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Abstract

1. Global change may cause widespread phenological shifts. But knowledge of
the extent and generality of these shifts is limited by the availability of phe-
nological records with sufficiently large spatiotemporal extents. Using North
American odonates (damselflies and dragonflies) as a model system, we show
how a combination of natural history museum and community science collec-
tions, beginning in 1901 and extending through 2020, can be leveraged to better
understand phenology.

2. We begin with an analysis of odonate functional traits. Principal coordinate
analysis is used to place odonate genera within a three-dimensional trait or-
dination. From this, we identify seven distinct functional groups and select
a single odonate genus to represent each group. Next, we pair the odonate
records with a list of environmental covariates, including air temperature and
degree days, photoperiod, precipitation, latitude and elevation. An iterative
subsampling process is then used to mitigate spatiotemporal sampling bias
within the odonate dataset. Finally, we use path analysis to quantify the direct
effects of degree days, photoperiod and precipitation on odonate emergence
timing, while accounting for indirect effects of latitude, elevation and year.

3. Path models showed that degree days, photoperiod and precipitation each have
a significant influence on odonate emergence timing, but degree days have the
largest overall effect. Notably, the effect that each covariate has on emergence
timing varied among functional groups, with positive relationships observed
for some group representatives and negative relationships observed for oth-
ers. For instance, Calopteryx sp. emerged earlier as degree days increased, while
Sympetrum sp. emerged later.

4. Previous studies have linked odonate emergence timing to temperature, photo-
period or precipitation. By using natural history museum and community science
data to simultaneously examine all three influences, we show that systems-level

understanding of odonate phenology may now be possible.
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1 | INTRODUCTION

Changes in phenology, or the timing of seasonal life-history events,
are increasingly common responses to global change (Cohen
et al.,, 2018; Parmesan, 2006; Parmesan & Yohe, 2003; Renner &
Zohner, 2018; Walther et al., 2002). Examples of altered phenol-
ogy have been reported for mammals (Cohen et al., 2018), terres-
trial insects (Altermatt, 2010; Diamond et al., 2011), birds (Crick
et al., 1997) and marine fishes (Asch, 2015; Staudinger et al., 2019).
These phenological shifts are often caused by environmental per-
turbations that disrupt life-history cues, such as changes in ambient
temperature (McNamara et al., 2011).

Altered temperatures may be particularly disruptive in fresh-
water ecosystems, where most organisms are ectothermic (Chmura
et al., 2019; Cohen et al., 2018; Thackeray et al., 2016). Phenology
shifts have been reported in freshwaters for a diverse range of
trophic levels and taxonomic groups, ranging from planktonic or-
ganisms (Thackeray et al., 2008; Thackeray et al., 2012), to macro-
invertebrates (Baranov et al., 2020) and fishes (Warren et al., 2012).
Unfortunately, freshwater phenology research has often been con-
strained to datasets with relatively narrow spatial and/or temporal
extents. For example, in a recent review, Woods et al. (2022) found
the median numbers of years analysed in lotic and lentic studies
were two and three, respectively. These data limitations will con-
strain research on phenological shifts if the changes are gradual and
require long time series to detect (Bates et al., 2022; Doi et al., 2017,
Gallinat et al., 2021).

Some of the challenges posed by spatially and temporally lim-
ited data can be mitigated with natural history collections (NHCs)
(Bates et al., 2022). NHCs aggregate occurrence records across large
spatiotemporal extents that dramatically exceed the scope of most
individual field studies (Boakes et al., 2010). They also integrate
information on large numbers of taxa, providing opportunities to
study differing phenological sensitivities of organisms with diverse
life histories or functional traits (Chmura et al., 2019). For instance,
NHCs have revealed phenological shifts for a broad assortment of
flying insects (Duchenne et al., 2020; Fric et al., 2020; Kharouba
et al., 2014).

NHCs are, however, prone to several types of sampling bias
(Kharouba et al., 2019). Spatial clustering of samples that were col-
lected opportunistically (e.g. along a road network or near a popula-
tion centre), rather than with a random or standardized site-selection
protocol, is often observed in NHC data (Mentges et al., 2020).
Temporal sampling bias is also common, with contemporary sam-
ples outnumbering historical records, sometimes by large margins
(Boakes et al., 2010). Robust statistical tools to account for sampling
bias are therefore essential when analysing data from NHCs (Ewers-
Saucedo et al., 2021).

In this study, we use NHC data to model odonate phenology
throughout North America, focusing specifically on links between
phenology and global change. Dragonflies and damselflies (order
Odonata) are well-suited to this exercise for at least two reasons.
Odonates may be predisposed to phenological shifts because the

transition from aquatic larvae to flying adult is strongly influenced by
ambient temperature (Hassall & Thompson, 2008); laboratory trials
show that odonate development rate generally increases and time to
emergence decreases with increasing temperature (e.g. Lutz, 1968;
Procter, 1973; Suhling, Suhling, & Richter, 2015). Furthermore,
odonates are charismatic insects that have drawn the attention of
entomologists, ecologists and the general public for many years
(Hassall, 2015; Paulson, 2019; Samways, 2019). This sustained in-
terest has allowed large numbers of historical and contemporary
odonate occurrence records to accumulate within NHCs (Kharouba
et al., 2014), and more recently, within community or ‘citizen’ sci-
ence datasets (hereafter included under the NHC label) (Olsen
et al., 2020).

