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Despite claims of an insect decline worldwide, our understanding of extinction
risk in insects is incomplete. Using bionomic data of all odonate (603 dragonflies
and damselflies) North American species, we assessed (i) regional extinction risk
and whether thisis related to local extirpation; (ii) whether these two patterns are
similar altitudinally and latitudinally; and (iii) the areas of conservation concern.
We used geographic range size as a predictor of regional extinction risk and
body size, thermal limits and habitat association as predictors of local extirpa-
tion. We found that (i) greater regional extinction risk is related to narrow
thermal limits, lotic habitat use and large body size (this in damselflies but
not dragonflies); (ii) southern species are more climate tolerant but with more
limited geographic range size than northern species; and (iii) two priority
areas for odonate conservation are the cold temperate to sub-boreal northeastern
USA and the transversal neo-volcanic system. Our approach can be used to
estimate insect extinction risk as it compensates for the lack of abundance data.

1. Introduction

Contemporary species extinction rates are rising abruptly as they are driven
mostly by direct anthropogenic pressures [1]. Although these extinctions are typi-
cally non-random [2], our capacity to predict which organisms are more
vulnerable to extinction is still weak, particularly in poorly known taxa [3,4].
Nonetheless, it is well known that two processes that operate at different spatial
scales render species to extinction: a decline in both geographic distribution
(large scale) and population abundance (local scale) [5-7]. Given the current
extinction crisis, we need to identify intrinsic ecological traits that predict species’
susceptibility to disappear [8-10]. This identification should be accompanied by
the recognition of areas where conservation action should take place [11].

Insects are one of the most diverse biological groups, and the projections
of species extinction rates are dramatically underestimated [3,4]. This is largely
due to the paucity of information in regards to drivers and historical patterns
of extinction, and even data on basic biology [4]. Consequently, extremely
few (less than 2%) insect species have been classified into any extinction risk
categories, although approximately 40% of those assessed by the International
Union for Conservation of Nature (IUCN) are considered least threatened [12].
This implies an urgent need for setting risk criteria to allow protection of these
animals [13,14] based on the predictors of extinction risk. In this paper, we have
aimed to predict such risk for a model freshwater insect group in conservation
[15] based on geographic range size (GRS) and key traits of local vulnerability
(body size, climatic tolerances and breeding habitat).

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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GRS—the geographic boundary where a particular species
occurs [16]—varies considerably among species. Note that
GRS is the most common and straightforward metric to
evaluate regional extinction risk: the smaller the GRS, the
greater the susceptibility to ecological disturbance and
environmental change and thus higher the risk of extinction
[17]. Regional endemic species, for example, would be more
vulnerable than wide-ranging species to regional environ-
mental change. The relationship between GRS and extinction
risk is particularly important for insects which are habitat or
feeding specialists [18,19]. In fact, GRS may be linked to traits
that can inform on vulnerability of species to local extirpation.
Indeed, trait-based approaches can be a powerful tool for
inferring vulnerability [10], especially for insects given the
difficulties of sampling and shortage of abundance data [13].
In this regard, trait-based models have attributed local popu-
lation declines of insects to body size [20], thermal limits [21]
and breeding habitat [22].

The relationship between GRS and local vulnerability traits
of species is not simple as neither is the relationship among
those traits. Body size is related to dispersal ability and is
involved in the regulation of body temperature [23]. According
to this, large-bodied aquatic arthropod species tend to occur at
higher latitudes, whereas terrestrial species mainly show the
opposite pattern [21,24]. According to this, greater dispersal
ability allows organisms to ‘escape’ unfavourable conditions,
thereby lowering their regional extinction risk and their vulner-
ability to extirpation. However, large-bodied species tend to
have low average population densities locally, which render
these species more vulnerable to local extinctions [25]. Thermal
limits are important for post-dispersal establishment, and
species that evolved under broad climatic ranges have larger
thermal limits and tend to concentrate at northern latitudes
[21,24] and higher elevation [26]. Locally, these species may
tolerate disturbance better than species with narrow thermal
limits adapted to more stable climatic conditions [24,26].
Following local ecological disturbance, habitat generalists are
more likely to persist than specialist species [27]. In other
words, the population of a habitat specialist species tends to
decline, and eventually this will be mirrored in the reduction
of the GRS [28]. Although complicated, the connections
of body size, thermal limits and breeding habitat with popu-
lation abundance makes these traits good proxies of how
likely a species will disappear locally and, with enough local
predictions, regionally or range wide.

Insects comprise about 60% of known animal diversity
in the freshwater realm [29]. Odonata—dragonflies (suborder
Anisoptera) and damselflies (suborder Zygoptera)—are
model freshwater taxa for conservation [15] with a limited def-
icit of taxonomic knowledge [30] and relatively high global
species richness [31]. The two suborders are distinct in their
morphology, behaviour and ecophysiology [32], such that the
dragonflies are generally larger with greater dispersal ability
and heliothermic tendency compared with damselflies [33].
Although 56% of odonate species are listed by the IUCN
around the world [17,34], 25% of these species have been
categorized as data deficient. Yet information on GRS, body
size, climatic tolerances and breeding habitat are available
for most of the species [35-37] thus enabling trait-based
assessment of extinction risk.

Our general aim was to evaluate regional extinction risk
and local vulnerability of insects from North America, and
the relationship between the two. More specifically, we were

interested in the following questions. Are Odonata species at [ 2 |

high risk of regional extinction also at high risk locally? Are
the results similar for the suborders (Anisoptera and Zygop-
tera)? Are the latitudinal and altitudinal patterns in regional
extinction risk and local vulnerability similar? How can this
information help for Odonata conservation? We predicted a
negative relationship between regional extinction risk and
each local vulnerability trait (body size, thermal limits, habitat
association). Additionally, we expected northern species to
collectively show larger body size and southern species and
high-altitude species to collectively exhibit narrower climatic
tolerance. We used the results to discuss conservation priority
areas [11] for Odonata in North America.

To quantify the GRS as a surrogate of regional extinction risk, we
used two measures, the extent of occurrence (EOO) and the area of
occupancy (AOO). The former is a measure of the species’ range
limits and hence of their vulnerability to threats across geographic
space [38]. The latter measures the area actually occupied by the
species as a function of the scale (e.g. spatial resolution). Both
EOO and AOO were calculated based on occurrence data (records)
for each species. The records were obtained from OdonataCentral,
a storage and distribution hub for adult odonate records through-
out North America [30], and from CONABIO [39], a storage site
for, mainly, Mexican diversity. We removed duplicated and incor-
rectly georeferenced records, rendering a total of 300 896 records
(97398 Canada; 65647 Mexico; 137851 United States) for 603
species (400 Anisoptera and 203 Zygoptera; listed in electronic
supplementary material, table S1). Synonyms were checked
using the Integrated Taxonomic Information System (http://
www.itis.gov, retrieved 15 March 2017).

