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Abstract

1. Species’ ranges are typically constrained by the interplay of physical barriers to

dispersal, environmental requirements such as suitable climatic conditions and

biotic constraints such as from predation or competition. However, teasing apart

the relative importance of these constraints in determining species distributions

still represents a major challenge for ecologists.

2. The Neotropical damselfly Mecistogaster modesta (Coenagrionidae: Odonata)

inhabits wet and moist forests in mainland Central America and north-western

South America. This habitat specialist spends its larval development exclusively

in tank bromeliads, where it acts as a keystone predator within the aquatic food

web. Although tank-forming bromeliads occur from the southern United States

throughout most of South America, M. modesta is absent from the Caribbean

islands and South America south-east of the Andes mountain chain.

3. We employed species distribution models to explore the relative importance of

physical barriers (Andes mountain range and oceanic barriers), climate (mean

annual temperature and annual precipitation) and biotic interactions (competition

from other bromeliad-dwelling odonates) in limiting the geographic distribution

of M. modesta.

4. We found that dispersal barriers strongly limit the geographic distribution of

M. modesta. In addition, its range is restricted by low temperatures and low pre-

cipitation. Competition from other bromeliad-dwelling odonates was not impor-

tant in limiting the damselfly’s range. Because of the physical barriers to

dispersal, M. modesta does not occupy its full potential geographic range. Specifi-

cally, our model predicted suitable habitat on the Caribbean islands and through-

out most of South America, where the species is currently absent.

5. These findings have important conservation implications, particularly as the aridi-

fication of rainforests and subsequent localised extinctions due to climate change

continue. On the other hand, the species may respond to warming temperatures

by tracking climate to higher elevations, with subsequent effects on na€ıve high-

elevation bromeliad food webs. An upwards migration could also increase the

probability of M. modesta overcoming the dispersal barrier presented by the

Andes, enabling the damselfly to invade large areas of suitable habitat in South

America.
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1 | INTRODUCTION

Damselflies and dragonflies (Odonata) are among the most ancient

winged insects on Earth (~300 MYA: Ingley, Bybee, Tennessen,

Whiting, & Branham, 2012). As both adults and larvae typically

occupy high trophic positions, these insects are often used as indica-

tors of aquatic and terrestrial ecosystem health (Collins & McIntyre,

2015). Odonates possess some of the best dispersal capabilities of

all insects (S�anchez-Herrera & Ware, 2012), yet these acrobatic fly-

ers are not found everywhere. Teasing apart the relative importance

of factors that determine the geographic distributions of odonates

(Collins & McIntyre, 2015), as well as of organisms in general

(De Ara�ujo, Marcondes-Machado, & Costa, 2014; Endler, 1982), still

represents a major challenge for ecologists.

Major mountain ranges have led to the isolation and subsequent

diversification of plants (e.g., Antonelli, Nylander, Persson, Sanmartin,

& Tiffney, 2009) and animals, including invertebrates (e.g., De-Silva,

Elias, Willmott, Mallet, & Day, 2016; Von Oheimb et al., 2013) and

birds (e.g., Graham, Parra, Rahbek, & McGuire, 2009). Similarly, large

expanses of water such as oceans and great lakes represent major

dispersal barriers to most terrestrial organisms (MacDonald, 2003)

and can restrict the geographic ranges of even good dispersers, such

as winged insects (e.g., yellow-faced bumble bee: Jha, 2015). Such

direct physical barriers may limit the geographic distributions of odo-

nates, and indeed, their range edges often coincide with mountain

ranges and oceans (Wellenreuther, Larson, & Svensson, 2012). How-

ever, geographic barriers usually do not fully explain the geographic

range limits of odonates.

