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APPLIED ODONATOLOGY

Odonata as candidate macroecological barometers
for global climate change

Christopher Hassall'2

!School of Biology, University of Leeds, Woodhouse Lane, Leeds LS2 9JT UK

Abstract: Many investigators have described a footprint of global environmental change in macroecological
trends across multiple taxa. However, little comparative analysis has been done to evaluate whether some taxa
are responding more than others. I tested 2 hypotheses: 1) taxa vary strongly in terms of range shifts and
phenological advances in their responses to changing climate, and 2) taxa that shift ranges also advance phenol-
ogy. I used an initial database of >4 million recorded sightings of UK animal species from 24 orders and found
descriptions of range shifts for 612 species and phenological trends for 923 species. I compared the 2 responses
for 464 species and found wide variation in the extent to which taxa are responding. Vertebrate taxa were the
least well recorded and showed weak or nonsignificant responses. Invertebrates were well recorded and re-
sponded strongly in range and phenology, but evidence of an association between range shifts and phenological
advances was equivocal. My results show that different taxa are exhibiting different responses to the same
environmental change, and that mechanistic and traits-based studies may reveal the causes of that variation.
Spatial responses may be constrained by mode of dispersal, and insects and arachnids typically respond strongly,
whereas terrestrial vertebrates do not. Phenological responses are complex and may involve species-specific
physiological relationships between development and seasonal cues. Use of a model taxon could increase effi-
ciency of monitoring regimes by simplifying monitoring targets and techniques. Potential exists for >1 taxa to be
indicators of climate change, whereby the responses of one or a group of species could be used to infer changes
at a broader taxonomic scale. I highlight Odonata as a taxon that responds strongly in multiple modalities, is
charismatic enough to appeal to citizen scientists, and is an emerging physiological and genetic model.

Key words: range shift, phenology, climate change, temperature, global warming, Odonata, dragonfly, damselfly,

UK, historical records

Global environmental change has reached such a pace
now that a strong argument can be made to consider the
current period as the Anthropocene: an era in which the
dominant force acting on the world is humankind (Crut-
zen 2006). Among the many anthropogenic stressors that
affect the world’s biota are creation of novel compounds
(e.g., chlorofluorocarbons), burning of large amounts of
fossil fuels, and alteration of land use via removal of nat-
ural communities and replacement with artificial commu-
nities (particularly in agriculture). These stressors are cre-
ating substantial challenges for biodiversity conservation.
Climate change poses more of a threat in high-latitude and
high-altitude regions, whereas landuse change is predicted
to exert a greater effect in temperate and low-elevation
areas (Sala et al. 2000).

Some of the best-studied impacts of environmental
change are the biological effects of changing climate (re-
viewed by Parmesan 2006), and most 20"-century climate
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change can be attributed to human action (Huber and
Knutti 2011). Phenologies are advancing, such that species
appear earlier in the year (Menzel et al. 2006). These tem-
poral shifts can significantly affect trophic relationships
where prey and predator become decoupled in time
(Winder and Schindler 2004, Visser et al. 2006). In addi-
tion to temporal shifts, spatial shifts also have been well
documented, particularly in taxa for which historical rec-
ords provide baseline distributional data against which to
compare contemporary distributions (Hickling et al. 2006).
These distributional shifts raise substantial issues for the
protection of global biodiversity, which frequently involves
the designation of static reserves in which to conserve spe-
cies. Previous investigators have suggested that at least
some species might shift their ranges to entirely new areas
(Araujo et al. 2004, Thomas et al. 2004, Li et al. 2006), but
many sources of error are associated with attempting to
plan for conservation in a changing world (Pressey et al.
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2007). Last, authors of recent reviews have argued that a
3" large-scale effect of climate is a global reduction in
body size under increasing temperatures (Daufresne et al.
2009). Such a pattern, if it is truly universal, could have
wide-reaching impacts on a variety of taxa and the ecosys-
tem services that they provide (Sheridan and Bickford
2011). However, wider taxonomic surveys have shown
that—as with distributional and phenological responses—
this ‘rule’ has a number of exceptions (Gardner et al. 2011).