Notable examples of the use of NHC data in odonate phenology
research have recently been published for European taxa. For in-
stance, records from the British Dragonfly Society database revealed
shifts in the annual timing of emergence and adult flight, attributing
these shifts to climate change (Hassall et al., 2007) and urban heat
islands (Villalobos-Jiménez & Hassall, 2017). Similarly, records from
the Dutch Dragonfly Databank showed that earlier odonate flight
dates are associated with increasing temperature (Dingemanse &
Kalkman, 2008).

Our study is conceptually similar to these European odonate
studies but focuses on North America and features three novel
methodological components. First, we leverage an exceptionally long
time series of odonate records. Prior studies of freshwater phenol-
ogy have rarely incorporated >20years of data (Woods et al., 2022)
but 120years of NHC records are included here. We are therefore
more likely to detect subtle or gradual changes in phenology.

Second, we use a functional trait analysis to select and then
model a subset of odonate genera that are broadly representative of
the functional trait space occupied by all North American odonates.
We do so because odonates exhibit a variety of traits and life-history
strategies that may respond differently to global change (Bybee
et al., 2016; Hassall & Thompson, 2008; Rocha-Ortega et al., 2020;
Verberk et al., 2008). For instance, in temperate climates, the typical
‘dancer’ (genus: Argia) experiences a larval diapause phase (i.e. suspen-
sion of growth during short winter days) that synchronizes emergence
with warm summer temperatures, effectively creating a univoltine or
1-year life cycle. But in tropical climates, where temperatures are not
seasonal, Argia have multivoltine life cycles and flying adults can be
observed year-round (Pritchard, 1982, 1989). By distinguishing func-
tional subgroups in our analyses, we minimize the risk of conflating
phenological inferences for taxa with disparate life histories.

Third, path analysis is used to disentangle the direct effect of
temperature on odonate phenology from other environmental influ-
ences, including photoperiod, precipitation, latitude and elevation.
Photoperiod is of particular interest because it influences dia-
pause and flight patterns in many odonates (Aoki, 1999; Denlinger
et al., 2017; Norling, 2018), but unlike temperature, it should not be
sensitive to climate change. Path analysis allows us to identify in-
terrelationships among multiple environmental influences and move

closer to a systems-level understanding of odonate phenology.
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2 | MATERIALS AND METHODS

2.1 | Data collection and preparation
Dates and locations of adult odonate (order: Odonata) observations
were retrieved from the Global Biodiversity Information Facility
(GBIF, 2021; www.gbif.org) and from iNaturalist (www.iNaturalist.
org) in May 2021 (Figure 1a). We queried GBIF odonate records
from preserved specimens that occurred within North America and
included valid site coordinates and observation dates, using the r
package rceiF (Chamberlain et al., 2021). iNaturalist records were
downloaded with the website's application programming interface
and were limited to ‘research grade’ Odonata occurrences from
North America. To qualify as research grade, an iNaturalist record
must include site coordinates and a clear, in situ photo of the speci-
men. Taxonomic identify must then be confirmed from the photo by
at least two experts. Taxonomic nomenclature was standardized for
all specimen records by cross-referencing validated species' names
in GBIF, the National Center for Biotechnology Information and the
Integrated Taxonomic Information System databases (see Lenoir
et al., 2020). Duplicate records (identical scientific name x date x
location combinations) were manually identified and removed prior
to analysis.

Next, species' names were removed from the data, plac-
ing all specimens at genus-level identification. This conservative
data preparation step was taken for two reasons. First, it was in-

tended to help minimize the number of potentially erroneous field

identifications, particularly in the community science iNaturalist
data. Despite the quality assurance process used for research grade
records in iNaturalist (photo-based expert confirmation; see above),
we assumed some species-level identifications would be incor-
rect and that genus-level identifications would entail fewer errors.
Second, genus-level resolution facilitated a more robust functional
trait analysis (see below) because generic-level traits were more
readily available than species-level traits (Twardochleb et al., 2021).
All subsequent analyses were therefore based on genus-level
identification.