The constrained geographic ranges of odonates may also be a

function of their sensitivity to environmental conditions. At large

spatial scales, climate, particularly temperature and precipitation,

appears to ultimately determine the physiological niche of organisms

(Pearson & Dawson, 2003), including odonates (Collins & McIntyre,

2015). Temperature determines, among other things, thermoregula-

tion proficiency (De Marco, Latini, & Resende, 2005), flight perfor-

mance of adults (Dingemanse & Kalkman, 2008; Samejima &

Tsubaki, 2010), development rates of larvae (Braune, Richter,

S€ondgerath, & Suhling, 2008; Hassall, Thompson, French, & Harvey,

2007; Lutz, 1968; Pickup & Thompson, 1990; Richter, Suhling,

M€uller, & Kern, 2008), time to emergence (Hassall et al., 2007; Rich-

ter et al., 2008) and voltinism (i.e., the number of generations com-

pleted within 1 year in the field: Braune et al., 2008). Precipitation,

on the other hand, is strongly linked to hydroperiod in lentic waters

(Collins et al., 2014) and thus determines environmental suitability

for oviposition by odonates. In addition, low precipitation and associ-

ated increases in drought lengths and/or frequencies can adversely

affect odonate larvae (Amundrud & Srivastava, 2015; Amundrud &

Srivastava, 2016; Ball-Damerow, M’Gonigle, & Resh, 2014a,b).

Apart from dispersal limitation and abiotic constraints, biotic

interactions such as predation and competition may also limit the

distributions of odonates (Collins & McIntyre, 2015). For example,

the presence of predatory fish is strongly linked to the occurrence

of some odonate species in ponds (McGuffin, Baker, & Forbes,

2006). In temporary waters where fish are absent, other odonate

species represent strong biotic controls (e.g., Benke, 1978; Fincke,

1994; Johnson, Crowley, Bohanan, Watson, & Martin, 1985). In such

systems, intraguild predation (where predators with shared prey kill

and eat each other: Polis, Myers, & Holt, 1989) and cannibalism are

the main biotic constraints (e.g., Benke, 1978; Suutari, Rantala, Sal-

mela, & Suhonen, 2004). Biotic interactions can also limit distribu-

tions of odonates through the “ghost of competition past” (Worthen

& Horacek, 2015), where current geographical limits of species

reflect the historical avoidance of competition with other organisms

(Connell, 1980). Although important at the local scale, biotic interac-

tions are often considered to be negligible in affecting species distri-

butions at large geographical scales (Eltonian noise hypothesis:

Sober�on & Nakamura, 2009). Nevertheless, recent work suggests

that biotic interactions can be important in affecting species distribu-

tions even at large spatial scales (e.g., Boulangeat, Gravel, & Thuiller,

2012; De Ara�ujo et al., 2014; Heikkinen, Luoto, Virkkala, Pearson, &

K€orber, 2007).

The realised geographic distributions of odonates are likely

determined by the interplay of physical barriers limiting their disper-

sal, environmental requirements and biotic constraints (see BAM [bi-

otic, abiotic and migration] diagram in Sober�on, 2007). The BAM

model (Sober�on, 2007) posits that the range that a species fills

should represent all areas within the dispersal ability of the species

(M) with suitable abiotic (A) and biotic (B) conditions. Species distri-

bution models (SDMs) can be valuable in teasing apart these factors

in limiting odonate distributions (Collins & McIntyre, 2015), espe-

cially if the relative contributions of the main factors conceptualised

in the BAM model are well understood, or at least hypothesised

(Saupe et al., 2012). However, few, if any, studies have evaluated

the combined effects of climate, physical barriers and biotic con-

straints on odonate ranges.

Here, we employ SDMs to explore the factors that limit the geo-

graphical distribution of the Neotropical damselfly Mecistogaster

modesta (Coenagrionidae: Odonata). M. modesta oviposits its eggs

exclusively in epiphytic bromeliads (Ingley et al., 2012), where the

larvae feed on other insect larvae (Srivastava, 2006). Adults feed on

orb-weaving spiders, which they pluck from webs (Hedstr€om &

Sahl�en, 2001; Ingley et al., 2012). Although tank-forming bromeliads

occur from the southern United States (latitude ~30°N) to almost

the southern tip of South America (latitude ~45°S: Benzing, 2000),

M. modesta is limited to mainland Central America and north-wes-

tern South America, inhabiting wet and moist forests from Colombia
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and Venezuela to Mexico–Belize (Hedstr€om & Sahl�en, 2001).