The capacity of biodiversity to persist in a changing
world in the long term is of great interest to conserva-
tion biologists. Reasonable evidence indicates that pre-
Anthropocene climatic shifts elicited similar changes in
distributions in some taxa (Coope 1995, 2004, Ashworth
1997), and Balmford (1996) suggested that past stressors,
such as climate change, constitute ‘evolutionary filters’ that
have eliminated those taxa without the capacity to deal
with climate change. However, contemporary anthropo-
genic stressors do not act in isolation but interact, often
synergistically. These interactions may nullify pre-existing
adaptations that have allowed taxa to survive past climatic
shifts. For example, habitat fragmentation may compro-
mise a species’ ability to shift its distribution in response
to changing temperature (Travis 2003), changing weather
patterns may alter disease dynamics (Harvell et al. 2002),
and fire suppression may influence the impacts of inva-
sive species on native plant communities (MacDougall and
Turkington 2005). These factors may explain why we fail
to observe a truly consistent response to climate change
across taxa.

Two key questions emerge from these observations.
First, should we expect all taxa to respond in all possible
ways to climate to secure long-term persistence? For ex-
ample, if a species is capable of tracking shifts in the loca-
tion of its fundamental niche (as Quaternary insects are
thought to have done; Coope 2004), perhaps phenological
responses are not needed. However, a correlated response
to climate change across modalities (distribution, phenol-
ogy, size) might be expected if a particular species has a
strong reliance on temperature to maximize physiological
efficiency (i.e., convergence of thermal dependence of dif-
ferent modalities), or if modalities share a common, ther-
mally regulated mechanism that underlies the different re-
sponse types.

Second, do taxa exist that respond in all of these ways
and could be used as general barometers of climate change?
In comparison to the abiotic factors that constitute the
change, biological indicators offer a holistic approach to
studying the ecological consequences of changing climate
and a focus for applying limited conservation funds by act-
ing as a proxy for the wider biota. To match the predicted
responses in all 3 areas, a biological barometer would have
a range that is shifting poleward, phenology that is advanc-
ing in response to increasing temperature, and body size

that is declining with increasing temperature. A taxon ca-
pable of responding in all 3 modalities would provide a
theoretical baseline against which to evaluate the responses
of other taxa and the factors that may prevent those other
taxa from responding.

I focused this study on the Odonata (dragonflies and
damselflies) as a candidate barometer for climate change.
Odonata show poleward shifts (Hickling et al. 2005, Has-
sall and Thompson 2010), phenological advances (Hassall
et al. 2007), and reduced body size (De Block and Stoks
2003) at increasing temperatures and are heavily influ-
enced by environmental temperature change (for a review
see Hassall and Thompson 2008). However, large-scale geo-
graphical studies of odonate body size suggest that an in-
teraction between temperature and photoperiod-mediated
time stress operates in the field to create U-shaped latitude—
size relationships (Johansson 2003, Hassall 2013). Odonata
also are a model system for a variety of questions in ecol-
ogy and evolution (Cérdoba-Aguilar 2008), including effects
of other anthropogenic stressors, such as habitat fragmen-
tation (Watts et al. 2004), environmental pollution (Van Praet
et al. 2012), and landuse change (both agricultural: Raebel
etal. 2012, and urban: Goertzen and Suhling 2013).

I focused my analysis geographically on the distribu-
tional and phenological response of British animal taxa to
recent climate change. I analyzed data with consistent and
evidence-based methods to account for heterogeneity in
biological records and used the results to test 2 hypothe-
ses: 1) taxa vary strongly in their response to changing cli-
mate in terms of range shifts and phenological advances,
and 2) taxa that shift ranges also advance phenology. Last,
I considered potential candidates for barometers of climate
change based on those results.