We overlaid odonate records on Level II terrestrial ecoregions
of North America (www.cec.org) and selected for analysis those
regions with a completeness higher than 50%. Completeness was
calculated using the ICE and Chao2 nonparametric estimators as
implemented in EstimateS v. 8.2 [40]; these estimators are
recommended for incidence data [41]. We calculated EOO as
the area (km®) of a minimum convex polygon surrounding all
occupied territory of North America, using the gConvexHull com-
mand in the rgeos package in the R statistics software [42]. We
used AOO to distinguish between species that are widely distrib-
uted throughout their EOO and those with disjunct distributions
[18]. For this, we first associated the species’ records to ecoregions
of North America then we used the number of occupied ecore-
gions across each species’ distribution to represent AOO [18].
We used this measurement to help distinguish between species
that are widely distributed throughout their range and those
with disjunct or highly fragmented distributions [17]. Second,
we constructed an extinction risk index based on the average of
EOO and AOO and scaled from 0 to 1 [5], where values closer
to 0 means that species has the greatest GRS and lowest regional
extinction risk, while values closer to 1 means that the species
has the smallest GRS and highest regional extinction risk. In this
way, we used GRS as the values of proportions between studied
species more than raw measures to avoid bias from incomplete
and uneven sampling [13].

Considering odonate physiology, we defined the thorax length
(mm) as the appropriate proxy of adult body size. Because thoracic
musculature is a key trait for both weight acquisition and energy
assimilation [43], the thorax serves as the functional basis for
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thermoregulation [23] and dispersal [43]. Furthermore, thorax
length is correlated with weight at emergence in odonates
[44,45]. Data on adult thorax size were mainly extracted for each
species from the Encyclopedia of Life [46]. These were complemen-
ted with other sources such as http://natuurtijdschriften.nl/
natuur and www.odonatephenotypicdatabase.org. Climatic
tolerance was evaluated using a proxy of thermal tolerance, the
average isothermality values (BIO3) across each species’ EOO
[47]. The values of isothermality (BIO3) were taken from biocli-
matic variables [48]. Habitat specialization was categorized by
breeding habitat: lentic, lotic or no preference [46]. Subsequently,
local vulnerability of species was evaluated scaling the values of
thorax size, thermal tolerance and breeding habitat (no prefer-
ence =0.33, lentic=0.66, lotic=1) from 0 to 1. Species with a
small thorax, wider climatic tolerance or no habitat preference
would be the least vulnerable (value = 0), whereas the most vulner-
able species (value=1) would have a large thorax, narrower
climatic tolerance or preference for lotic habitat. We assume that
lotic species are more vulnerable to extirpation because they
generally have smaller range sizes and poorer dispersal ability
compared to lentic species [28,49].

(c) Statistical analysis

A super-tree was generated from Odonata mega-tree [50] using the
software Phylomatic version 3 [51]. Families were dated in Phylo-
com [52] using the bladj algorithm and taking into account the
dating dates proposed by Davis et al. [53]. For each continuous
trait (body size, climatic tolerance), we calculated Pagel’s A to quan-
tify the strength of phylogenetic signal from zero (no signal) to one
[54]. We controlled for significant signal in subsequent modelling.

We evaluated the relationship between regional extinction risk
(GRS index) and each metric of local vulnerability for all 603
species. As the occurrence records were collected without a specific
sampling design, they contain a variety of biases. To account
for these biases, we estimated the relationship between local extir-
pation and regional extinction using an approach based on
Bayesian occupancy modelling [55]. A Bayesian approach to gen-
eralized linear mixed models (GLMM) inference offers several
advantages over frequentist and information-theoretic methods,
particularly when datasets are highly informative and scarce a-
prior knowledge is assumed (i.e. when the priors are weak). The
Bayesian approach draws conclusions based on a set of weighted
models, rather than a single best model. Also, it provides confi-
dence intervals on GLMM parameters (and hence tests of
whether those parameters could plausibly equal to zero) in a
way that naturally averages the uncertainty of both the fixed and
random effect parameters [56]. Finally, due to the non-indepen-
dence of species as a consequence of their shared evolutionary
history, we used statistical analyses based on phylogenetic relation-
ship data to incorporate this dependency in our statistical analyses.
Thus, we used phylogenetic Bayesian regression mixed models
(PBRMM) [56] of the GRS index in response to each local vulner-
ability metric, with a lognormal error distribution and species as
random factor to account for phylogenetic dependency. We used
a matrix covariance structure using our Odonata phylogeny
to control for shared evolutionary history. We chose to use the
lognormal error distribution as recommended for a linear or expo-
nential regression and with data values between 0 and 1 [57]. All
statistical analyses were conducted using R v. 3.5 [42]. Models
were implemented using the brms package v. 2.4.0 [58], and the
sjstats package v. 0.17.0 [59] was used for Bayesian inference on
the magnitude of a model’s parameter value.

We produced 1° x 1° gridded maps representing the regional
extinction risk and local vulnerability (thorax size, thermal toler-
ance, breeding habitat) by suborder [10]. We used GLMM to test
the relationship between extinction risk and local vulnerability
within 1° bands of latitude (ranging from 14 to 69°N) and 100 m

increments of elevation (ranging from 0 to 3700 m.a.s.L). This n

method suffers from the lack of statistical independence, because
the average trait values for different latitudinal bands or elevation
ranges are influenced by the same species in adjacent bands or
ranges; therefore, we used ecoregions of North America as a
random factor.

3. Results

Scores for extinction risk and local vulnerability for all
603 species are found in electronic supplementary material,
table 1. All but two ecoregions (out of 50 total) resulted in a
completeness higher than 50%. Lambda (1) was significantly
different from zero for all traits associated with extinction
risk and local vulnerability, indicating a phylogenetic signal.
Therefore, shared evolutionary history was controlled in the
phylogenetic models.

(a) Extinction risk and vulnerability to local extirpation
Regional extinction risk and thorax size were positively
related in Zygoptera but not Anisoptera (figure 1a,d; table 1).
Although larger zygopterans showed a higher extinction risk
than smaller zygopterans, most species were of small size
(0.4 or less) with high variation in extinction risk (figure 14).
As expected, regional extinction risk and thermal tolerance
were negatively related, particularly in the Zygoptera
(figure 1b,e; table 1). Regional extinction risk was higher for
lotic-breeding Zygoptera and Anisoptera than for lentic and
generalist species (figure 1c,f; table 1). The lentic and generalist
groups did not noticeably differ from each other (table 1).

(b) Geographical patterns of regional extinction risk and

local vulnerability

Regional extinction risk broadly increased from north to
south in both suborders (figure 2a,b). Thorax size showed
no clear latitudinal pattern in either suborder (figure 3a,d)
whereas thermal tolerance declined with increasing latitude
(figure 3b,e). The patterns of regional extinction risk are oppo-
site with the proportionately greater numbers of thermally
tolerant species to the south (figures 2 and 3b,e). There were
few places with relatively low regional extinction risk (less
than 0.5 index or cooler map colours) at the southern half
of Mexico which supports a proportionately high number
of lotic species (figure 3cf), which revealed a markedly
high regional extinction risk and local vulnerability.