Throughout much of its range, M. modesta is the only odonate spe-

cies associated with bromeliads, although there may be some overlap

with other bromeliad-dwelling odonates in the genus Bromeliagrion

(Coenagrionidae) towards the southern limit of its range (see Fig-

ure 1 and Supporting Information). Within bromeliads, M. modesta

nymphs have large top-down effects on the bromeliad ecosystem

that eclipse the effects of any other invertebrate species. For exam-

ple, M. modesta larvae have been shown to reduce abundances of

other invertebrates by 25%–90% (Hammill, Atwood, & Srivastava,

2015; Srivastava, 2006) and decomposition by 20%–50% (Atwood

et al., 2013; Srivastava, 2006), increase nitrogen uptake by the bro-

meliad by 1200% (Ngai & Srivastava, 2006) and change CO2 flux by

up to 200% (Atwood et al., 2013; Hammill, Atwood, & Srivastava,

2015). Bromeliads that contain M. modesta have fundamentally dif-

ferent biomass pyramids and mosquito communities than bromeliads

that do not (Hammill, Atwood, Corvalan, & Srivastava, 2015; Peter-

mann et al., 2015). Determining which factors limit the geographic

distribution of this odonate species is therefore essential to under-

standing spatial patterns in the structure and functioning of brome-

liad food webs in Central America, and how these food webs may

change under altered climate.

We used SDMs to explore the combined effects of climate,

physical barriers and biotic constraints on M. modesta. SDMs have

been widely applied for freshwater species, to explore matters as

diverse as assessing the impacts of climate change (e.g., benthic

stream macroinvertebrates: Domisch, J€ahnig, & Haase, 2011), pre-

dicting suitable habitat for threatened species (e.g., freshwater turtle:

Costa et al., 2015) and predicting the spatial distribution of invasive

species (e.g., piscivorous chub: Sato et al., 2010). A detailed review

on the use of SDMs to model odonate distributions has been con-

ducted by Collins and McIntyre (2015). We employed SDMs to

reveal the relative importance of physical barriers (Andes mountain

range and oceanic barriers), climate (temperature and precipitation)

and biotic interactions (competition from other bromeliad-dwelling

damselflies). If our model predicts no or little suitable habitat beyond

the physical barriers constraining the range of M. modesta, it would

indicate that climate and/or biotic constraints are the major factors

limiting the damselfly’s range. In contrast, if our model predicts suit-

able habitat on the islands and/or south-east of the Andes, it would

suggest that M. modesta is limited by dispersal barriers. As there are

neither obvious physical barriers nor other bromeliad-dwelling odo-

nates towards the northern range limits of M. modesta, we expect

climatic constraints to be the limiting factors towards the north.

2 | METHODS

2.1 | Data collection

We obtained occurrence records of M. modesta from several online

databases, including the Global Biodiversity Information Facility

(www.gbif.org), Biodiversity and Environmental Resource Data Sys-

tem of Belize (www.biodiversity.bz), Smithsonian National Museum

of Natural History (www.mnh.si.edu) and Odonata Central (www.od

onatacentral.org). We attained additional records from members of

the Bromeliad Working Group (http://www.zoology.ubc.ca/~srivast/

bwg/researchers.html), museum curators, known experts of Odonata

and published studies on invertebrates inhabiting bromeliad phy-

totelmata. We also included absence records as sites where at least

20 bromeliads were inspected and no M. modesta larvae were found.