METHODS
Biological records

I downloaded data from 28 biological recording schemes
via the National Biodiversity Network (NBN) Gateway,
which contains >4 million records (access date for all data
was 28 May 2013). The list of schemes, number of rec-
ords and species in each, and a link to the schemes on
the NBN Gateway can be found in Table S1. Each record
in each data set represents an individual sighting of a spe-
cies and includes the date and location of that sighting.
I excluded records with <10-km precision on the geo-
graphical coordinates of the sighting and records without
a date. For the remaining records, I converted dates to or-
dinal dates (days since 1 January) and Ordnance Survey
coordinates (the standard system for recording biologi-
cal sightings in the UK) to eastings and northings on the
British National Grid (the number of meters north and
east of an origin in the southwestern corner of the British
Isles).

This content downloaded from 139.78.24.113 on Tue, 26 May 2015 20:15:53 PM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

Range-shift analysis

To quantify the movement of each species under cli-
mate change, I selected 2 time periods from the records:
1960-1969 and 1990-1999. I chose these time periods for
2 reasons. First, a preliminary evaluation of the records
showed a reasonable degree of recording of most focal
taxa during these periods. Second, use of samples from
the standardized time periods helps to prevent problems
associated with different climatic patterns in different pe-
riods that can arise when periods used differ among taxa
(e.g., Hickling et al. 2006). This choice to standardize time
periods may have led to some sacrifice in terms of abso-
lute number of records for some taxa, but ensuring that
data are comparable takes precedence in an explicitly
comparative analysis, such as this.

I extracted records in each time period for each spe-
cies. I included species only if >45 records were present
in each time period (Table 1) because this threshold
number is needed to compensate for the noise associated
with low numbers of records (Hassall and Thompson
2010). The range margin in each period was taken to be
the average of the 10 most-northern grid squares in which
each species was recorded. The difference in the location
of that margin, measured in km using the British National
Grid, was the range shift for that species. Predicted range
shifts can be estimated if species are matching climate
change perfectly because isotherms (and, hence, the loca-
tion of an organism’s fundamental thermal niche) move
150 km poleward per 1°C increase in temperature (IPCC
1996). Mean annual temperatures were calculated based
on the central England temperature series (UK Meteoro-
logical Office Hadley Centre 2006). The difference between
the lowest of the mean annual temperatures for the 10 y in
the 1** period (7.45°C) and the highest mean annual tem-
perature for the 10 y in the 2" period (9.41°C) yields an
estimated maximum isotherm shift of 294 km. The differ-
ence between the average mean annual temperatures of
each period (1960-1969: 8.16°C; 1990—1999: 8.92°C) gives
an estimated mean isotherm shift of 114 km.

Phenology-shift analysis

To quantify changing phenology for each species, I
grouped records taken between 1960 and 1999 by the
year of the record and calculated the 5™ percentile of the
distribution of records for each year. These data consist
of distributional records with date recorded next to the
location. This approach is a less accurate method than
standardized surveys to detect changing phenology, but
distributional records can provide a reasonable estimate of
phenology (Bishop et al. 2013). Percentile sighting dates
are more robust estimators of phenological variation than
absolute sighting dates (Moussus et al. 2010). I excluded
years with <30 records and species with <3 y (Table 1). I
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used mean annual temperature from the central England
temperature series as a general indicator of temperature in
each year.

I used a Pearson correlation to calculate the strength and
direction of the relationship between the 5™-percentile
sighting dates and annual temperature for each species. I
summarized species’ responses to the order level with a
meta-analytical approach. I converted Pearson’s correla-
tion coefficients to Fisher’s z-scores with the z2r func-
tion in the psychometric package (Fletcher 2010) in R
(R Project for Statistical Computing, Vienna, Austria) with
standard errors (SEs) calculated as SE = 1/V(n — 3), where
n is the number of years of data for each species. I used
these z-scores and SEs in the metagen function in the
meta package (Schwarzer 2014) in R to produce an esti-
mate of the overall effect size with upper and lower 95%
confidence intervals (Cls). Effect sizes and CIs were then
back-converted into Pearson’s r statistics using the z2r func-
tion in psychometric. In the case of phenological changes,
no clear expectation exists for a given advance in phenology/
unit temperature.