(<) Relationships to latitude and elevation

Latitude and elevation were significantly related with regional
extinction risk in both suborders. Extinction risk increased for
both suborders with decreasing latitude and elevation (tables 2
and 3; figure 2). Latitude related positively to thorax size of
Anisoptera (table 2) and negatively to Zygoptera (table 3),
whereas elevations did not relate with the thorax size of
Anisoptera. Conversely, the size of Zygoptera decreased at
higher elevations (table 3). Climatic vulnerability increased in
both suborders at higher elevations and latitudes (tables 2
and 3). Latitude also significantly influenced species’ breeding
habitat with greater vulnerability (i.e. lotic tendency) over
decreasing latitude and elevation in Anisoptera and Zygoptera
(tables 2 and 3).
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Figure 1. Association between traits linked to local habitat vulnerability change with regional extinction risk for both odonata suborders. Relationship between the regional
extinction risk of Anisoptera with (a) thorax size, (b) thermal tolerance and (c) breeding habitat; regional extinction risk of Zygoptera with (d) thorax size, (e) thermal
tolerance and (f) breeding habitat. Trend line represents a Bayesian normal linear model fit, with the posterior 95% credible and predictive intervals represented as shading.
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Figure 2. One-degree grid maps showing regional extinction risk distribution in North America for both suborders of Odonata. (Online version in colour.)

Table 1. Phylogenetic Bayesian regression mixed models that examine the relationship of extinction risk with local vulnerability metrics for each odonate
suborder (Anisoptera and Zygoptera). Model averaged estimates of parameters (53), standard errors (s.e.) and 95% Cl are shown. The parameters for which the
95% credible interval (CI) did not include 0 are considered as the influential parameters and are shown in italic text.

lower Cl

traits associated with habitat change vulnerability

upper Cl

Anisoptera
thbrax size
thermal tolerance
breeding habitat (lotic)
breeding habitat (no preference)
Zygoptera
thorax size
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Table 2. Generalized linear mixed models of regional extinction risk and local vulnerability traits for 400 Anisoptera species in relation with latitude and

elevation gradients throughout North America, accounting for ecoregion (intercept random effect). Significant values appear in italic.

local vulnerability traits

thorax size

thermal tolerance

breeding habitat

extinction risk index

Table 3. Generalized linear mixed models of regional extinction risk and local vulnerability traits for 203 Zygoptera species in relation with latitude and

covariate

latitude

elevation
latitude

elevation
latitude

elevation
latitude

elevation

_300% 107

0.0002
200x10°
0.0007
100707
0.0003
444x 107
0.0003
400x 1075

elevation gradients throughout North America, accounting for ecoregion (intercept random effect). Significant values appear in italic.

local vulnerability

thorax size
thermal tolerance
breeding habitat

extinction risk index

traits

covariate

latitude

elevation

latitude

elevation

latitude

elevation
e
elevation

—0.001

—6.00% 1075
0.004
7.00% 107°

—0.003

—-0.01

—6.00 % 107°

—3.00%x 107°
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1.00 % 107°
0.0002

200 107°
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00003
500 107°
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<0.007
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0.57
<0.007

© <0.007

<0.001
<0.001
<0.001
<0.001
<0.001
0.23
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SF976107 :£8T g 20S Y 0id  qdsi/jeuinol/b10-buiysijgndAianosiefos H



Downloaded from https://royal societypublishing.org/ on 20 March 2025

As expected, we found that a greater regional extinction risk is
generally associated with narrower thermal limits and breeding
in lotic systems, but counter to expectations, did not correspond
with smaller body size and even emerged as positively related
in Zygoptera. The relationship between extinction risk and ther-
mal tolerance in zygopterans makes sense as species of this
suborder tolerate a wider environmental temperature range
than anisopterans [60]. Previous works have pointed out that
GRS of odonates is related to climate [61], thus cold-adapted
odonate species are poised to ‘lose’ first in a warming climate
situation [62]. Of course, insect relations with climate are
more complex. Actually, the evolutionary patterns of odonate
thermoregulation are driven by interactions with biogeographic
origin, body size, surface colour and behaviour, at both
local and broad scale, across temperate and tropical regions
[60,63,64]. Still, a general pattern is that larger odonate species
tend to be endothermic or heliothermic, whereas smaller
species tend to be more ectothermic [60]. These relationships
between body size and thermoregulation could explain
the difference in extinction risk and thermal tolerance across
suborders, where anisopteran GRS is less associated to climate
compared to zygopteran GRS because of broader thermal limits
in the latter suborder. It may also explain the contrasting size
and thermal correlations with extinction risk observed in
Zygoptera but not in Anisoptera (figure 1).

We found that lotic breeders of both suborders tend to
have a more limited GRS and higher extinction risk than
lentic species. In relation to this, Powney et al. [55] concluded
that the degree of habitat specialization and GRS were key
traits associated with the occurrence trends for Odonata. At a
higher taxonomic level than only odonates, it has been
suggested that the higher persistence of metapopulations,
together with their smaller geographical ranges and reduced
gene flow, may favour the evolutionary specialization of
lotic macroinvertebrate species [65]. The relatively short-cycle
hydroperiod of lentic habitats has selected for higher coloniza-
tion capacities in standing-water species compared with their
lotic relatives [27]. Thus, our results concur with previous
analyses in other odonate species. For example, the stronger
dispersal propensity of lentic odonates may have enabled a
faster post-glacial recolonization of suitable regions, resulting
in larger GRS [28]. Possibly, such dispersal propensity served
as a mechanism for lentic odonates to better track changes in
their climatic niche and thus avoid dry phases [64,66]. This
may have ultimately conferred lentic odonates a lower
extinction risk compared to lotic odonates.

Body size, understood as thorax length, did not relate to
GRS and, consequently, extinction risk in Anisoptera, possibly
due to the wide range of sizes across the 400 species we exam-
ined. Conversely, size positively covaried with the GRS of
Zygoptera, so that larger damselflies may face higher viability
costs and sexual selection pressures that make them more
prone to extinction [67]. There are some ecological and
functional issues related to this size metric that are worth
discussing. On one hand, thorax size is positively related
to dispersal ability [37], which may explain why it is a conser-
ved trait across Odonata [50] and clarifies why anisopterans
have a higher dispersal ability [64,68] and are adapted to differ-
ent habitats than zygopterans [66]. A higher propensity to
disperse and colonize would result in a larger GRS and
lower extinction risk in North America for most anisopteran

species [69]. On the other hand, size is also related to thermal
tolerance in ectotherms, and in this regard, larger-bodied
species may be more susceptible to critical thermal maxima
(CTmax) by oxygen limitation because of their lower surface
area to volume ratio [70]. The nature of this ratio would con-
strain the odonate capacity to extract oxygen from their
environment. Still, these mechanisms cannot explain the
wide size distribution of North American odonates.