F IGURE 1 Map showing the location of
presence and absence records of
Mecistogaster modesta, as well as presence
records of the three potential competitor
species. Coloured dots show occurrence
records of M. modesta (green),
Bromeliagrion beebeanum (blue),
Bromeliagrion rehni (purple) and
Bromeliagrion fernandezianum (orange).
Empty dots with black crosses show
M. modesta absence records

216 | AMUNDRUD ET AL.

http://www.gbif.org
http://www.biodiversity.bz
http://www.mnh.si.edu
http://www.odonatacentral.org
http://www.odonatacentral.org
http://www.zoology.ubc.ca/~srivast/bwg/researchers.html
http://www.zoology.ubc.ca/~srivast/bwg/researchers.html


When no exact coordinates were available, we estimated the geo-

graphic coordinates and the associated error according to the point-

radius method (Wieczorek, Guo, & Hijmans, 2004) using an online

georeferencing calculator (http://manisnet.org/gc.html). We only

included records with a geographical uncertainty of radius less than

5 km, resulting in a data set consisting of 101 presence and 52

absence records for M. modesta (Figure 1). The complete data set is

available on Dryad Digital Repository (https://doi.org/10.5061/

dryad.8tp8n).

2.2 | Variable selection

To examine the importance of dispersal in governing the distribution

of M. modesta, we created a single binary “barrier” variable that indi-

cated whether a record was collected from within versus beyond the

hypothesised dispersal barriers represented by the Pacific and Atlan-

tic oceans and the Andes mountain range. Specifically, the layer we

created defined grid cells as “beyond barriers” (value = 0) when grid

cells were south-east of the summit of the Andes or more than

10 km offshore of the mainland, or “within barriers” (value = 1) if in

the rest of the terrestrial study area.

To examine the importance of climate, we obtained 19 bioclimatic

variables from the WorldClim database at 2.5 arc-minutes resolution

(Hijmans, Cameron, Parra, Jones, & Jarvis, 2005), which roughly corre-

sponds to a 5-km resolution near the tropics. To select meaningful cli-

matic predictor variables in our model, we first reduced our data set

by removing all absence records from the islands and south-east of the

Andes, as we a priori hypothesised thatM. modesta cannot disperse to

these areas because of dispersal barriers. Including these absences

could lead to erroneous predictions, as absences from habitats due to

dispersal barriers, but with suitable climate, would bias a model that

predicts species occurrence from climate (Peterson et al., 2011). We

then estimated and ranked relative variable importance as deviance

explained for the 19 climate variables by predicting M. modesta occur-

rence for each of the climate variables separately using logistic gener-

alised linear models (GLMs). Next, we examined the correlation

between all possible variables to ensure that variables were not highly

correlated (r > .8). This procedure led us to choose “annual mean tem-

perature” (bio1) and “annual precipitation” (bio12), as these variables

exhibited a high importance (they ranked first and fourth, respectively)

and a low correlation (r = .50). In addition, this choice is consistent

with the known physiological importance of temperature and precipi-

tation to M. modesta (Amundrud and Srivastava, unpublished data).

For both climatic variables, we compared the fitted curves of two poly-

nomial logistic models (first degree and second degree, respectively) to

a smooth spline. As the simpler curves (first-degree predictor variable)

represented a closer fit to the data in both cases, we used first-degree

predictor variables for bio1 and bio12 as climatic predictors of

M. modesta occurrence in our final models.

Interacting species have been included as predictor variables in

SDMs as either occurrence records or as an input layer of their esti-

mated occurrence or habitat suitability (De Ara�ujo et al., 2014; Gian-

nini, Chapman, Saraiva, Alves-dos-Santos, & Biesmeijer, 2013). Here

we implemented the latter approach to examine whether competi-

tion determines the geographic distribution of M. modesta using the

modelled distributions of three of its potential competitors: Bromelia-

grion bebeanum, B. fernandezianum and B. rehni. We focused on

those species because they are present in the north of South Amer-

ica, so their ranges may overlap with that of M. modesta (Figure 1).