Statistical analysis

I used the data to ask 3 questions. First, what is the
mean distributional response of British animal taxa to cli-
mate change, and which taxa deviate from that mean?
Species that do not deviate from the mean can be said
to be representative of the overall trends. I used a 1-sample
t-test to test whether the distribution of range shifts for
each of the taxa differed from the mean value for all taxa.
I used both the average among species and the average
among orders to provide a partial control for phylogeny
and the unevenness of species numbers across taxa. Sec-
ond, what is the mean phenological trend in British an-
imal taxa? Again, species that do not deviate significantly
from that mean trend can be said to be representative of
the broader pattern. I used a 1-sample ¢-test to test whether
the distribution of Pearson correlation coefficients describ-
ing phenology—temperature relationships for each taxon
differed from the mean value for all taxa (averages across
species and orders). Third, are taxa that are shifting their
ranges also advancing their phenology? I created a mixed-
effects model with range shift as the response (chosen arbi-
trarily), phenology correlation coefficient as a continuous
predictor, and taxonomic group as a random effect with
the /mer function in the /me4 package (Bates et al. 2011) in
R to analyze the relationship between the 2 responses. Sta-
tistical significance of the fixed effect was evaluated using
the pamer. fuc function in the LMERConvenienceFunctions
package (Tremblay and Ransijn 2013) in R, and the statisti-
cal significance of the random effect was evaluated using
the exactRLRT function in the RLRsim package (Scheipl
etal. 2008) in R.
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RESULTS
Biological records

The total numbers of species included in the analyses
(n = 612 for the range-shift analysis, # = 923 for the phe-
nology analysis, # = 464 for the comparison between range
shift and phenology) were far lower than the number of
species for which there were records in the data sets (1 =
5185). The average number of records/species for the
5185 total species was 735, but the median was only 48 and
1473 species had <10 records. Of the 20 most-recorded
species (all with >21,000 records), 15 were Odonata, in-
cluding Ischnura elegans, which was the most-recorded
species (96,555 records).

Range-shift analysis

The mean range shift recorded across all 612 species
was 177.9 £ 6.2 km, considerably higher than the 114-km
isotherm shift predicted from the difference in mean an-
nual temperatures between the 2 time periods but lower
than the 294-km isotherm shift predicted by the maximum
annual temperature difference. However, the mean shift
when averaging across orders was 121.5 + 34.6 km. Species
varied strongly in whether they shifted ranges less than, the
same as, or more than the average (Table 1, Fig. 1). The
shifts of 10 taxa, including the Odonata and Hymenoptera
(which are among the best-recorded taxa), did not differ
from the overall species average. However, Odonata, Hy-
menoptera, and 6 other taxa, shifted at a different rate
relative to the mean across orders. The results suggest that
several groups are advancing ahead of the mean range shift
predicted from the isotherms, whereas the Anura and
Caudata (represented by relatively few species) are show-
ing significantly lower rates of expansion.

Phenology-shift analysis

The mean Pearson correlation coefficient for the re-
lationship between 5™-percentile sighting date and tem-
perature across 923 species was —0.252 + 0.014. Linear
regressions carried out on the same 923 species gave an
average rate of change in 5™-percentile sighting dates of
—-6.691 + 0.830 d/°C. However, the mean shift when aver-
aging across orders was —0.065 + 0.059, corresponding to
an average rate of change of -0.912 + 2.770 d/°C. Sixteen
of the 23 taxa exhibited phenological shifts that were, on
average, not different from 0 (Table 1, Fig. 2), whereas the
remaining 7 taxa, including the Odonata, exhibited signif-
icant phenological advances.

