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Abstract
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form to the ambient air temperatures. Previous evidence is mixed on whether
wing pigmentation influences thermoregulation in various odonates.

Funding information 2. We investigated the thermal response of sympatric North American Calopteryx
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aequabilis and Calopteryx maculata with a thermal imaging study across a 25°C
ambient temperature range.

3. We found that regressions of thorax temperature on ambient temperature stand-
ardized by species had similar slopes for male and female C. maculata, but females
were consistently 1.5°C warmer than males. In contrast, the sexes of C. aequabilis
differed in slope, with C. aequabilis females having a slope less than 1.0 and males
having a slope greater than 1.0.

4. We found that regressions of thorax temperature on ambient temperature stand-
ardized by sex had similar slopes for males and females of both species, but C.
maculata females were consistently 2.1°C warmer than C. aequabilis females.

5. Given that C. aequabilis is strongly sexually dimorphic in pigment, but C. macu-
lata is not, our findings suggest that wing pigmentation may influence thermal

response rate in sympatric populations of both species.
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1 | INTRODUCTION (Cooper, 2010; Cooper et al., 2016; McGraw, 2005), UV protec-

tion (Caldwell et al., 1998), or as nonfunctional excretion prod-

Striking color variation within and between species is assumed to
have visual signaling functions during mating interactions, either
as a target of sexual selection or species recognition. However,
the pigments and structural elements producing color variation
may have additional, nonvisual consequences on fitness. For ex-
ample, pigments have been hypothesized to act as antioxidants

ucts from tryptophan breakdown (Linzen, 1974). Additionally,
body color can affect solar energy absorption and so may in-
fluence body temperature in ectotherms (Ellers & Boggs, 2003;
Lacey et al., 2010; Watt, 1968). These varied effects of color sug-
gest that natural and sexual selection act on color polymorphic
species.
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Melanin is a common dark pigment in animals known to in-
fluence body temperature through absorption of solar radia-
tion (Goulson, 1994; Gunn, 1998; Kingsolver & Wiernasz, 1991;
Riley, 1997; Svensson & Waller, 2013; Watt, 1968, 1969). For ex-
ample, dark wing color in insects has been hypothesized as a ther-
mal adaptation associated with northern latitudes (Outomuro &
Ocharan, 2011; Svensson & Waller, 2013; Watt, 1968, 1969) and
high elevations (Loayza-Muro et al., 2013) by increasing absorption
of solar radiation. Sexually dimorphic melanized wing patterns may
result in species-specific thermal response curves across an ambient
temperature range. These sexual dimorphisms in color increase pro-
portionately with habitat difference between sexes, and their color
variations can be predicted by canopy cover (a measure of UV radia-
tion) (Cooper et al., 2016).

Pigment variation can thus interact with other means of ther-
moregulation in ectotherms, such as behavior. Closely related spe-
cies or species with color polymorphisms provide an opportunity
to evaluate the relative importance of coloration versus behavior
and thermal consequences of other forms of selection on color.
Although damselfly species can be highly sexually dimorphic in body
and wing color, the evidence of a relationship between wing pig-
mentation and thermoregulation is mixed. Calopteryx xanthostoma
male wing pigmentation does not influence temperature or solar
radiation (Odonata: Calopterygidae) (Outomuro & Ocharan, 2011).
Enallagma cyathigerum (Odonata: Zygoptera) males and females
have similar heating and body temperature, and their female-limited
polymorphism is not maintained by temperature (Bots et al., 2008).
Rubyspot Hetaerina damselfly wing spots do not influence ther-
moregulation (Odonata: Calopterygidae) (Rivas et al., 2016).

However, northern damselfly populations tend to have more wing

pigmentation, suggesting a thermoregulatory function (Outomuro &
Ocharan, 2011). Finally, body temperatures of male Pachydiplax lon-
gipennis dragonflies increase with greater natural and artificial wing
pigmentation (Moore et al., 2019).

Although wing pigmentation may be one predictor of body tem-
perature, thermal response curves may also be impacted by a com-
bination of other factors, including but not limited to body size, body
color, intra- and interspecific behaviors, abiotic conditions, and envi-
ronmental preferences (i.e., preferred perch location).

