


species and assemblages of odonates have been associated
with a variety of local habitats (e.g., Silva et al. 2010;
Smith et al. 2007; Buchwald 1992), climate (e.g., Hic-
kling et al. 2005), and surrounding land-use conditions
(e.g., Samways and Steytler 1996; Smith et al. 2007). For
example, previous studies have demonstrated that the
degree of shade and structural heterogeneity of emergent
vegetation are particularly important habitat variables for
odonates (Samways and Steytler 1996; Steytler and
Samways 1995). Flowing (lotic) and still water (lentic)
habitats are also essential factors that shape Odonata
assemblages, as many species are primarily associated
with one of these habitat types (e.g., Corbet 2004; Man-
olis 2003).

While temperature increases may generally facilitate the
expansion of Odonata species ranges and lead to increases
in regional biodiversity in northern latitudes (Hassall and
Thompson 2008; Hickling et al. 2006), habitats in urban
areas have often experienced declines in species richness
(e.g., Samways and Steytler 1996). For example, studies in
Africa and Germany have demonstrated that odonate
diversity is lower in highly urban sites, and dominated by
habitat generalist species (Suhling et al. 2006; Clausnitzer
2003; Samways and Steytler 1996). Overall, the greatest
threats for many Odonata species are the intensification of
human land use (Moore 1991; Samways and Steytler 1996;
Corbet 2004; Clausnitzer et al. 2012), which fragments
freshwater habitats, transforms water flow and distribution
across the landscape, and degrades water quality through
eutrophication and other forms of contamination (Paul and
Meyer 2001).

Previous studies of Odonata distribution over broad
spatial and temporal scales have largely focused on
their responses to temperature and precipitation (United
Kingdom: e.g., Hickling et al. 2005, 2006; South
Africa: Finch et al. 2006; North America: Hassall
2012). To our knowledge, however, no previous studies
have addressed the effects of broad-scale climate and
land use parameters on odonates in the semi-arid wes-
tern United States.

In the present study, we examine factors that influence
species richness and the occurrence rates of Odonata spe-
cies in central California and northwestern Nevada. In
particular, we investigate the effects of local (canopy
cover, emergent vegetation, and habitat type) and regional
variables (degree-days, precipitation, elevation, agricul-
ture, and urbanization) on species richness and the occur-
rence of species with certain biological traits (e.g.,
suborder, migratory species, and habitat specialists). In so
doing, we evaluate the potential of Odonata communities
to serve as indicators of land use and climate effects on
freshwater systems of this region.

Methods
Study area

The study area encompassed 81 freshwater sites throughout
central California and northwestern Nevada, ranging as far
south as Santa Cruz Island near Santa Barbara, California,
as far north as Chico, California, and as far east as Carlin,
Nevada (Fig. 1). C.H. Kennedy surveyed the majority of



Habitat types sampled include both lotic (streams, rivers
and canals) and lentic (wetlands, ponds, lakes and sloughs)
sites (Table 1).

Odonata survey

We surveyed each site for adult Odonata from late-April
through mid-September in 2011, 2012, and/or 2013. Sur-
veys took place during peak periods of Odonata activity,
usually from 10 am until 4 pm, when morning tempera-
tures were above 17 C and cloud cover was low. We
found that lower morning temperatures near 17 C resulted
in more sluggish flight in fast-flying dragonflies, which
facilitated capture and identification. Temperature then
increased quickly by late morning when a wider range of
species became active. The same primary collector (J.E.
Ball-Damerow) was present at each survey, identified all
species, and was accompanied by one or more additional
collectors. In general, we captured voucher specimens of
each species encountered with an aerial insect net, but in
some cases (when certain of correct identification) we
recorded species only by observation. We sampled each
site from one to five times over the 3-year study period. For
each individual site visit, we recorded the amount of time
spent surveying (average 2.4 h = 1.5; Table 1). We used
hours spent collecting during individual site visits as a
measure of visit sampling effort in analyses described
below (Table 1).

We recognize that the presence of adult species does not
necessarily indicate that the site is suitable for nymphal
habitat and successful life-cycle completion, particularly
for migratory species. However, adults do engage in habitat
selection for reproduction and foraging (Corbet 2004),

males defend territories that are attractive to females, and
females oviposit in sites likely to be suitable nymphal
habitat (e.g., Alcock 1990). Therefore, overall occurrence
should generally indicate that the habitat is supportive for
at least part of their life-cycle (Silva et al. 2010).