Comparison between range and phenology

The mixed-effects model describing the relationship
between range shift and phenology shift while taking into
account taxonomy showed a marginally significant positive
relationship between the 2 responses (F1l,463 = 4.151, p =

Volume 34 September 2015 | 000

I Herptiles Fish [ Insects [§%] Crustaceans [__] Arachnids

Squamata (n = 2)
Caudata (n = 3)

Anura (n = 4)
Salmoniformes (n = 2)
Pleuronectiformes (n = 1)
Gasterosteiformes (n = 2)
Anguilliformes (n= 1)
Veneroida (n=1)
Plecoptera (n = 1)
Orthoptera (n = 17)
Odonata (n = 25)
Hymenoptera (n = 21)
Hemiptera (n = 6)
Ephemeroptera (n = 1)
Diptera (n = 101)
Coleoptera (n = 142)
Isopoda (n=7)
Pseudoscorpionida (n = 2)
Parasitiformes (n = 1)
Opiliones (n=7)
Araneae (n = 266)

LI L L LN L L L LB |

200 0 200 400 600
Range shift (km)

Figure 1. Mean (+1 SE) distance and direction of range shifts
between 1960 and 1999 in 21 British animal groups: herptiles
(n = 3), fish (n = 4), insects (n = 9), crustaceans (n = 1), and
arachnids (n = 4).

0.042). Such a relationship runs counter to the negative
relationship that would be expected if species that were
advancing phenology more consistently (a negative corre-
lation of increasing magnitude) also were shifting their
range to a greater extent (a positive shift of increasing
magnitude). However, this relationship accounts for only
0.73% of the deviance in the response variable. The ran-
dom effect of order was highly significant (LR = 74.150, p <
0.001). A visual analysis of the results (Fig. 3) suggests a
number of more-nuanced patterns. Most vertebrate taxa,
which were relatively poorly recorded in the data sets,
tended to show little consistency in their responses, al-
though reptiles showed both an advance in phenology and
a poleward range shift. However, a number of well re-
corded invertebrate taxa, including the Odonata, Diptera,
Orthoptera, Hymenoptera, and Araneae, showed strong
and consistent advances in phenology and poleward range
shifts. Within taxa, the only group to show a statistically
significant interspecific correlation between phenology and
distributional change were the Araneae (n = 231, r = 0.207,
p = 0.002). Of the remaining taxa with >10 species for com-
parison, 5 showed positive relationships between phenol-
ogy and distributional shift (Hymenoptera: #n = 19, r = 0.129,
p = 0.599; Coleoptera: n = 43, r = 0.140, p = 0.370; Diptera:
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I Herptiles Fish [ Insects [%% Crustaceans [__] Arachnids

Squamata (n=7)
Caudata (n = 3)
Anura (n = 3)
Salmoniformes (n = 2)
Pleuronectiformes (n = 1)
Gasterosteiformes (n = 2)
Anguilliformes (n = 1)
Plecoptera (n = 17)
Orthoptera (n = 13)
Odonata (n = 35)
Neuroptera (n = 6)
Hymenoptera (n = 225)
Hemiptera (n = 36)
Ephemeroptera (n = 17)
Diptera (n = 177)
Coleoptera (n = 64)
Isopoda (n=12)
Decapoda (n = 2)
Amphipoda (n=1)

O
L
Pseudoscorpionida (n = 2)

55
—
1
L
o
=
Parasitiformes (n = 1) (I

Opiliones (n = 12)
Araneae (n = 283)

-1.0  -05 0.0 0.5 1.0

. ,L%H

Phenology shift (Pearson's r)

Figure 2. Mean (95% confidence interval associated with the
estimate of total effect size for each group [see text for details])
correlation coefficient showing the strength and direction of the
relationship between 5™-percentile sighting date and tempera-
ture in 23 British animal groups: herptiles (n = 3), fish (1 = 4),
insects (n = 9), crustaceans (# = 3), and arachnids (7 = 4). Num-
bers in brackets correspond to the number of species in each
group for which data were available.

n=97,r=0.038, p = 0.715) and 2 showed negative relation-
ships (Orthoptera: n = 12, r = -0.219, p = 0.494; Odonata:
n=25r=-0.238, p = 0.252).