We compared the thermal response of a related pair of North
American sympatric Calopterygid damselflies with dimorphic wing
pattern differences, Calopteryx aequabilis and Calopteryx maculata,
using thermal imagery. Both sexes of C. maculata have completely
pigmented wings. In contrast, C. aequabilis males have a dark spot
only on the distal third of the wings, and these spots in females are
much less pigmented. The body coloration of both species is simi-
lar, with males having iridescent green bodies, and females having
dark brown or golden bodies (Figure 1). Both sexes and species
are similarly sized, with C. aequabilis slightly larger than C. mac-
ulata and females' abdomens slightly larger than males' (Bland &
Jaques, 2010).

We investigated whether the wing color and behavior differ-
ences between these two sympatric and closely related species
influenced body temperature over an ambient temperature range
experienced in the course of the day during mating season. For a
given ambient temperature, one might expect that (a) C. maculata,
the more melanized species, would have greater thorax tempera-
tures than C. aequabilis and (b) males would have greater thorax tem-
peratures than females, possibly due to greater sun exposure, wing

melanization, and/or activity level.

FIGURE 1 Sympatric C. maculata
(female: top left, male: top right) and C.
aequabilis (female: bottom left, male:
bottom right) damselflies along the
AuSable River near Grayling, MI, USA
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2 | MATERIALS AND METHODS

This study was conducted at three sites along the AuSable River
near Grayling, MI, USA (Finley's Riverside Cabins [N = 589]:
44.657871, -84.728130; Burton's Landing [N = 66]: 44.663861,
-84.647406; Keystone Landing [N = 538]: 44.665036,
-84.627466) from 25 June 2018 to 2 July 2018 between 0800 and
1800 hr. At these sites, the river was slow-moving and variable but
mostly shallow in depth (0.5-1.5 m). Streams were 10-30 m wide,
so damselflies were commonly exposed to full sun. These damsel-
flies basked on vegetation along the banks and in the stream on
rocks and debris dams, some of which had live vegetation. They
roosted overnight in trees along the stream, and adult females ovi-
posited in submerged vegetation. C. aequabilis was more common
in faster flowing water (Burton's Landing and Keystone Landing),
and C. aequabilis females were most scarce. Otherwise, all damsel-
flies were extremely plentiful.

Surface temperature of perching damselflies was quantified
from 20 to 30 cm distance with an infrared thermal camera (Seek
Thermal Compact Pro) attached to the lightning port of an iPhone 6s
(Apple). Thorax surface temperatures were measured using “Hi/Lo”
mode (16:9 aspect ratio), as the thorax was usually the hottest point
in the frame. Thorax temperatures of 89 C. aequabilis females, 294
C. aequabilis males, 324 C. maculata females, and 485 C. maculata
males were measured. Only hardened adult individuals were mea-
sured (i.e., no tenerals). For a subset of individuals (N = 409), wing
temperature was also recorded with manual “Spot” mode pointed at
melanized regions. Damselflies were not marked, so individuals may
have been measured more than once. However, the large population
greatly decreased this chance of pseudoreplication.

Ambient air temperature was simultaneously measured within
1 m of each individual with a digital thermometer (Nielson-Kellerman
Kestrel 3000 Pocket Weather Meter).

This method is preferable to artificial temperature recording
(i.e., using thermocouples) (I.A. Cooper et al., unpublished data),
because it is more effective, less invasive, measures insects in their
habitat, and predicts internal temperature with very high accuracy
(Saastamoinen & Hanksi, 2008; Tsubaki et al., 2010), rendering it
ideal for studies of small insects or populations with catch limits.