For each odonate record, the reported Julian date or day-of-year
(DOY) was used as an estimate of emergence timing. We assumed all
records of winged, adult specimens from GBIF and iNaturalist would
be useful in our attempt to summarize the timing of post-emergence
flight periods (Kharouba et al., 2019). We also assumed the central
tendency of a distribution of flight dates would be a more robust
statistical indicator of emergence timing than the first or last date
(see ‘Caveats and opportunities’ in Discussion). Local environmental
attributes were then paired with each sample (Figure 1b). Annual
climate covariates were downloaded from the ClimateNA database
(Wang et al., 2016) and matched to odonate sample locations with
the reported geographic coordinates. These covariates included
mean annual air temperature (MAT), the annual number of degree
days, relative to an 18°C growth threshold (DD18) and mean an-
nual precipitation (MAP). We anticipated that DD18 would be an
effective predictor of odonate emergence timing because daily

temperature is a key regulator of larval odonate growth (Lutz, 1968;
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FIGURE 1 Methods workflow
diagram. Top panel shows the workflow
used for data collection, including: (a)

downloading odonate occurrences; (b)
downloading environmental covariates;

(c) sample size filtering

(e) select one genus per FG

(c) filtering odonate genera to ensure
minimum sample size; (d) functional trait
analysis, including principle coordinate
analysis (PCoA), k-means cluster analysis
and assignment of functional groups;
and (e) selecting a single, representative
odonate genera within each FG. Bottom

data analysis
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panel illustrates the iterative data
analysis process, including: (f) spatial
subsampling (by sub-watershed); (g)

per genus

(i 1000 iterations) [(g) temporal subsampling ]

temporal subsampling (by decadal bin);

(h) path analysis using the subsampled
data; and (i) 1000 random iterations of the
subsampling and path modelling process
for each representative genus.

[(h) path analysis ]
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Pritchard & Leggott, 1987; Procter, 1973). Notably, the ClimateNA
data are generated and distributed on an annual basis (1901-2020)
and could therefore be matched to the specific year of observation
for each odonate record. Elevation (ELEV) was obtained from the
NASA Shuttle Radar Topography Mission digital elevation data (Farr
et al., 2007) and mean annual photoperiod (PHOTO) was obtained
from Daymet (Thornton et al., 2020) using Google Earth Engine
(Gorelick et al., 2017). Because PHOTO is invariant to climate change
(i.e. determined solely by the relative positions of the sun and earth),
we selected the most recent complete year of daylength data pro-
vided (2014) to calculate average day length. Year and latitude (LAT)
were recorded directly from the original sample data.

2.2 | Functional trait analysis

We used a functional trait analysis to identify distinct functional
groups (Figure 1c), then selected a single odondate genus within
each functional group for modelling. This ensured our results would
be broadly representative of the diverse life histories of North
American odonates. Odonate samples were matched with their re-
spective genus-level traits from the Freshwater Insects CONUS da-
tabase (Twardochleb et al., 2021). Trait data included 11 trait groups
(generations per year, emergence synchronization, emergence sea-
son, female dispersal, adult flying strength, body size, respiration
mode, rheophily, thermal preference, habit and feeding style), dis-
tributed among four grouping features (life history, dispersal, mor-
phology and ecology; for guidance on functional trait nomenclature,
see Schmera et al., 2015). Several traits had uniform values among all
odonate genera (e.g. all genera had ‘predator’ feeding styles); these
were uninformative and removed prior to analysis. The final suite of
traits provided three functional axes that were useful for delineating
odonate groups that may respond differently to changing environ-
ments. For example, body size, thermal tolerance, generation time,
dispersal ability and habitat use are each known to influence insect
phenology (Chmura et al., 2019).

Steps taken in the functional trait analysis are fully detailed in the
Supplementary Material (Appendix S1). Briefly, the raw trait group
characters were recoded as ordinal integer (e.g. emergence season)
or asymmetric binary (e.g. feeding style) variables (see Table S1),
then appended to their respective odonate samples. A functional
trait matrix (genus x trait) was created from the paired odonate and
trait data, then combined with a community matrix (sample site x
genus) to calculate Gower dissimilarities among all pairs of odonate
genera. The Gower dissimilarity index was used because it is com-
patible with mixed (e.g. ordinal and binary) data types (Gower, 1971;
Podani, 1999). Principal coordinate analysis (PCoA) was then used
to build an n-dimensional ordination of all genera represented in the
Gower matrix. Gower dissimilarities and the PCoA solution were ob-
tained with the rp package in r (Laliberté et al., 2014).

From the functional trait analysis results, we identified dis-
tinct functional groups. Scores from the first three PCoA axes
were combined with k-means cluster analysis and functional group

membership was inferred for each odonate genera from the cluster-
ing results. k was defined as the number of clusters that optimized
the within-cluster sum of squares criterion (Hartigan & Wong, 1979;
Jackson et al., 2010; Legendre & Legendre, 2012). We calculated
the within-cluster sum of squares for a series of potential k values
ranging from 1 to 20, then estimated k as point where a scree plot
(k x within-cluster sum of squares) approached an asymptote. Visual
inspection of the scree plot suggested that seven clusters would be
a suitable solution (k = 7; see Figure S1). k-means clustering was per-
formed with the stats package in r (R Core Team, 2020).