DISCUSSION

Authors of a large number of studies have focused on de-
scribing specific trends in biological responses to climate
change, and others have synthesized average effects to dem-
onstrate the consistency of biological responses (Walther
et al. 2002, Parmesan and Yohe 2003), but few have at-
tempted to compare large-scale taxonomic responses or
to compare different response types in the same taxa. Re-
sults from my study demonstrate wide variation in the re-
sponses from UK fauna and that even those taxa that do
seem to be responding are responding to varying extents.
The vertebrate taxa represented in the data set appear to
be exhibiting lower responses than invertebrate taxa in terms
of distributional and phenological shifts. However, several in-
vertebrate taxa are exhibiting consistent shifts in line with
what would be expected from changing temperatures.

Interspecific variability in certain responses to climate
change has been studied extensively in some groups. For
example, advances in phenology are greater in butter-
flies with narrower larval diet breadth and more advanced
overwintering stages (Diamond et al. 2011), Odonata that
do not diapause in the egg stage (Hassall et al. 2007), pe-
rennial plants (Crimmins et al. 2009), and lower trophic
levels (Thackeray et al. 2010). Greater shifts in distribu-
tion tend to be found in Odonata with exophytic oviposi-
tion habits (Angert et al. 2011) and butterflies with greater
dispersal ability and greater habitat availability (Poyry et al.
2009). Investigators searching for traits that modulate
range shifts in plants have been unsuccessful (Angert et al.
2011, Crimmins et al. 2011, Zhu et al. 2012). The patterns
that do exist suggest a role for functional traits that cross
large taxonomic boundaries, indicating that we might ex-
pect a similar response from all taxa. Recent efforts at pre-
dicting extinction risk under climate change have focused
explicitly on life-history traits and spatial variables (Pearson
etal. 2014).

Variability in responses to climate change among
higher-level taxonomic groups is not surprising. In par-
ticular, evidence presented in my study that vertebrates
are performing poorly in the context of the wider faunal
response could be predicted from previous work showing
widespread population declines in these taxa. Anura and
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Figure 3. Mean (+1 SE) relationship between phenological
responses (Pearson correlation between 5™-percentile sighting
date and temperature) and range shifts (distance and direction
moved at the range margin between 1960-1969 and 1990-1999)
in 20 British animal groups: fish (n = 4), herptiles (n = 3), insects
(n =9), and arachnids (# = 4). Shaded area indicates the range
shift expected if species were tracking the mean isotherm shift
(114 km) to the maximum isotherm shift (294 km).
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Caudata exhibit lower rates of expansion than do inver-
tebrate groups that often show aerial dispersal (either by
flight in many insect groups or by ballooning in arachnids).
For example, many of the remaining reptiles in Europe are
endangered (Bohm et al. 2013), and intensification of farm-
ing in the 2" half of the 20" century destroyed large areas
of amphibian habitat (Beebee and Griffiths 2005). How-
ever, in some areas, fish are exhibiting community-level
shifts that are consistent with tracking of isotherms, de-
spite living in an inherently fragmented habitat (Daufresne
and Boét 2007). These shifts in fish distribution could be
the result of changing climate, but shifts in the composi-
tion of freshwater invertebrates are thought to have been
brought about by increases in water quality rather than
changing temperature (Durance and Ormerod 2009). Change
in water quality complicates the interpretation of range
shifts in semi-aquatic taxa and may explain why some groups
(e.g., Odonata) are shifting their ranges at a higher rate than
might be expected given increases in environmental tem-
perature.

British plant species that do not advance their phenol-
ogy to track climate show stronger distributional shifts
(Amano et al. 2014). These patterns make intuitive sense:
the evolution of a strong response in either phenology or
distributional shifts will alleviate selective pressures related
to climate, such that there is no need to evolve a secondary
response. Most species in the data set of the present study
appear to follow the pattern that a stronger range shift is
associated with weaker phenological advance (and vice
versa) (summarized by order in Table 1). However, the spi-
ders are the only group for which both responses are sig-
nificant and in the expected direction. In the Orthoptera
and Odonata, the trend seems to be toward a greater phe-
nological advance in species with greater poleward range
shifts, but these results are not statistically significant. For
both groups, the relationships between temperature and
a wide range of physiological traits are very strong (Willott
and Hassall 1998, Hassall and Thompson 2008).