Analyses of covariance were performed to test for differences
between species and sexes in regressions of thorax temperature
on ambient temperature. We first tested a full model that included
Ambient Temperature (covariate), Sex, Species, and all possible in-
teraction terms. Because the three-way interaction term was sig-
nificant in the full model (Ambient Temperature * Species * Sex:
Fi1185 = 17.74,p < .0001), we then subset the full data by species
and did separate analyses of sex differences within species. Finally,
we subset the full data by sex and did separate analyses of species
differences within sexes. Slopes for each species by sex combination
were tested against an expectation of 1.0: a slope not different than
1.0 indicates a thermoconformer (Angilletta & Angilletta, 2009).
Statistical analyses were performed in Minitab 18 (Minitab Inc, 2017)
and SAS v.9.4 (SAS Institute Inc, 2016).
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FIGURE 2 Effect of ambient air temperature on thorax surface
temperature of (a) C. aequabilis and (b) C. maculata damselflies
observed at the AuSable River in Michigan. Regression lines of
female and male damselflies are shown with solid and dashed
lines, respectively (Table 1). Fine dotted line represents perfect
conformation to ambient temperature, ay = x line

3 | RESULTS
Wing temperatures were recorded for a subset of individuals; how-
ever, we chose to only analyze thorax temperatures because of the
much larger sample size and strong Pearson correlation of 0.754
(95% CI [0.708, 0.793]) between wing and thorax temperature.
Individual thorax temperatures deviated up to 11°C in both di-
rections from ambient temperature. As expected, thorax tempera-
ture showed a strong and positive relationship with ambient air
temperature for both sexes in both species (Ambient Temperature
covariate in full model: F1,1,185 =1,385.7, p <.0001; Figure 2). In the
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TABLE 1 Regression analyses of thorax

T gzdj) temperature versus ambient temperature
-0.58 0.476
-7.13 0.577
-2.83 0.676
-4.61 0.599
-4.48 0.632
-2.06 0.637

Species Sex df Slope (95% Cl)
C. aequabilis Female 88 0.961 (0.749, 1.173)
Male 293 1.207 (1.088,1.325)
C. maculata Female 324 1.102 (1.019, 1.186)
Male 485 1.112 (1.031,
1.193)
Both? 809 1.107 (1.049, 1.166)
Both® Female 412 1.075 (0.996,
1.154)

dexcludes Ambient Temperature * Sex.
Pexcludes Ambient Temperature * Species.

full model, at least one sex of one species had a significantly differ-
ent regression slope than one other group of damselflies (Ambient
Temperature * Species * Sex: Fi1185=1774,p < .0001).

Therefore, we subset the data by species and analyzed differ-
ences between the sexes standardized by species. The sexes of
C. aequabilis displayed significantly different slopes (Figure 2a:
Ambient Temperature * Sex: Fia79 =4.34,p < .04). The slope for
C. aequabilis females was not significantly different from 1.0, while
the slope for male C. aequabilis was significantly greater than 1.0
(Table 1). Although thoraces of C. aequabilis males and females had
similar temperatures at low ambient temperatures, male C. aequabilis
thorax temperatures increased significantly faster than females' as
ambient temperature increased. Consequently, C. aequabilis females
were on average cooler than ambient temperature over most of the
day (Figure 2a).

In contrast, the slopes for male and female C. maculata were
not significantly different from one another (Figure 2b: Ambient
Temperature * Sex: Fi 608 =0.03,p = .87). In addition, the 95% con-
fidence intervals for the slopes of each sex did not include 1.0, indi-
cating that both sexes had thorax temperatures that increased faster
than ambient temperature (Table 1). In a model assuming equal
slopes for the two sexes, the female regression line was also found
to be significantly above that of males, with females' thoraces being
on average 1.5°C warmer than males' for a given ambient tempera-
ture (Figure 2b, Table 1: Sex: F1,808 =26.16,p <.0001).

We then analyzed differences between the species stan-
dardized by sex. The slopes for female C. aequabilis and C. macu-
lata were not significantly different from one another (Ambient
Temperature * Species: Fia, =191 p= .17). In a model assuming
equal slopes for females of both species, the C. maculata regression
line was found to be significantly above that of C. aequabilis, with C.
maculata thoraces being on average 2.1°C warmer than C. aequabi-
lis for a given ambient temperature (Table 1: Species: Fi 410 = 17.16,
p < .0001). Similarly, the slopes for male C. aequabilis and C. mac-
ulata were not significantly different from one another (Ambient
Temperature * Species: Fi776=173,p= .19). In a model assuming
equal slopes for males of both species, the regression line for C.
maculata and C. aequabilis was not significantly different in elevation

from one another (Species: F, ;,4 = 0.94, p = .33).