Next, a sample size criterion was used to select a single repre-
sentative genus for each of the seven odonate functional groups
(Figure 1d). The odonate data were filtered to include only genera
with occurrence records in at least 7 of 12 decades, ranging from
1901 to 2020. A minimum of 10 occurrence records was also re-
quired within each of the 7-12 sampled decades. This ensured a
minimum sample size of 70 occurrences, spanning a minimum time
period of 70years, for each genus. When more than one genus in a
functional group met the sample size requirement, we selected the
genus with the largest number of occurrence records (Figure 1e).
These seven genera were used in subsequent modelling to broadly
infer emergence responses to environmental conditions, with the
assumption that odonate genera within a common functional group
would respond similarly, relative to genera from distinct functional
groups.

Characteristic trait values were visually identified for each func-
tional group by plotting trait value distributions against the axis
scores for first three PCoA axes (Figures $2-54) and among the
seven functional groups (Figure S5).

2.3 | Path analysis
Phenology was modelled for each of the seven representative, func-
tional group genera with a three-stage process. First, subsampling
was used to mitigate the uneven spatiotemporal distribution of
odonate records. We began by assigning each sample to its respec-
tive sub-watershed from the HydroBASINS database (Pfafstetter
level 12 polygons; mean area = 130.2km2, SD = 60.7; Lehner &
Grill, 2013), then randomly selecting a maximum of three records per
sub-watershed for use in modelling (Figure 1f). This reduced the spa-
tial clustering of odonate records within more intensively surveyed
areas (Chen & Olden, 2020). Similarly, we assigned each sample to
one of 12 decadal bins, ranging from 1901 to 2020, then subsampled
records within each decadal bin (Figure 1g). Specifically, we identi-
fied the smallest number of records within any of the 12 decadal
bins, then randomly selected an equivalent number of records from
each of the other bins. By rarefying the data this way, we eliminated
the strong temporal bias (i.e. many more contemporary than histori-
cal samples; see Table S2) observed among the odonate records.
Second, we used path analysis to test for links between DOY
and each of the environmental covariates (Figure 1h). We began
with a metamodel (Grace et al.,, 2010) focusing on the direct
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influences of degree days and precipitation on phenology, each of
which has previously been linked to odonate distributions (Ball-
Damerow et al., 2014; Boys et al., 2021; Hassall & Thompson, 2008;
Norling, 2018), while controlling for the effects of year and photo-
period (Figure 3). Three exogenous covariates were included: ELEV,
LAT and YEAR. Of these, two—ELEV and LAT—have strong influ-
ences on MAT, MAP and PHOTO, and are invariant to global change.
YEAR is, by definition, a correlate of global change and was there-
fore used as an index of global change in the path model. The direct
path between YEAR and DOY provided a means to detect global
change effects on DOY that were not due to altered temperature or
precipitation. Prior to modelling, DOY and all covariates were stan-
dardized (mean = 0, standard deviation; SD = 1). Path models were
then fit with the with the Lavaan package in r (Rosseel, 2012).

Third, we repeated the complete path analysis process (subsa-
mpling and model fitting) 1000 times for each of the seven odo-
nate genera (Figure 1i). Numbers of samples included in each of
the random iterations, for each of the representative genera, are
summarized in Table S3. Standardized path coefficients linking co-
variates, coefficients of determination (R2) for endogenous covari-
ates, and overall fit statistics were recorded in each iteration, then
summarized for each of the modelled genera. A test of significance
was performed for each path in the metamodel (Figure 3) by using
the mean path coefficient and standard error from 1000 iterations
(SE = standard deviation of 1000 coefficients + v1000) to calculate
a 95% confidence interval (Cl = mean+1.96xSE). Paths with 95%
Cls that excluded zero were deemed significant. Overall model fit
was assessed with the Standardized Root Mean Squared Residual
(SRMR) and the Comparative Fit Index (CFIl). Conventional thresh-
olds (SRMR <0.09; CFI 20.95) were interpreted as evidence of ‘good’
model fit (Fan et al., 2016).

3 | RESULTS

The functional trait ordination is shown for all odonate genera, with
the seven representative odonate genera highlighted by diamonds in
Figure 2. Each of the seven representative genera is listed with key
functional traits in Table 1. In general, functional group (FG) 1 consisted
of small bodied, univoltine genera with low dispersal and weak flight
ability, well-synchronized spring emergence, cool to warm thermal pref-
erence and tegument respiration. FG 2 was comprised of semivoltine
genera with high dispersal and strong flight ability, well-synchronized
spring or summer emergence and cool thermal preference. FG 3 gen-
era were semivoltine with strong flight ability, well-synchronized spring
emergence and cool thermal preference. FG 4 genera were semivoltine
with low dispersal, strong flight ability, well-synchronized spring emer-
gence and cool thermal preference. FG 5 included a mix of univoltine
and multivoltine genera with high dispersal and strong flight ability,
poorly synchronized spring emergence and warm thermal preference.
FG 6 represented univoltine genera with summer emergence and hot
thermal preference. FG 7 genera were univoltine with spring emer-
gence and warm to hot thermal preference.