Our results indicate a general trend for larger anisopterans
and smaller zygopterans occurring with decreasing latitude.
Growing evidence suggests that body size of ectotherms
tends to be smaller at lower latitude, otherwise known as Berg-
mann’s rule [21], which is consistent with the pattern found for
Zygoptera. However, odonates may show nonlinear size clines
with latitude due to shifts in voltinism and biotic factors such
as prey availability and size distribution [71]. Of course, there
is not a unique mechanism that explains all patterns for
both suborders and at least two explanations can be put for-
ward. First, extirpation patterns for zygopterans are possibly
explained by their low reproductive rates in colder environ-
ments. In this sense, natural selection would favour a larger
body size to enhance fecundity at each reproductive episode
[72]. Second, extirpation patterns for anisopterans might be
explained by the metabolic cold adaptation hypothesis [73]:
the faster larval growth at a higher temperature would result
in a larger size at emergence [72,74]. The resulting balance
and/or operation of both mechanisms should be studied.

We also found that species of both suborders tended to be
more climatic tolerant at Southern regions (subtropical or
warm-temperate Mexico and US) than at Northern regions
(cold temperate or boreal US and Canada). This is in line
with a simulation and experimental study of Zygoptera [33],
and similar results have been described for other ectotherms
[75]. Climatic niche conservatism may account for the extirpa-
tion risk of odonate species along the latitudinal gradient in
North America. Also, our results suggest that thermal tolerance
varies across the geography of North America [73]. This means
that a biogeographical origin and, thus, the history of the
region may regulate local vulnerability and current species dis-
tribution [63,76,77]. For instance, the Mexican Transition Zone
that consists of five biogeographic provinces, mostly mountain
ranges, and at least four cenocrons (i.e. sets of taxa that share
the same biogeographical history, biotic origin, and evolution-
ary history) [78] have probably rendered a complex mixture of
odonate biotas [79]. Thus, the dramatic thermal fluctuations
associated with Mexican mountain ranges may have selected
for thermal-generalist species. On the contrary, the boreal and
temperate Northern regions are home to many cold-adapted
and thermal-specialist species which are, however, more
vulnerable to local extirpation [33,63].

For both suborders, thermal tolerances and extinction risk
were associated with elevation ranges. Based on our results,
Odonata species at lower elevation in tropical latitude are
the most vulnerable to extinction, but they are also relatively
tolerant to extirpation by climatic changes. Similar results
were found by Colwell et al. [80], who suggested that a high
proportion of tropical species would not be adapted to temp-
eratures projected across elevational ranges under warming
scenarios. Moreover, evidence suggests that ectotherms can
more readily acclimate and thus adapt to colder temperatures
than to warmer temperatures [26], which in turn suggests
that species are more likely to persist at higher elevations
albeit with reduced extents and areas of occurrence [81].
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Under a global warming scenario, we suggest that odonate
species at lower elevations in tropical latitudes are unlikely to
be extirpated. Instead, odonate species from the plains at
higher latitudes could be the most vulnerable to extirpation.
This is because lower elevations are already warm in the tropics
and thus naturally buffered against further warming, whereas
species adapted to cooler higher elevations would be more sus-
ceptible to warming [82]. More generally, our analysis indicates
that the extinction risk of Odonata varies along latitudinal and
elevational gradients.

It is important to consider extinction risk at regional
and local (extirpation) scales when defining the priorities of
conservation [83]. From our analysis, we can identify two
priority areas for Odonata conservation in North America.
One is the cold temperate to sub-boreal northeastern USA.
This is a centre of Nearctic species richness and complex
biogeographical and evolutionary heritage [63,79] that
includes a high percentage of regionally imperiled and locally
vulnerable species [18]. Coastal New England, for example,
contains several regional endemic species with strong habitat
specialization [84,85]. Another priority area is the transversal
neo-volcanic system, a centre of diversity and endemism
deriving from multiple biogeographic origins [79]. Our
maps suggest this area, at the transition of the Neotropical
and Nearctic biogeographic realms, may contain the highest
number of Odonata species prone to regional extinction, and
some of these species extend into the southern USA, helping
to create the concentrations of biodiversity including many
at-risk species [85-87].

Why do bugs perish? Although claims indicate that insect

species are declining worldwide [88], this still has to be
supported by verifiable data and information sources to
understand risk mechanisms and patterns [89,90]. One way
our results can help is via conservation status categorization
according to the IUCN guidelines. In this regard, 70% of
our study species have not been categorized by the IUCN.
However, based on our analysis from the 20 species with
the highest average of extinction and extirpation risk in
North America, only three have been categorized by the
TUCN. Not surprisingly, the current Red List underestimates
the actual number of extinct and threatened invertebrate
species [3]. Thus, we suggest our approach as a new alterna-
tive to measure the levels of extinction risk for invertebrates
at a global scale. Our approach accepts some levels of
uncertainty for individual species (e.g. a decrease in local
abundance) [91], but at a large scale, it provides an estimate
of extinction potential that is easy to replicate and that
considers phylogenetic non-independence of extinction
risk [3,92].

Data available from the Dryad Digital Repository:
https:/ /doi.org/10.5061/dryad.bk3j9kd79 [93].
All authors state that they do not have a conflict of
interests. M.R.-O., P.R., J.B. and A.C.-A. discussed the idea; J.A.
provided the data; M.R.-O. carried out the analyses; All authors
crafted the paper.
We declare we have no competing interests.
This work was possible via a PAPIIT-UNAM grant IN206618.

Stork NEN. 2010 Re-assessing current extinction 9. Mattila N, Kotiaho JS, Kaitala V, Komonen A. 2008  16. Gaston KJ. 1994 Rarity, 1st edn. London, UK:
rates. Biodivers. Conserv. 19, 357-371. (doi:10. The use of ecological traits in extinction risk Chapman and Hall.

1007/510531-009-9761-9) assessments: a case study on geometrid moths. 17. IUCN. 2018 IUCN Red List of Threatened Species.
Cardinale BJ et al. 2012 Biodiversity loss and its Biol. Conserv. 141, 2322-2328. (doi:10.1016/j. Version 2018-1. See http:/www.iucnredlist.org.
impact on humanity. Nature 489, 326—326. (doi:10. biocon.2008.06.024) 18.  White EL, Hunt PD, Schlesinger MD, Corser JD,
1038/nature11373) 10. Bland LM. 2017 Global correlates of extinction risk deMaynadier PG. 2015 Prioritizing Odonata for
Régnier C, Achaz G, Lambert A, Cowie RH, Bouchet in freshwater crayfish. Anim. Conserv. 20, 532-542. conservation action in the northeastern

P, Fontaine B. 2015 Mass extinction in poorly (doi:10.1111/acv.12350) USA. freshw. Sci. 34, 1079-1093. (doi:10.1086/
known taxa. Proc. Natl. Acad. Sci. USA 112, 1. Albuquerque F, Beier P. 2015 Global patterns and 682287)