At 30°C, the optimal reproductive temperature of another dam-
selfly (Tsubaki et al., 2010), thoraces of C. aequabilis males and fe-
males were 29.1°C (95% CI [25.5, 32.6]) and 28.5°C (95% ClI [21.9,
34.6)), respectively, while C. maculata males and females had thorax
temperatures of 28.7°C (95% Cl [26.3, 31.2]) and 30.3°C (95% Cl
[27.7, 33.0]), respectively.

4 | DISCUSSION

We investigated whether the color and behavior differences be-
tween C. aequabilis and C. maculata influenced thorax temperature
over an ambient temperature range. For a given ambient tempera-
ture, one might expect that (a) C. maculata, the more melanized spe-
cies, would have greater thorax temperatures than C. aequabilis and
(b) males would have greater thorax temperatures than females, pos-
sibly due to greater sun exposure, wing melanization, and/or activity
level. Supporting these expectations, we found that (a) C. maculata
females were consistently warmer than the less melanized C. aequa-
bilis females and (b) male C. aequabilis thorax temperatures increased
at a greater rate than thoraces of the less melanized female C. ge-
quabilis. Contrary to these expectations, our results indicated that
(a) despite less saturated wing melanin, C. maculata females were
consistently warmer than C. maculata males; (b) C. aequabilis, the
species with less average wing melanization, was not consistently
cooler than C. maculata across the ambient temperature range; and
(c) despite greater wing melanization, C. maculata males had thermal
response curves similar to the less melanized C. aequabilis males.

Body temperatures of both sexes in both species increased lin-
early with ambient air temperature, as expected of ectotherm ther-
moconformers that do not intensely thermoregulate (Angilletta &
Angilletta, 2009). However, this first-order relationship between
ambient and thorax temperature does not describe all ectotherms,
as some species behaviorally regulate to yield a curvilinear, sec-
ond-order relationship between these variables (Dreisig, 1984;
Turner, 1987).

We typically imagine thermoregulation represented as a slope
less than 1.0, where individuals maintain a constant internal tem-

perature across an ambient temperature range. Surprisingly, we
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found that thorax temperatures of C. maculata males and females and
C. aequabilis males increased at a rate greater than ambient. Based
on past research with the Mnais costalis damselfly, 30°C is likely a
reasonable reproductive thermal optimum for C. aequabilis and C.
maculata (Tsubaki et al., 2010). Thus, these damselflies may boost
their internal temperatures above ambient temperature during the
reproductive period (the hottest part of the day) to achieve prime
fitness, causing their slopes to increase. While the slope of the C.
aequabilis females was less than 1.0, the intercept was greater than
0.0, which may indicate some form of thermoregulation, as well.

These strong relationships in C. aequabilis and C. maculata dif-
fered greatly from thermal relationships reported for a similar pair of
European sympatric Calopteryx species (Svensson & Waller, 2013).
In this European species pair, Calopteryx splendens and Calopteryx
virgo have pigmentation that strikingly resembles C. aequabilis and C.
maculata, respectively. In their study, they found significant slopes of
0.50 for C. splendens and -0.57 for C. virgo. However, these findings
could be caused by a small sample size, a narrower ambient tempera-
ture range, and/or greater variation in environmental or behavioral
factors than in our study. Interestingly, Svensson and Waller (2013)
observed that C. virgo and C. splendens thoraces reached an upper
asymptote of 35°C that suggested a negative consequence of over-
heating. However, we found no upper limit thorax temperatures for
C. maculata or C. aequabilis at 35°C. This difference could result from
dissimilar climates at field sites (Michigan, USA versus Sweden).

Despite the significant effect of ambient temperature, the span of
residuals around our regression line was ~20°C. This large variation
is expected of poikilotherms and can be explained by physiological
and behavioral mechanisms. Physiological temperature management
may occur by altering cellular melting points through phospholipid
regulation (Farkas, 1984), exchanging heat between internal and sur-
face-level blood, and torpor (Hainsworth & Wolf, 1978). However,
these species likely primarily thermoregulate with adaptive behav-
ior or as a thermal consequence of activities important for fitness
(i.e., displaying, entering water, and basking). Specifically, C. aequa-
bilis males drop onto the water surface in courtship displays, and
C. aequabilis females fully submerge while ovipositing (Conrad &
Herman, 1987). C. maculata females primarily oviposit at the water's
surface (Waage, 1984). We confirmed the occurrence of these be-
haviors in the field.