All path model coefficients are summarized in Table S4. Of the
four covariates directly linked to DOY (see Figure 3), DD18 consis-
tently had the strongest effect, as indicated by the relatively large
magnitudes of the DD18 path coefficients (Figure 4). Moreover, the
path linking DD18 to DOY was significant (95% Cl excluding zero)
for six of the seven modelled genera (Figure 4a, left panel). Among
these, DD18 and DOY were negatively associated (increasing DD18
advanced emergence) for four genera: Argia sp. (FG 1), Calopteryx sp.
(FG 3), Hetaerina sp. (FG 4) and Libellula sp. (FG 5). DD18 and DOY
were positively associated (increasing DD18 delayed emergence)
for two genera: Aeshna sp. (FG 2) and Sympetrum sp. (FG 7). Only
Plathemis sp. (FG 7) did not exhibit a significant link between DD18
and DOY (Table S4).

MAP had a significant effect on DOY for all seven modelled gen-
era (Figure 4a, right panel). For three genera (Libellula sp., Calopteryx
sp., Plathemis sp.), DOY was advanced in wetter years. For the re-
maining genera, DOY was delayed in wetter years. PHOTO also had
a significant effect on DOY for all genera (Figure 4b; Table S4). Three
genera (Argia sp., Plathemis sp., Sympetrum sp.) exhibited advanced
emergence with increasing day length. YEAR had a significant,
positive effect on DOY for all genera. Small path coefficients did,
however, indicate the direct effect of YEAR on DOY was modest in
comparison to other DOY effects (Figure 4b).

Links between the exogenous and endogenous predictors of
DOY also suggested the metamodel (Figure 3) was a useful repre-
sentation of the key regulators of climate and photoperiod. Each
link between an exogenous covariate and MAT, MAP, or PHOTO
was significant (Table S4) and across the seven modelled genera, R?
values were consistently high (>0.7) for MAT and PHOTO (Table 2).
R? values were more variable for MAP, ranging from 0.09 (mean R?
for Aeshna sp. models) to 0.62 (mean for Calopteryx sp. models), and
were smallest for DOY (0.05-0.23). Nevertheless, overall model fit
was consistently good. For all seven modelled genera, mean SRMR
values were below the <0.09 fit threshold (Table 2). Similarly, mean
CFl values met or exceeded the 20.95 fit threshold for two genera
(Argia sp., Libellula sp.), but were nominally below the threshold
(0.93-0.94) for the remaining genera.

4 | DISCUSSION

This study was motivated by previous research on odonate phenol-
ogy in European freshwaters (Dingemanse & Kalkman, 2008; Hassall
et al., 2007), but extends the state of the science in three ways. It
compiles and standardizes a NHC database of odonate flight records
that is unprecedented in spatiotemporal extent. It uses functional
trait analysis to identify unique combinations of traits, potentially
representing distinct life-history strategies, and to select odonate
genera that are broadly representative of this functional variation.
It then uses path analysis to assess the relative importance of sev-
eral key drivers—degree days, photoperiod and precipitation—for
odonate emergence timing and to place them within a systems-level
context.
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Of the three innovations, path analysis may be the most import-
ant, as it allowed us to disentangle the effects of DD18, PHOTO
and MAP from LAT and ELEV. Degree days (Suhling, Suhling, &
Richter, 2015), photoperiod (Norling, 2018) and precipitation

(McCauley et al., 2018) are each known to influence odonate emer-

1 2 3

gence and/or ecology, but due to their strong covariation with lat-
itude and elevation, it is difficult to isolate their individual effects
(Corbet et al., 2006; Hassall, 2013; Sniegula et al., 2016). The meta-
model of environmental influences on odonate DOY explicitly ac-
counted for the shared influences of latitude and elevation (Figure 3).
Hence, the paths linking DD18, PHOTO and MAP directly to DOY

can be interpreted as independent effects (Grace, 2006).

4.1 | Environmental influences on
odonate emergence

The strong association between DD18 and DOY that was con-
firmed for six of seven genera (Figure 4; Table S4), combined with
prior work on degree days and the physiology of larval insect

axis 2

warm/hot

univoltine

poorly synchronized
medium
depositional
tegument respiration
climber

weak flier

spring emerge

FIGURE 2 Functional trait analysis
results. Ordination plot showing

the location of each odonate genus
included in the study, relative to the first
three principal coordinate axes. Traits
associated with each axis are listed

with the axis labels. Colours indicate
membership within the seven functional
trait groups, as determined by k-means
cluster analysis and labelled in the colour
legend at bottom. Diamonds show the
positions of the seven genera selected to
represent the seven functional groups.
Each of the representative genera is
identified in Table 1.

3 low dispersal

development (Cayton et al., 2015; McCauley et al., 2015; McCauley
et al., 2018), suggests that odonate phenology may indeed be vul-
nerable to global change. However, the direction and magnitude of
the DD18 versus DOQY relationship was highly variable among the
seven modelled genera, both in terms of direction and magnitude. A
significantly negative DD18 versus DOY relationship, reflecting ear-
lier emergence in warmer years, was observed for four genera but it
was not universal. For two genera, emergence occurred significantly
later in warmer years.