7761-7766. (doi:10.1073/pnas.1502350112) environmental correlates of high-priority 19. Carpaneto GM, Mazziotta A, Pittino R, Luiselli L.
Dunn RR. 2005 Modern insect extinctions, the conservation areas for vertebrates. J. Biogeogr. 42, 2011 Exploring co-extinction correlates: the effects
neglected majority. Conserv. Biol. 19, 1030-1036. 1397-1405. (doi:10.1111/jbi.12498) of habitat, biogeography and anthropogenic factors
(doi:10.1111/}.1523-1739.2005.00078.x) 12. Dirzo R, Young HS, Galetti M, Ceballos G, Isaac NJB, on ground squirrels—dung beetles associations.
Graham NAJ et al. 2011 Extinction vulnerability of Collen B. 2014 Defaunation in the Anthropocene. Biodivers. Conserv. 20, 3059-3076. (doi:10.1007/
coral reef fishes. Ecol. Lett. 14, 341-348. (doi:10. Science 345, 401-406. (doi:10.1126/science. $10531-011-0162-5)
1111/j.1461-0248.2011.01592.x) 1251817) 20. Jeppsson T, Forslund P. 2014 Species’ traits explain
Purcell SW, Polidoro BA, Gamboa RU, Mercier A, 13. Cardoso P, Borges PAV, Triantis KA, Ferrindez MA, differences in Red list status and long-term
Purcell SW. 2014 The cost of being valuable: Martin JL. 2011 Adapting the IUCN Red List criteria population trends in longhorn beetles. Anim.
predictors of extinction risk in marine invertebrates for invertebrates. Biol. Conserv. 144, 2432-2440. Conserv. 17, 332-341. (doi:10.1111/acv.12099)
exploited as luxury seafood. Proc. R. Soc. B 281, (doiz10.1016/j.biocon.2011.06.020) 21. Home (R, Hirst AG, Atkinson D. 2015 Temperature-
20133296. (doi:10.1098/rspb.2013.3296) 14. Cardoso P, Erwin TL, Borges PAV, New TR. 2011 size responses match latitudinal-size clines in
Pearson RG et al. 2014 Life history and spatial traits The seven impediments in invertebrate arthropods, revealing critical differences between
predict extinction risk due to climate change. Nat. conservation and how to overcome them. Biol. aquatic and terrestrial species. Ecol. Lett. 18,

(lim. Chang. 4, 217-221. (doi:10.1038/ Conserv. 144, 2647-2655. (doi:10.1016/j.biocon. 327-335. (doi:10.1111/ele.12413)

nclimate2113) 2011.07.024) 22. Mccauley SJ, Davis CJ, Werner EE, Robeson MS. 2014
Terzopoulou S, Whittaker RJ, Borges PA V, Triantis 15. Bried JT, Samways MJ. 2015 A review of Dispersal, niche breadth and population extinction:

KA, Terzopoulou S. 2015 Drivers of extinction: the
case of Azorean beetles. Biol. Lett. 11, 20150273.
(d0i:10.1098/rshl.2015.0273)

odonatology in freshwater applied ecology and
conservation science. Freshw. Sci. 34, 1023-1031.
(d0i:10.1086/682174)

colonization ratios predict range size in North
American dragonflies. J. Anim. Ecol. 83, 858-865.
(doi:10.1111/1365-2656.12181)


https://doi.org/10.5061/dryad.bk3j9kd79
http://dx.doi.org/10.1007/s10531-009-9761-9
http://dx.doi.org/10.1007/s10531-009-9761-9
http://dx.doi.org/10.1038/nature11373
http://dx.doi.org/10.1038/nature11373
http://dx.doi.org/10.1073/pnas.1502350112
http://dx.doi.org/10.1111/j.1523-1739.2005.00078.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01592.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01592.x
http://dx.doi.org/10.1098/rspb.2013.3296
http://dx.doi.org/10.1038/nclimate2113
http://dx.doi.org/10.1038/nclimate2113
http://dx.doi.org/10.1098/rsbl.2015.0273
http://dx.doi.org/10.1016/j.biocon.2008.06.024
http://dx.doi.org/10.1016/j.biocon.2008.06.024
http://dx.doi.org/10.1111/acv.12350
http://dx.doi.org/10.1111/jbi.12498
http://dx.doi.org/10.1126/science.1251817
http://dx.doi.org/10.1126/science.1251817
http://dx.doi.org/10.1016/j.biocon.2011.06.020
http://dx.doi.org/10.1016/j.biocon.2011.07.024
http://dx.doi.org/10.1016/j.biocon.2011.07.024
http://dx.doi.org/10.1086/682174
http://www.iucnredlist.org
http://www.iucnredlist.org
http://dx.doi.org/10.1086/682287
http://dx.doi.org/10.1086/682287
http://dx.doi.org/10.1007/s10531-011-0162-5
http://dx.doi.org/10.1007/s10531-011-0162-5
http://dx.doi.org/10.1111/acv.12099
http://dx.doi.org/10.1111/ele.12413
http://dx.doi.org/10.1111/1365-2656.12181

Downloaded from https://royal societypublishing.org/ on 20 March 2025

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Samejima Y, Tsubaki Y. 2010 Body temperature and
body size affect flight performance in a damselfly.
Behav. Ecol. Sociobiol. 64, 685—692. (doi:10.1007/
500265-009-0886-3)

Ohlberger J. 2013 Climate warming and ectotherm
body size: from individual physiology to community
ecology. funct. Ecol. 27, 991-1001. (doi:10.1111/
1365-2435.12098)

Suhonen J, Korkeamaki E, Salmela J, Kuitunen M.
2014 Risk of local extinction of Odonata freshwater
habitat generalists and specialists. Conserv. Biol. 28,
783-789. (doi:10.1111/cobi.12231)

Garcia-Robledo C, Kuprewicz EK, Staines CL, Erwin
TL, Kress WJ. 2016 Limited tolerance by insects to
high temperatures across tropical elevational
gradients and the implications of global warming
for extinction. Proc. Natl. Acad. Sci. USA 113,
680-685. (doi:10.1073/pnas.1507681113)

Arribas P, Velasco J, Abelldn P, Sanchez-Fernéndez
D, Anddjar C, Calosi P, Millan A, Ribera |, Bilton DT.
2012 Dispersal ability rather than ecological
tolerance drives differences in range size between
lentic and lotic water beetles (Coleoptera:
Hydrophilidae). J. Biogeagr. 39, 984-994. (doi:10.
1111/j.1365-2699.2011.02641.x)

Grewe Y, Hof C, Dehling DM, Brand| R, Bréndle M.
2013 Recent range shifts of European dragonflies
provide support for an inverse relationship between
habitat predictability and dispersal. Glob. Ecol.
Biogeogr. 22, 403—409. (doi:10.1111/geb.12004)
Dijkstra K-DB, Monaghan MT, Pauls SU. 2014
Freshwater biodiversity and aquatic insect
diversification. Ann. Rev. Entomol. 59, 143-163.
(doi:10.1146/annurev-ento-011613-161958)

Abbot JC, Broglie D. 2005 OdonataCentral.com: a
model for the Web-based delivery of natural history
information and citizen science. Am. Entomol. 51,
240-243. (doi:10.1093/ae/51.4.240)

Clausnitzer V et al. 2009 Odonata enter the
biodiversity crisis debate: the first global assessment
of an insect group. Biol. Conserv. 142, 1864—1869.
(doi:10.1016/j.hiocon.2009.03.028)

Bybee S et al. 2016 Odonata (dragonflies and
damselflies) as a bridge between ecology and
evolutionary genomics. Front. Zool. 13, 8-20.
(doi:10.1186/512983-016-0176-7)

Nilsson-Ortman V, Stoks R, De Block M, Johansson F.
2012 Generalists and specialists along a latitudinal
transect: patterns of thermal adaptation in six
species of damselflies. Ecology 93, 1340-1352.
(doi:10.1890/11-1910.1)

Trueman JWH, Rowe RJ. 2009 Odonata: dragonflies
and damselflies. 16 October. See http://tolweb.org/
Odonata/8266/2009.10.16.