Biological traits

We collected 83 species in total. We predicted that several
species traits would influence their environmental associ-
ations, including suborder (dragonflies vs. damselflies),
migratory species, habitat specialists, forest specialists,



information was obtained from descriptions in a regional
field guide for Odonata (Manolis 2003).

Local variables

We evaluated the importance of habitat type (presence or
absence of lotic and/or lentic habitat), percent canopy
cover, and presence of emergent vegetation as local vari-
ables. Emergent vegetation includes macrophytes that are
rooted in the aquatic substrate and grow above or at the
water line; many Odonata oviposit within this vegetation or
use it as nymphal habitat (Corbet 2004). We recorded the
presence or absence of emergent vegetation and estimated






from the final model. Other variables and traits did not
significantly influence occurrence probability overall, but
were significant in their interactions and therefore remain
in the model output.

Many interactions between odonate traits and both



found that most odonates in our sites generally occurred
less often and richness was lower in sites with high canopy
cover. Forest specialists, however, occurred more often in
sites with high canopy cover. Other habitat factors, such as
water temperature, substrate, and water flow have been
documented to influence Odonata distribution (Samways
and Steytler 1996; Corbet 2004; Steytler and Samways
1995), but such data were not collected in this study.

Regional variables
Odonata are known to be particularly sensitive to temper-

ature because they are mostly warm-adapted, highly
mobile, and shift their ranges readily (Hassall and

Thompson 2008). Hassall (2012) found that the highest
species richness of Odonata in North America existed in
the southeastern USA, where the combination of temper-
atures and precipitation are highest. We found that drag-
onfly species richness was higher in areas of higher degree-
days, which is a cumulative measure of both temperature
and time of year and influences insect growth. The overall
occurrence of odonate species was also higher in areas with
higher degree-days. Further, in looking at interactions with
specific traits, occurrence rates for highly mobile groups,
migratory species and dragonflies, was greater in sites with
higher degree-days. Previous studies have demonstrated
that vagile insect species are more likely to track their
climatic niche and expand with climate warming (Pdyry
et al. 2009). Highly mobile species are known to be



The western United States has been experiencing
extended drought, and climate models predict that future
warming will lead to increasingly arid conditions in the
region (Cook et al. 2004). Continued and potentially more
severe droughts are, therefore, likely to cause future
declines in species richness for aquatic taxa, such as Od-
onata, and particularly for taxa that require perennial water
habitat (Boulton 2003). Future taxonomic assemblages in
some areas may shift to drought-tolerant specialists with
adaptations for ephemeral habitats, such as species with
high mobility, desiccation resistant stages, or short life-
cycles (Béche et al. 2006, 2009; Boulton 2003). Specialists
for drought conditions often have high conservation value,
and currently are relatively rare (Manolis 2003). Increases
in these species are less likely to take place in intensively
altered landscapes, such as highly urban or agricultural
areas where increases in artificial flow from water treat-
ment and irrigation often occurs (e.g., Helms et al. 2009).

Freshwater habitats are often highly degraded in
developed regions, partly because humans live dispropor-
tionately near waterways (Sala et al. 2000). Rivers and
streams in urban areas tend to have high water temperature,
exotic vegetation, highly variable flow rate, and poor water
quality (Samways and Steytler 1996; Paul and Meyer
2001). As a result, extinction rates of freshwater organisms
are among the highest of the major ecosystem types
(Ricciardi and Rasmussen 1999).

We found that odonates in general, and particularly
habitat specialists, had significantly lower occurrence in
highly urban landscapes. Studies of odonates in Europe and
Africa have shown that changes in landscape or habitat
conditions have resulted in significant declines of habitat
specialists, while generalists have increased (Korkeamaki
and Suhonen 2002; Clausnitzer 2003). This pattern of



urbanization nor agriculture was significantly related to
species richness, indicating that canopy cover and climate
may be more important for Odonata diversity in the Cali-
fornia-Nevada region studied. This may result from the
high vagility and relatively low total-space requirements of
most generalist odonates and other insects. In contrast to
vertebrate species, the quality of patches rather than the
extent of urbanization often determines the diversity of
insects (Goertzen and Suhling 2013; Kearns and Oliveras
2009). However, the single most important cause of insect
extinction for habitat specialists is the destruction of
diverse natural habitats (Pyle et al. 1981). Homogenization
of the landscape with urbanization and agriculture has
translated into a parallel homogenization of aquatic fauna,
with the expansion of habitat generalists and the decline of
specialists across large regions (Rahel 2002). This phe-
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