Knowledge of the functional traits and life histories of the seven
odonate genera can help explain the disparate DD18 versus DOY
relationships. For example, two of the genera with a negative DD18
versus DOY relationship, Calopteryx sp. and Hetaerina sp., exhibit
prototypical Type 1 or spring emergence life cycles (Corbett, 2003).
These semivoltine taxa reside in cold to cool environments (see
Table 1) where larvae may reach the final (F-0) instar stage by the
end of summer but do not emerge as adults until the following year
(Suhling, Sahlén, et al., 2015). For these taxa, larval diapause pro-
vides a mechanism to ensure overwinter survival, followed by spring

metamorphosis and emergence. In this context, a negative DD18
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TABLE 1 Functional trait profiles for the seven representative odonate genera. For each genus, the functional group (FG) number and number of species within that genus in our database (in
parentheses) is provided with the following traits: female dispersal (DSP), emergence season (EMG), adult flying strength (FLY), habit (HAB), respiration mode (RSP), rheophily (RHP), maximum

body size (SIZE), emergence synchronization (SYN), thermal preference (THM) and generations per year or voltinism (VLT). Traits with two values listed indicate genera with multiple dominant
trait states per genus. Values in parentheses indicate the breadth metric for each trait, if applicable. See Appendix S1 for complete information on the odonate functional traits
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versus DOY relationship is likely to reflect the rapid accumulation of
early-year degree days prior to spring emergence.

In contrast to the Type 1 life cycle, one of the genera with a pos-
itive DD18 versus DOY relationship, Aeshna sp., exhibits a Type 2
or summer emergence life cycle (Corbett, 2003). Type 2 odonates
are also semivoltine but do not reach the final instar stage prior to
winter diapause; additional time is needed the following spring to
complete larval development, with metamorphosis typically occur-
ring in summer. This delayed emergence timing is compatible with
a positive association between DD18 and DOY. The other genus
with a positive DD18 versus DOY relationship, Sympetrum sp., also
emerges in mid to late summer, but completes the larval growth pro-
cess in a single year. The rapid growth rates needed to complete this
Type 3, univoltine life cycle are facilitated by warm environments
and highly efficient foraging (Corbett, 2003).

A functional trait context is also useful for interpreting differen-
tial responses to photoperiod. The strongest negative associations
between PHOTO and DOY were exhibited by genera with semivol-
tine life cycles and cool to cold thermal preferences (Calopteryx sp.,
Hetaerina sp.), while positive associations were exhibited by univol-
tine genera with warm to hot preferences (Argia sp., Sympetrum sp.,
Plathemis sp.; see Table 1; Figure 4). This functional distinction is
intuitive because photoperiod is a key predictor of diapause and as
mentioned above, diapause is common to many odonate life cycles
(Suhling, Sahlén, et al., 2015). For odonates with Type 1 life cycles,
longer days (increasing photoperiod) may allow larvae to reach a mid
to late instar stage prior to winter diapause, with rapid development
and emergence the following spring (Corbett, 2003). This might ac-
count for the negative PHOTO versus DOY relationship observed
for Calopteryx sp. and Hetaerina sp. Alternatively, odonates living in
warmer environments may complete their larval development in a
single calendar year but emerge at a later Julian date (Type 3 life
cycle) than semivoltine taxa exiting winter diapause. This scenario is
consistent with a positive PHOTO versus DOY relationship because
longer summer days entail greater scope for larval growth.

Explaining the precipitation results is more challenging. As the
primary driver of hydrology, precipitation is fundamental to all odo-
nate life histories. However, few studies have directly examined
links between precipitation and odonate phenology; most have fo-
cused on odonate distribution and richness patterns (Ball-Damerow
et al., 2014; Sparrow et al., 2021). We propose that aquatic habitat
stability may provide a useful lens for understanding phenological
responses to precipitation. Because odonates at temperate latitudes
are rarely multivoltine (Suhling, Sahlén, et al., 2015), they will be vul-
nerable to any hydrologic disturbance that disrupts egg or larval de-
velopment. Relevant disturbances would include intermittent drying
in low precipitation regions or flooding in high precipitation regions.
Phenological responses may include strategies to ‘sit out’ periods of
disturbance, such as delayed oviposition (Hassall & Thompson, 2008)
or larval diapause (Béche et al., 2006). Vulnerability to hydrologic
disturbance may also vary with functional traits. For instance, taxa
with ‘climber’ and ‘clinger’ habits are better equipped to persist in
high flow conditions than ‘sprawler’ taxa (Bae & Park, 2016). At
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FIGURE 3 Path analysis metamodel. Path diagram showing

all links that were included when fitting path analysis models of
odonate emergence day-of-year (DOY). The metamodel includes
hypothesized, direct links between DOY and mean annual
photoperiod (PHOTO), degree days relative to an 18°C threshold
(DD18), mean annual precipitation (MAP) and year of observation
(YEAR). Covariates with distal effects of DOY include mean
annual air temperature (MAT), elevation (ELEV) and latitude (LAT).
Exogenous variables are shown as rectangles and endogenous
variables are shown as ellipses.

present, we cannot account for the disparate MAP versus DOY re-
lationships observed among the seven odonate genera (Figure 4).
But we do suggest the mechanisms proposed here could be tested
by combining a subset of odonate records with new, high-resolution
data on local hydrologic conditions.