Korkeamaki E, Suhonen J. 2002 Distribution and
habitat specialization of species affect local
extinction in dragonfly Odonata populations.
Ecography (Cop.) 25, 459—465. (doi:10.1034/j.1600-
0587.2002.250408.x)

Suhonen J, Hilli-Lukkarinen M, Korkeamaki E,
Kuitunen M, Kullas J, Penttinen J, Salmela J. 2010
Local extinction of dragonfly and damselfly
populations in low- and high-quality habitat

37.

38.

39.

40.

41.

42.

43.

45.

46.
47.

48.

49.

50.

51.

52,

53.

patches. Conserv. Biol. 24, 1148-1153. (doi:10.
1111/j.1523-1739.2010.01504.x)

Dutra S, De Marco P. 2015 Bionomic differences in
odonates and their influence on the efficiency of
indicator species of environmental quality. Ecol. Indic.
49, 132-142. (doi:10.1016/j.ecolind.2014.09.016)
Runge CA, Tulloch A, Hammill E, Possingham HP,
Fuller RA. 2015 Geographic range size and extinction
risk assessment in nomadic species. Conserv. Biol. 29,
865-876. (doi:10.1111/cohi.12440)

CONABIO. 2009 Mexico: capacities for conservation and
sustainable use of biodiversity. Natl. Comm. Knowl. Use
Biodivers. United Nations Dev. Program. Mex.

Colwell RK. 2009 EstimateS: statistical estimation of
species richness and shared species from samples.
See http://viceroy.eeb.uconn.edu/estimates/.
Colwell RK, Coddington JA. 1994 Estimating
terrestrian biodiversity. Phil. Trans. R. Soc. B 345,
101-118. (doi:10.1098/rsth.1994.0091)

R Development Core Team. 2017 R: a language and
environment for statistical computing. Vienna
Austria: The R Foundation for Statistical Computing.
See http:/www.r-project.org/.

Schilder RJ, Marden JH. 2004 A hierarchical analysis
of the scaling of force and power production by
dragonfly flight motors. J. Exp. Biol. 207, 767-776.
(doi:10.1242/jeb.00817)

Falck J, Johansson F. 2000 Patterns in size, sex ratio
and time at emergence in a south Swedish
population of Sympetrum sanguineum (Odonata).
Aquat. Insects 22, 311-317. (doi:10.1076/0165-
0424(200010)22:4;1-Y;F1311)

Brodin T, Johansson F. 2002 Effects of predator
induced thinning and activity changes on life
history in a damselfly. Oecologia 132, 316-322.
(doi:10.1007/500442-002-0938-0)

EOL. 2018 Encyclopedia of Life. www.eol.org.
Corser JD, White EL, Schlesinger MD. 2015 Adult
activity and temperature preference drives region-
wide damselfly (Zygoptera) distributions under a
warming climate. Biol. Lett. 11, 20150001. (doi:10.
1098/rsbl.2015.0001)

Fick SE, Hijmans RJ. 2017 Worldclim 2: new 1-km
spatial resolution climate surfaces for global land
areas. Int. J. (limatol. 37, 4302-4315.

Hof C, Brandle M, Brandl R. 2006 Lentic odonates
have larger and more northern ranges than lotic
species. J. Biogeogr. 33, 63-70. (doi:10.1111/j.
1365-2699.2005.01358.x)

Waller JTJ, Svensson El. 2017 Body size evolution in
an old insect order: no evidence for Cope’s Rule in
spite of fitness benefits of large size. Evolution
(N. 'Y) 71, 2178-2193. (doi:10.1111/ev0.13302)
Webb C, Donoghue MJ. 2005 Phylomatic: tree assembly
for applied phylogenetics. Mol. £col. Notes 5, 181-183.
(doi:10.1111/j.1471-8286.2004.00829.x)

Webb C, Ackerly D, Kembe S. 2008 Phylocom:
software for the analysis of phylogenetic
community structure and trait evolution.
Bioinformatics 24, 2098-2100. (doi:10.1093/
bioinformatics/btn358)

Davis RB, Nicholson DBD, Saunders ELR, Mayhew
PPJ. 2011 Fossil gaps inferred from phylogenies

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

67.

alter the apparent nature of diversification in
dragonflies and their relatives. BMC Evol. Biol. 11,
252. (doi:10.1186/1471-2148-11-252)

Revell L. 2012 Phytools: an R package for
phylogenetic comparative biology (and other
things). Methods Ecol. Evol. 3, 217-223. (doi:10.
1111/}.2041-210X.2011.00169.x)

Powney G, Cham SSA, Smallshire D, Isaac NJ. 2015
Trait correlates of distribution trends in the Odonata
of Britain and Ireland. Peer/ 3, e1410. (doi:10.7717/
peerj.1410)

Bolker BM, Brooks ME, Clark CJ, Geange SW,
Poulsen JR, Stevens MHH, White JSS. 2009
Generalized linear mixed models: a practical guide
for ecology and evolution. Trends Ecol. Evol. 24,
127-135. (doi:10.1016/j.tree.2008.10.008)

Biirkner PC. 2018 Advanced Bayesian multilevel
modeling with the R package brms. R J. 10,
395-411. (doi:10.32614/1j-2018-017)

Biirkner P-C. 2017 brms: an R Package for Bayesian
multilevel models using Stan. J. Stat. Softw. 80,
1-28.

Liidecke D. 2018 sjstats: statistical functions for
regression models. Version 0.17.0. See https:\\cran.
I-project.org/package=sjstats.

De Marco P, Batista JD, Cabette HSR. 2015
Community assembly of adult odonates in tropical
streams: an ecophysiological hypothesis. PLoS ONE
10, e0123023. (doi:10.1371/journal.pone.0123023)
Bush A, Theischinger G, Nipperess D, Turak E,
Hughes L. 2013 Dragonflies: climate canaries for
river management. Divers. Distrib. 19, 86-97.
(doi:10.1111/ddi.12007)

Rosset V, Oertli B. 2011 Freshwater biodiversity
under climate warming pressure: identifying the
winners and losers in temperate standing
waterbodies. Biol. Conserv. 144, 2311-2319.
(doi:10.1016/j.biocon.2011.06.009)

Corser JD, White EL, Schlesinger MD. 2014 Odonata
origins, biogeography, and diversification in an
Eastern North American hotspot: multiple pathways
to high temperate forest insect diversity. Insect
Conserv. Divers. 7, 393—-404. (doi:10.1111/icad.
12065)

Pinkert S, Dijkstra K-DB, Zeuss D, Reudenbach C,
Brandl R, Hof C. 2018 Evolutionary processes,
dispersal limitation and climatic history shape
current diversity patterns of European dragonflies.
Ecography (Cop.) 41, 795-804. (doi:10.1111/
c0g.03137)

Ribera 1. 2008 Habitat constraints and the
generation of diversity in freshwater
macroinvertebrates. In Aquatic insects: challenges
to populations (eds J Lancaste, RA Briers),

pp. 289-311. Wallingford, UK: CABI.

