensen y Radford, 2018) y tal como sugieren los resultados de este estudio, por estar
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expuestos a mayores temperaturas, mientras que A. pulla, al no ser territorial, pueda pagar
estos costos. Ante estas situaciones, los machos de O. ferruginea bien podrian abandonar
el lugar cuando la temperatura corporal sea demasiado alta o temorregular modificando sus
posturas corporales para reducir la exposicién al sol (usando la tipica postura de obelisco;
Corbet, 1980). Sin embargo, May (2017) sugiere que mantener altas temperaturas
corporales aun cerca de los limites dafiinos, puede ser esencial en la obtencién de pareja
ya gque una temperatura toracica mas alta permite mayor potencia y velocidad de vuelo.
Dado que la territorialidad y alcanzar una CTmax mayor son costosos metabodlicamente
(Rezende et al., 2011; Suhonen et al., 2008), se esperaria que aquellos individuos con
comportamiento territorial tengan menor CTmsax €n comparaciéon de aquellos que no
presenten dicha conducta. En este estudio, no pudimos evaluar el efecto la CTmax de las
hembras, debido a que la mayor parte del tiempo estan ocultas y Unicamente es posible
verlas en un periodo muy corto de tiempo, pero no descartamos que exista una diferencia
entre sexos, ya que en las especies evaluadas existe dimorfismo sexual y diferencia en
conducta, por lo cual, probablemente su tolerancia térmica sea distinta. Esto podria

evaluarse en un futuro con las especies presentes en el sitio de estudio.

La tolerancia a las temperaturas altas es dependiente del tamafio corporal en
algunas especies de animales ectotermos (e.g., Kaspari et al. 2015; Klockmann, Glnter,
and Fischer 2017), lo cual se corrobor6 en este estudio para ambas especies estudiadas
en sitios perturbados. Se ha sugerido que una reducida relacion superficie/volumen en
animales mas grandes que reduzca la pérdida de agua podria ser de crucial importancia
para soportar altas temperaturas, ya que la deshidratacién parece ser un determinante
importante en la supervivencia por estrés por calor en sitios muy calidos (Addo-Bediako et
al., 2001; Chown et al., 2011; Klockmann et al., 2017). Existe poca evidencia empirica sobre
el efecto de la masa en la tolerancia térmica en zigdpteros aunque algunos estudios
sugieren que los zigopteros son mas pequerios en climas méas célidos (Hassall et al., 2008;
Johansson, 2003). May (1976), sin embargo, no encontré evidencia de una correlacién
entre tamafo corporal y tolerancia al calor en miembros de la familia Libellulidae, a la cual
pertenece O. ferruginea. Rohr et al. (2018), por su parte, hipotetizan que la capacidad de
aclimatacion incrementa con el tamafio del cuerpo para ectotermos pequefios, aunque aqui
la masa parece no tener un efecto determinante en la CTmax dado que ambas especies
presentan masa muy diferente entre ellos, pero una CTmax muy parecida. Se ha sugerido
gue un mayor tamafo representa mayor éxito reproductivo en algunos odonatos (Serrano-

Meneses et al., 2008, 2007; Sokolovska et al., 2000), por lo que una posibilidad es que en
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ambas especies el tamafio corporal sea un rasgo que esté bajo seleccion sexual y sea
mayor en sitios perturbados. Otra hipétesis es que los individuos de las especies evaluadas
presentan mayor masa en sitios perturbados debido a que existe mayor disponibilidad de
recursos al haber menor competencia, tal como se encontré en el escarabajo Onthophagus
rhinolophus (Portela Salomao et al., 2018), donde la abundancia de esta especie en sitios
perturbados fue menor pero los individuos presentaron mayor masa corporal y mejor

condicion.

Este estudio se llevé a cabo en una region con condiciones extremas: altas
temperaturas, largos periodos de sequia y areas perturbadas (Garcia-Oliva et al., 2002).
Estas condiciones abidticas y bidticas implican, entre otras fuentes de estrés, un enorme
reto térmico para los odonatos y otros organismos ectotermos. Aunque se ha sugerido que
los limites térmicos superiores (CTmax) SONn menos variables comparados con los inferiores
(CTmin) (Diamond et al., 2017), es conocido que la exposicién a la temperatura ambiental
influye en esos limites (Hoffmann et al., 2013). Relacionado con esto, Polcyn (1994) sugiere
que los anisépteros desérticos se han adaptado a la exposicion a altas temperaturas, por
lo que muestran mayor CTmax, €n comparacion con aquellas poblaciones que habitan en
climas mas frios. Esto podria suponer cierta plasticidad por parte de las especies de
ambientes muy calidos, para tolerar los habitats perturbados. Esto podria ponerse a prueba
comparando los rangos de tolerancia a altas temperaturas entre especies de ambientes
calidos vs. templados o frios. Una situacion interesante del sitio de estudio es la marcada
estacionalidad relacionada con la disponibilidad de agua y la temperatura ambiental (Garcia
and Cabrera-Reyes, 2008). Es probable que existan diferencias en los limites térmicos entre
temporadas, como sucede en otros insectos como en la hormiga Solenopsis invicta, en
donde los individuos evaluados al final del verano muestran mayor CTmax €n comparacion
con los de marzo y diciembre (Bujan et al., 2020). En apoyo a esta idea, en odonatos se
tiene el caso de Hetaerina americana, una especie presente en el sitio de estudio, y cuyos
limites térmicos efectivamente varian entre temporadas (L.,Isarrards-Hernandez, 2020).
También, se ha documentado que rasgos que pueden estar relacionados con la tolerancia
a las altas temperaturas como el tamafio corporal y la condicién de los individuos a nivel de
proteinas, carbohidratos y glucégeno se ven afectados por la temporada en odonatos
(Castarios et al., 2017; Wonglersak et al., 2020).

Por dltimo, recientemente se ha prestado mucha atencion a la disminucion de las

poblaciones y riqueza de insectos, siendo los disturbios antropogénicos los principales
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causales (Forister et al., 2019; Grubisic et al., 2018; Leather, 2018; Wagner, 2020). Aunque
en general los odonatos son resilientes a los disturbios como el cambio de uso de suelo
(e.g., Rocha-Ortega et al. 2020, 2019), nuevas condiciones microcliméticas generadas por
la pérdida de cubierta vegetal, ademas del cambio climético, podrian traer consecuencias
para ellos y para una gran cantidad de insectos. Determinar los limites térmicos de los
insectos puede ser clave para entender cuéles de ellos son mas vulnerables a los cambios
ambientales y, ademas, pueden explicar la prevalencia de las especies que colonizan

habitats con nuevas condiciones microclimaticas creadas por los disturbios antropogénicos.

Conclusiones

Con base en los resultados obtenidos y la discusion de estos, se puede concluir lo
siguiente:

La temperatura ambiental en sitios perturbados es mayor que en sitios conservados.
2. Existen diferencias en las temperaturas toracicas entre subérdenes, aunque no se

encontré una relacion con la perturbacion.

Existe una relacion positiva entre la temperatura toracica y el tamafio corporal.

Las perturbaciones tienen un efecto diferente en la CTnax de dos de las especies

mas abundantes de la regién: Argia pulla tuvo mayores limites térmicos en sitios

perturbados, mientras que en Orthemis ferruginea hubo un efecto contrario.

5. La masa no parece estar relacionada con la CTma de las especies analizadas.
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