The direct effect of year on DQY is also difficult to interpret.
For all modelled genera, a modest but significantly positive relation-
ship was detected between YEAR and DOY (Figure 4). Importantly,
this relationship was independent of the intermediate effects of air
temperature and precipitation, suggesting that some factor not in-
cluded in the metamodel (Figure 3) has gradually pushed odonate
emergence back to a later Julian date over the past 120years. A sim-
ple explanation may be the pervasive degradation of aquatic habitat
in North America. Large scale anthropogenic activities, such as in-
dustrial agriculture and urban development, have impacted all types
of freshwater environments over the past century (Benke, 1990;
Bhagowati & Ahamad, 2019; Brinson & Malvarez, 2002; Carlisle
et al., 2011). These changes may in turn delay odonate emergence
through multiple pathways. For instance, altered habitat may di-
minish the abundance of aquatic insect prey (Hershey et al., 2010;
Yoshimura, 2012), thereby constraining larval odonate growth and
development (Baker, 1982; Lawton et al., 1980). Alternatively, hab-
itat disturbance may increase the distances that adults traverse to
locate mates or suitable oviposition sites (Dolny et al., 2014; Nagy
et al., 2019). In this way, we suggest the positive YEAR versus DOY
effects are a call to expand the scope of odonate phenology re-
search. But we also point out that the YEAR effects on DOY are
small, relative to the DD18, PHOTO and MAP effects (Figure 4).

4.2 | Caveats and opportunities

One notable caveat of this study is the relatively low fraction of vari-
ation in DOY that each of the path models accounted for. DOY R?

values were <0.10 for three of seven modelled genera and never
exceeded 0.23 (Table 2). Adding new predictors to the path mod-
els may increase R? as many episodic or local scale factors, such as
physicochemical habitat quality, flood events and prey availability
can impact the growth and emergence of odonate larvae (Cérdoba-
Aguilar, 2008). However, natural variation in odonate phenology
may be the primary reason for low model precision. Odonate emer-
gence timing can be difficult to predict with a high level of precision
(Corbet et al., 2006; Richter et al., 2008) because a single emergence
event, or ‘emergence curve’, will often span a period of weeks or
months (Tatarkiewicz, 2012; Wissinger, 1988).

The diffuse timing of emergence events was evident in our
data. For instance, the standard deviation of intra-annual DQOY val-
ues ranged from 6.3-68.7days for Argia sp., with a mean (among
120years of record) of 40.3days. Noting that peak activity may
occur near the beginning, middle, or end of an emergence event
(Lutz & Mcmahan, 1973; Thompson, 2019), we did not wish to use a
discrete statistical moment, such as the 5th or 95th percentile (rep-
resenting the leading and trailing edges of the emergence period;
Villalobos-Jiménez & Hassall, 2017), as our response variable. These
statistical moments are, in effect, the tails of a distribution of obser-
vation dates and are therefore more sensitive to sampling bias than
the central tendency. Instead, we took a more general approach:
for a given genus, we only assumed that a central tendency would
exist within each year of DOY data, and this modal value would be
a useful indicator of inter-annual trends in emergence timing. In this
way, our continental-scale models emphasized accuracy over pre-
cision. But further insight may be gained by adding new response
variables, such as the onset and duration of the emergence curve,
to the path models. So long as sample sizes are large enough, any
number of responses could be included in an expanded path model,
allowing researchers to see if different dimensions of emergence
timing respond similarly to environmental cues like temperature and
photoperiod.

Two points of caution are also warranted when interpreting
our degree day results. First, an 18°C threshold for larval odonate
growth is in line with temperatures reported in some controlled
experiments (e.g. Corbet, 1956; Lutz, 1968; S'niegula et al., 2016;
Thompson, 2019) but higher than a proposed minimum of ~10°C
(Suhling, Sahlén, et al., 2015). Thus, DD18 may underestimate the
potential for odonate growth. As a practical matter, this should
not affect the path models because DD18 was highly correlated
(r = 0.94) with the annual number of degree days relative to a 5°C
threshold (both thresholds were available from ClimateNA; see Wang
et al., 2016). But it emphasizes the limits of degree day estimates
when calculated as annual sums, rather than incremental values that
can be matched to specific Julian dates. Incremental or cumulative
degree day values could be aligned directly with emergence dates,
providing a mechanistic link to emergence (Cayton et al., 2015; Finn
et al., 2022); this approach would be more powerful than the correl-
ative one used here for DD18 and DOY. Similarly, degree days from
the prior year may improve emergence timing models, particularly
for semivoltine taxa (Richter et al., 2008).
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FIGURE 4 Summary of path coefficients for direct links to day-of-year. Panel (a) shows standardized coefficients for model paths linking
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genera.