Hof C, Brandle M, Dehling DM, Munguia M, Brandl
R, Aratjo MB, Rahbek C. 2012 Habitat stability
affects dispersal and the ability to track climate
change. Biol. Lett. 8, 639-643. (doi:10.1098/rshl.
2012.0023)

Sudrez-Tovar (M, Rocha-Ortega M, Gonzdlez-Voyer
A, Gonzdlez-Tokman D, Cérdoba-Aguilar A. 2019
The larger the damselfly, the more likely to be


http://dx.doi.org/10.1007/s00265-009-0886-3
http://dx.doi.org/10.1007/s00265-009-0886-3
http://dx.doi.org/10.1111/1365-2435.12098
http://dx.doi.org/10.1111/1365-2435.12098
http://dx.doi.org/10.1111/cobi.12231
http://dx.doi.org/10.1073/pnas.1507681113
http://dx.doi.org/10.1111/j.1365-2699.2011.02641.x
http://dx.doi.org/10.1111/j.1365-2699.2011.02641.x
http://dx.doi.org/10.1111/geb.12004
http://dx.doi.org/10.1146/annurev-ento-011613-161958
http://dx.doi.org/10.1093/ae/51.4.240
http://dx.doi.org/10.1016/j.biocon.2009.03.028
http://dx.doi.org/10.1186/s12983-016-0176-7
http://dx.doi.org/10.1890/11-1910.1
http://tolweb.org/Odonata/8266/2009.10.16
http://tolweb.org/Odonata/8266/2009.10.16
http://tolweb.org/Odonata/8266/2009.10.16
http://dx.doi.org/10.1034/j.1600-0587.2002.250408.x
http://dx.doi.org/10.1034/j.1600-0587.2002.250408.x
http://dx.doi.org/10.1111/j.1523-1739.2010.01504.x
http://dx.doi.org/10.1111/j.1523-1739.2010.01504.x
http://dx.doi.org/10.1016/j.ecolind.2014.09.016
http://dx.doi.org/10.1111/cobi.12440
http://viceroy.eeb.uconn.edu/estimates/
http://viceroy.eeb.uconn.edu/estimates/
http://dx.doi.org/10.1098/rstb.1994.0091
http://www.r-project.org/
http://www.r-project.org/
http://dx.doi.org/10.1242/jeb.00817
http://dx.doi.org/10.1076/0165-0424(200010)22:4;1-Y;FT311
http://dx.doi.org/10.1076/0165-0424(200010)22:4;1-Y;FT311
http://dx.doi.org/10.1007/s00442-002-0938-0
http://www.eol.org
http://dx.doi.org/10.1098/rsbl.2015.0001
http://dx.doi.org/10.1098/rsbl.2015.0001
http://dx.doi.org/10.1111/j.1365-2699.2005.01358.x
http://dx.doi.org/10.1111/j.1365-2699.2005.01358.x
http://dx.doi.org/10.1111/evo.13302
http://dx.doi.org/10.1111/j.1471-8286.2004.00829.x
http://dx.doi.org/10.1093/bioinformatics/btn358
http://dx.doi.org/10.1093/bioinformatics/btn358
http://dx.doi.org/10.1186/1471-2148-11-252
http://dx.doi.org/10.1111/j.2041-210X.2011.00169.x
http://dx.doi.org/10.1111/j.2041-210X.2011.00169.x
http://dx.doi.org/10.7717/peerj.1410
http://dx.doi.org/10.7717/peerj.1410
http://dx.doi.org/10.1016/j.tree.2008.10.008
http://dx.doi.org/10.32614/rj-2018-017
https:\\cran.r-project.org/package=sjstats
https:\\cran.r-project.org/package=sjstats
http://dx.doi.org/10.1371/journal.pone.0123023
http://dx.doi.org/10.1111/ddi.12007
http://dx.doi.org/10.1016/j.biocon.2011.06.009
http://dx.doi.org/10.1111/icad.12065
http://dx.doi.org/10.1111/icad.12065
http://dx.doi.org/10.1111/ecog.03137
http://dx.doi.org/10.1111/ecog.03137
http://dx.doi.org/10.1098/rsbl.2012.0023
http://dx.doi.org/10.1098/rsbl.2012.0023

Downloaded from https://royal societypublishing.org/ on 20 March 2025

68.

69.

70.

.

72.

73.

74.

75.

threatened: a sexual selection approach. J. Insect
Conserv. 23, 535-545. (doi:10.1007/s10841-019-
00142-0)

Conrad KF, Willson KH, Harvey IF, Thomas CJ,
Sherratt TN. 1999 Dispersal characteristics of seven
odonate species in an agricultural landscape.
Ecography (Cop.) 5, 524-531. (doi:10.1111/j.1600-
0587.1999.tb00541.x)

Outomuro D, Johansson F. 2019 Wing morphology
and migration status, but not body size, habitat or
Rapoport’s rule predict range size in North-
American dragonflies (Odonata: Libellulidae).
Ecography (Cop.) 42, 309-320. (doi:10.1111/
€¢0g.03757)

Leiva FP, Calosi P, Verberk WCEP. 2019 Scaling of
thermal tolerance with body mass and genome size
in ectotherms: a comparison between water- and
air-breathers. Phil. Trans. R. Soc. B 374, 20190035.
(doi:10.1098/rsth.2019.0035)

Johansson F. 2003 Latitudinal shifts in body size of
Enallagma cyathigerum (Odonata). J. Biogeagr. 30,
29-34. (doi:10.1046/j.1365-2699.2003.00796.%)
Angilletta MJ, Steury TD, Sears MW. 2004 Temperature,
growth rate, and body size in ectotherms: fitting pieces
of a life-history puzzle. Integr. Comp. Biol. 44, 498-509.
(doi:10.1093/ich/44.6.498)

Bozinovic F, Calosi P, Spicer JI. 2011 Physiological
correlates of geographic range in animals. Annu.
Rev. Ecol. Evol. Syst. 42, 155-179. (doi:10.1146/
annurev-ecolsys-102710-145055)

Stoks R, Johansson F, De Block M. 2008 Life-history
plasticity under time stress in damselfly larvae: In
Dragonflies and damselflies: model organisms for
ecological and evolutionary research, pp. 39-51.
Oxford, UK: Oxford University Press.

Sunday J et al. 2019 Thermal tolerance

patterns across latitude and elevation.

Phil. Trans. R. Soc. B 374, 20190036. (doi:10.1098/
rsth.2019.0036)

76.

71.

78.

79.

80.

81.

82.

83.