Application of the indicator-taxa approach to environ-
mental monitoring seems like a logical way to overcome
limitations in our knowledge about the wider biological
community and a lack of resources with which to measure
it. However, this approach is often applied very broadly
and with charismatic, rather than useful, taxa. Proper ap-
plication should involve specific species—environment in-
teractions (Fleishman and Murphy 2009). In the case of
climate change, taxa can be judged as useful ecological
indicators based on several clear criteria (Pearson 1994,
Caro and O’Doherty 1999). The 2 criteria I used as indica-
tors of changing environmental temperatures were shifts
in the location of a taxon’s poleward range margin and in
the 5™-percentile sighting date. The timing of insect emer-
gence is already a part of the UK suite of climate-change in-
dicators (Cannell et al. 1999).
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One criterion that is missing from most lists of crite-
ria is public accessibility. The vast majority of the data
used in my study were collected by citizen scientists and
enthusiasts rather than by professional scientists. Citizen
science is a growing field of study and a tool of increas-
ing importance (Silvertown 2009), but taxonomic diffi-
culties with some taxa (particularly invertebrates) prevent
even professional biologists from using them as indica-
tors (Gerlach et al. 2013). Among the taxa that I analyzed,
5 (Odonata, Diptera, Orthoptera, Hymenoptera, Araneae)
appear to show the types of consistent responses re-
quired of an indicator. Some of these groups, such as the
Syrphidae within the Diptera and Bombus sp. in the Hy-
menoptera, consist of large and diverse taxa, and species-
level data sets that may be of interest are provided in Ta-
ble S2.

The mechanisms underlying responses to climate change
are perhaps best understood within the Odonata (among
the 5 groups listed above). Observational studies of pat-
terns in historical records in relation to phenology (Hassall
et al. 2007, Dingemanse and Kalkman 2008) and distribu-
tions (Hickling et al. 2005, Hassall and Thompson 2010)
have been followed by experimental studies done to iden-
tify links between increasing temperature and life-history
timing (Braune et al. 2008, Richter et al. 2008) and the
key components of thermal biology that modulate range
expansions (Stoks and De Block 2011, Nilsson-Ortman et al.
2012). Moreover, mechanistic understanding of temperature—
size relationships in this taxon is increasing (Hassall 2013),
and odonates are accessible to citizen scientists by virtue
of their size and charisma. My results support previous
suggestions that too little is known to identify specific taxa
as adequate indicators of climate-change responses at a
broader scale (Andrew et al. 2013). However, I propose that
the Odonata be given greater attention as potential in-
dicators because of their strong and well described macro-
ecological responses, key ecological roles in aquatic and
terrestrial systems, and their growing utility as models in
physiological and genetic studies.

Conclusion

My results contribute to our knowledge of the utility
of biological records in studies of climate-induced mac-
roecological responses. Taxa are highly variable in the de-
gree to which they respond to climate, and some taxa (par-
ticularly invertebrates) show strong phenological advances
and poleward range shifts. In some groups, a trade-off ap-
pears to exist between temporal and spatial responses. How-
ever, species of Odonata and Orthoptera with greater pole-
ward range shifts also appear to show greater phenological
advances. This finding suggests that these thermophilic
taxa may exhibit complementary, multimodal responses
to climate. The variability among taxa indicates that the
use of a single taxon to represent the wider responses of
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biota is unwise because different taxa may have evolved
different methods for coping with environmental change.
However, the Odonata appear to respond to climate change
in both space and time, are amenable to study in the labo-
ratory and in the field by experts and citizen scientists and,
therefore, have great potential as a biological proxy for cli-
mate change.
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