Second, we used air temperature and its associated degree day
values as proxies for water temperature. This was prudent because
historical air temperatures were readily available from ClimateNA,
but it entailed an unknown degree of measurement error. In lotic
ecosystems, where a direct association between air and water tem-
perature is well-established (Mohseni et al., 1999), we do not be-
lieve this error posed a substantive problem for our continental scale
models. However, the air-water temperature relationship is more
complex in lentic ecosystems. Lake surface temperature may closely
track air temperature (Toffolon et al., 2014), but the relationship
can be muted at the subsurface or benthic interface where many
odonate larvae reside, particularly during periods of stratification
(Robertson & Ragotzkie, 1990). To our knowledge, historical lake
temperature records that are comparable in spatiotemporal extent
to the air temperature data used here do not exist. But a preliminary
assessment of the scope of this issue may be possible by superim-
posing the georeferenced odonate occurrence records on digital

maps of lakes and rivers. A spatial function (e.g. shortest Euclidian
distance to a lake or river boundary) could then be used to specify
the most likely origin (lake vs. river habitat) of each odonate record.
If the air-water temperature relationship is significantly distorted in
lentic systems, we would expect DOY models to differ among the
two habitat types.

Finally, we recognize that our genus-level records did not ac-
count for functional trait or phenological variation at interspecific
(within genera) or intraspecific levels. This is important because
odonate taxa may exhibit strong inter- and/or intraspecific vari-
ation in morphology, physiology and behaviour (e.g. Bybee
et al., 2016; Frances et al., 2017). This sub-generic level variation
may, in turn, be essential in predicting responses to climate change
(Powney et al., 2015; Salo et al., 2020). Accounting for inter- and
intraspecific variation is not currently feasible in a whole com-
munity, continental scale study such as this, due to the limita-
tions of paired data on species-level traits and distributions (see
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TABLE 2 Summary of path model fit statistics. Indicators of overall model fit include the Standardized Root Mean Squared Residual (SRMR) and Comparative Fit Index (CFI). Conventional

thresholds to confirm ‘good’ fit are shown in parentheses for both indices. Coefficients of determination (R?) are listed for each of the endogenous variables. Values shown are the mean

statistics, with 95% confidence intervals (Cl), from models independently fit to 1000 subsampling iterations. Results are shown in separate columns for each of the seven representative

odonate genera

Argia Calopteryx Hetaerina Libellula Plathemis Sympetrum

Aeshna

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

Statistic

0.01
0.02
0.04
0.03
0.08

<0.01

0.03
0.93
0.05
0.79
0.21
0.98
0.86

0.01
0.02
0.06
0.05
0.11
<0.01

0.03
0.94
0.10
0.72
0.34
0.99
0.89

0.01
0.02
0.07
0.03
0.08
<0.01

0.03
0.96
0.11
0.82
0.31
0.99
0.88

0.01
0.02
0.05
0.03
0.07

<0.01

0.03
0.94
0.09
0.75
0.42
0.99
0.85

0.01
0.02
0.13
0.04
0.10

<0.01

0.04
0.94
0.23
0.87
0.62
0.99
0.92

0.01
0.01
0.05
0.02
0.05
<0.01

0.03
0.95
0.13
0.78
0.18
0.99
0.89

0.01
0.01
0.04
0.05
0.04
<0.01

0.06
0.94
0.06
0.48
0.09
0.98
0.72

SRMR (<0.09)
CFI (20.95)
RZDOY
R?DD18

RZ MAP

R? PHOTO
R? MAT

0.03

0.03

0.02

0.03

0.03

0.02

0.04

Bonada & Dolédec, 2018; Rocha-Ortega et al., 2020; Twardochleb
et al., 2021). However, a good starting point may be to focus on
a single well-studied region where species-level trait and occur-
rence data are nearly complete, such as central California, USA
(Ball-Damerow et al., 2015).

Addressing the points raised above will further our ability to de-
tect and anticipate global change effects on odonate phenology. We
therefore hope that others will be inspired to emulate and extend
our work. For the moment, we conclude by crediting the resources
that made this study possible. The models presented herein were
built entirely with free, open-source data and software. Our time
was the sole expense. This is exciting because the availability of
open-source data, ranging from opportunistic NHC and community
science records (Olsen et al., 2020) to systematic programs like the
National Water-Quality Assessment Project (Gilliom et al., 1995)
and the National Ecological Observatory Network (Utz et al., 2013),
is rapidly increasing. And with this growth will come novel oppor-
tunities to dissect and understand aquatic ecosystems. The chal-
lenges posed by global change are unprecedented, but so too are
the research horizons that are now being revealed by open-source

information.
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