Moriniére J, Van Dam MH, Hawlitschek O, Bergsten
J, Michat MC, Hendrich L, Ribera I, Toussaint EFA,
Balke M. 2016 Phylogenetic niche conservatism
explains an inverse latitudinal diversity gradient in
freshwater arthropods. Sci. Rep. 6, 26340. (doi:10.
1038/srep26340)

Pinkert S, Brandl R, Zeuss D. 2016 Colour lightness
of dragonfly assemblages across North America and
Europe. Ecography (Cop.) 39, 001-008. (doi:10.
1111/ec0g.01369)

Morrone JJ. 2010 Fundamental biogeographic
patterns across the Mexican transition zone: an
evolutionary approach. Ecography (Cop.) 33,
355-361. (doi:10.1111/}.1600-0587.2010.06266.x)
Kalkman VJ, Clausnitzer V, Dijkstra K-DB, Orr AG,
Paulson DR, Van Tol J. 2008 Global diversity of
dragonflies (Odonata) in freshwater. Hydrobiologia
595, 351-363. (doi:10.1007/978-1-4020-8259-7)
Colwell RK, Brehm G, Cardelts CL, Gilman AC,
Longino JT. 2008 Global warming, elevational range
shifts, and lowland biotic attrition in the wet
tropics. Science 322, 258-261. (doi:10.1126/science.
1162547)

Simaika JP, Samways MJ. 2015 Predicted range
shifts of dragonflies over a wide elevation gradient
in the Southern Hemisphere. Freshw. Sci. 34,
1133-1143. (doi:10.1086/682686)
Gonzélez-Tokman D, Cérdoba-Aguilar A, Dattilo W,
Lira-Noriega A, Sdnchez-Guillén RA, Villalobos F.
In press. Insect responses to heat: physiological
mechanisms, evolution and ecological implications
in a warming world. Biological Reviews. (doi:10.
1111/brv.12588)

Olden JD, Kennard MJ, Leprieur F, Tedesco PA,
Winemiller KO, Garcia-Berthou E. 2010
Conservation biogeography of freshwater fishes:
recent progress and future challenges. Divers.
Distrib. 16, 496-513. (doi:10.1111/}.1472-4642.
2010.00655.x)

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

Gibbons LK, Reed JM, Chew FS. 2002 Habitat
requirements and local persistence of three
damselfly species (Odonata: Coenagrionidae).

J. Insect Conserv. 6, 47-55. (doi:10.1023/A)

Bried JT, Mazzacano CA. 2010 National review of
state wildlife action plans for Odonata species of
greatest conservation need. Insect Conserv. Divers. 3,
61-71. (doi:10.1111/}.1752-4598.2010.00081.x)
Dunkle SW. 2004 Critical species of odonata in
North America. Int. J. Odonatol. 7, 149-162.
(doi:10.1080/13887890.2004.9748207)

Paulson DR. 2004 (ritical species of odonata in the
neotropics. Int. J. Odonatol. 7, 163-188. (doi:10.
1080/13887890.2004.9748208)

Sénchez-Bayo F, Wyckhuys KAG. 2019 Worldwide
decline of the entomofauna: a review of its drivers.
Biol. Conserv. 232, 8-27. (doi:10.1016/j.biocon.
2019.01.020)

Thomas (D, Jones TH, Harley SE. 2019
‘Insectageddon”: a call for more robust data and
rigorous analyses. Glob. Chang. Biol. 25,
1891-1892. (doi:10.1111/gch.14608)

Simmons Bl et al. 2019 Worldwide insect declines:
an important message, but interpret with caution.
Ecol. Evol. 9, 3678-3680. (doi:10.1002/ece3.5153)
(6rdoba-Aguilar A, Rocha-Ortega M. 2019 Damselfly
(Odonata: Calopterygidae) population decline in an
urbanizing watershed. J. Insect Sci. 19, 30. (doi:10.
1093/jisesa/iez063)

Mace GGM, Collar NNJ, Gaston KJ, Hilton-Taylor
(CRAI, Akcakaya HR, Leader-Williams NNIGE,
Milner-Gulland EJ, Stuart SSN. 2008 Quantification
of extinction risk: [UCN's system for classifying
threatened species. Conserv. Biol. 22, 1424-1442.
(doi:10.1111/j.1523-1739.2008.01044.x)
(6rdoba-Aguilar A. 2020 Data from: Why do bugs
perish? Range size and local vulnerability traits as
surrogates of Odonata extinction risk. Dryad Digital
Repository. (doi:10.5061/dryad.bk3j9kd79)


http://dx.doi.org/10.1007/s10841-019-00142-0
http://dx.doi.org/10.1007/s10841-019-00142-0
http://dx.doi.org/10.1111/j.1600-0587.1999.tb00541.x
http://dx.doi.org/10.1111/j.1600-0587.1999.tb00541.x
http://dx.doi.org/10.1111/ecog.03757
http://dx.doi.org/10.1111/ecog.03757
http://dx.doi.org/10.1098/rstb.2019.0035
http://dx.doi.org/10.1046/j.1365-2699.2003.00796.x
http://dx.doi.org/10.1093/icb/44.6.498
http://dx.doi.org/10.1146/annurev-ecolsys-102710-145055
http://dx.doi.org/10.1146/annurev-ecolsys-102710-145055
http://dx.doi.org/10.1098/rstb.2019.0036
http://dx.doi.org/10.1098/rstb.2019.0036
http://dx.doi.org/10.1038/srep26340
http://dx.doi.org/10.1038/srep26340
http://dx.doi.org/10.1111/ecog.01369
http://dx.doi.org/10.1111/ecog.01369
http://dx.doi.org/10.1111/j.1600-0587.2010.06266.x
http://dx.doi.org/10.1007/978-1-4020-8259-7
http://dx.doi.org/10.1126/science.1162547
http://dx.doi.org/10.1126/science.1162547
http://dx.doi.org/10.1086/682686
https://doi.org/10.1111/brv.12588
https://doi.org/10.1111/brv.12588
http://dx.doi.org/10.1111/j.1472-4642.2010.00655.x
http://dx.doi.org/10.1111/j.1472-4642.2010.00655.x
http://dx.doi.org/10.1023/A
http://dx.doi.org/10.1111/j.1752-4598.2010.00081.x
http://dx.doi.org/10.1080/13887890.2004.9748207
http://dx.doi.org/10.1080/13887890.2004.9748208
http://dx.doi.org/10.1080/13887890.2004.9748208
http://dx.doi.org/10.1016/j.biocon.2019.01.020
http://dx.doi.org/10.1016/j.biocon.2019.01.020
http://dx.doi.org/10.1111/gcb.14608
http://dx.doi.org/10.1002/ece3.5153
http://dx.doi.org/10.1093/jisesa/iez063
http://dx.doi.org/10.1093/jisesa/iez063
http://dx.doi.org/10.1111/j.1523-1739.2008.01044.x
http://dx.doi.org/10.5061/dryad.bk3j9kd79

	Why do bugs perish? Range size and local vulnerability traits as surrogates of Odonata extinction risk
	Introduction
	Material and methods
	Regional extinction risk index
	Vulnerability to local extirpation
	Statistical analysis

	Results
	Extinction risk and vulnerability to local extirpation
	Geographical patterns of regional extinction risk and local vulnerability
	Relationships to latitude and elevation

	Discussion
	Data accessibility
	Author contributions
	Competing interests
	Funding
	References