Additional field observations also supported the interpretation
of behavioral thermoregulation for C. maculata. Explaining the sim-
ilar regression slopes, male and female C. maculata had similar ap-
parent activity levels and basking patterns. Namely, they appeared
to bask equally on sunny debris dams in the stream and on shaded
vegetation along the stream banks. Both sexes were less likely than
C. aequabilis to return to a single territorial perch between flights.
Since male and female C. maculata are likely to partially submerge
in short periods during courtship displays and oviposition, respec-
tively, it is possible that both sexes have similar exposure to any cool-
ing effect of water. Male and female C. maculata wings are highly
melanized, which may explain their similar heating rates in response

to ambient temperatures. However, C. maculata females were 1.5°C
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hotter than males throughout the day. Since female C. maculata have
larger abdomens than males, we hypothesize that this temperature
difference is caused by a greater retention of heat as a consequence
of their larger bodies.

Behavioral and phenotypic differences may also explain C. aequa-
bilis thermal response curves. Our observations during the study in-
dicated that C. aequabilis behavior differed by sex. Although both
sexes claimed a specific perch, females spent more time basking, and
males had greater activity with more time flying and defending ter-
ritories, which could explain the steeper male slope. The tendency
of C. aequabilis females to remain cooler than ambient temperature
throughout the day could be explained by the following: (a) they are
the only morph to completely submerge for long periods (oviposi-
tion); and (b) they are more likely to bask on the stream banks, where
shaded cover is more common, than on the fully exposed debris
dams in the streams' center. Finally, (c) the larger size of C. aequabilis
compared with C. maculata could account for the heating rate and
cooling ability of C. aequabilis males and females, respectively.

Since we only observed a significant sex effect on heating rate in
C. aequabilis, the species with greater sexual dimorphism in pigment,
and not C. maculata, the species with minimal sexual dimorphism in
pigment, our findings suggest that wing pigmentation may influence
thermal response rate in sympatric populations of both species.
Namely, melanized wings add surface area to absorb heat, thereby
creating boundary layers and changing the thermal microenviron-
ment of the body as the damselfly perches.

Although wing pigmentation may drive thermal response, alter-
native explanations are possible. Each species' breeding system may
differ, resulting in (a) distinct causes of wing pattern and (b) different
types and locations of species-specific consexual and heterosexual
behaviors, altering how they respond to environmental conditions
(Conrad & Herman, 1987; Waage, 1984). For instance, at midday, we
observed that C. aequabilis males and females were less active than
C. maculata and spent more time perching near the stream banks,
while C. maculata males tended to more actively pursue mates in full
sunlight. Additionally, sexually dimorphic body colors may also af-
fect thorax temperature. For example, the brighter, iridescent bodies
of males may absorb less heat through the cuticle than the darker,
less reflective bodies of females. Thus, wing pigmentation may be
a red herring; any other distinction between the species that may
drive thermal response, like behavior, is likely correlated with the dif-
ference in wing pattern. These alternative hypotheses beg for future
research on these variables to explain the mechanism of thermal re-
sponse in C. aequabilis and C. maculata.

Additional study could explore the generalizability of these
findings in the allopatric regions of these species or in another
sympatric Calopterygid system. Marked individuals could be
studied over time to generate specific time-temperature curves.
Temperature manipulation in controlled experiments with other
damselfly species could determine if an upper temperature limit
is specific to C. virgo and C. splendens. Field observation could
quantitatively correlate behaviors to a thorax temperature ver-

sus ambient temperature curve. Quantifying the effect of other
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environmental factors, like UV index or wind speed, on thorax
temperature could create a more complete regression model.
Finally, studying mating frequency across an ambient tempera-
ture range could expose the sexual selection responsible for these
thermoregulatory relationships, as other damselflies prefer spe-
cific internal temperatures in mates (Tsubaki et al., 2010). In addi-
tion to our study, these future directions can continue to elucidate
biological consequences of pigment.
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