Other bromeliad-dwelling odonate species have too few records or

occur too far from the known range of M. modesta, making competi-

tion unlikely. Because there are few presence records for these

Bromeliagrion species (6, 6 and 11, respectively; Figure 1), we per-

formed SDMs with Maxent version 3.2.1 (Phillips, Anderson, & Scha-

pire, 2006), a widely used algorithm for presence-only data that

performs better than others when the sample size is small (Hernan-

dez, Graham, Master, & Albert, 2006; Wisz et al., 2008). For each

competitor species, we included the habitat suitability scores

obtained from the Maxent model as a continuous variable. In addi-

tion, we created variables for all possible combinations of competitor

species whereby, for a given grid cell, the highest suitability value

among the two (or three) competitor models was kept, resulting in

seven possible competitor layers (the three competitor species indi-

vidually, the three pairwise combination and all three competitor

species combined). The results were qualitatively identical for all

seven competitor layers; thus, we only report the results of the

model in which the competition layer represents all three competitor

species. This layer estimates the suitability of the habitat for at least

one putative competitor of M. modesta, even if the identity of this

competitor changes geographically. The detailed methods and results

of the competitor models are listed in the Supporting Information.

2.3 | Species distribution models

We employed logistic GLMs to explore the relative importance of

physical dispersal barriers, climate and competition in determining the

geographic distribution of M. modesta. We chose GLMs because of

their relatively high predictive power relative to other modelling

approaches, as our goal was to predict M. modesta occurrence from

these abiotic and biotic variables. Because it is crucial that the absence

data used to train a SDM are limited to geographic areas within the

dispersal ability of the species (i.e., within M in the BAM model: Peter-

son et al., 2011), our modelling approach consisted of two steps: (1) to

statistically test our expectation that the ocean and Andes represent

effective dispersal barriers (and thus, the absences on islands and the

mainland south-east of the Andes represent records from areas out-

side of M [migration] in the BAM model but within A [abiotic] ∪ B [bi-

otic]); and, in the case that the model confirms that these absence

records lie outside the area of dispersal capacity of M. modesta, (2) to

predict M. modesta occurrence from climate and competition on a

model trained on presence/absence records that lie within the area of

dispersal capacity of the species (i.e., on the reduced data set exclud-

ing absence records on islands and south-east of the Andes, or within

M in the BAM model).

To examine whether dispersal barriers limit the distribution of

M. modesta, we employed an “across-barrier” model as a logistic
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regression on the complete M. modesta data set (i.e., including the

absence records from the islands and south-east of the Andes). As

explanatory variables, we included the two climatic variables (“mean

annual temperature” and “annual precipitation”), their interaction, the

pooled competition variable and the binary “barrier” variable. We

used the combined competitor variable (generated from all three

competitor species) as described earlier. We used stepwise regres-

sion (function “step” in R [R Core Team, 2015]) for model simplifica-

tion.

Because the distribution of M. modesta was strongly limited by

the oceanic and mountain barriers (see Results), we employed a sec-

ond “within-barrier” model that we trained on presence/absence

records within the dispersal area (i.e., within M of BAM) of the dam-

selfly. Training our model using records within M reduced the data

set to 101 presences and 18 absences. As above, we used a logistic

GLM to predict the probability of M. modesta occurrence from the

two climatic variables, their interaction and the combined competi-

tion variable, followed by stepwise regression.

We performed a 10-fold cross-validation to check for model per-

formance and robustness, using the R package DAAG (Maindonald &

Braun, 2015). To calculate threshold-dependent model performance

indices, we chose the threshold to maximise Kappa using the Pres-

enceAbsence package (Freeman & Moisen, 2008) in R.

3 | RESULTS

The “across-barrier” analysis revealed that dispersal barriers limit the

geographic distribution of M. modesta, as the barrier variable and the

two climatic variables (bio1 and bio12) were significant predictors of

the damselfly’s occurrence (Table 1A). The competition variable and

the interaction term of bio1 9 bio12 were removed from the model

by stepwise regression. The total variance explained by the model

was 71.6%, and a 10-fold cross-validation established model robust-

ness (Table 1B).

The “within-barrier” analysis revealed that climatic constraints

are the most important limiting factors of M. modesta occurrence

within the potential dispersive area of the species (Table 2A). As in

the “across-barrier” model, the interaction of bio1 x bio12 and the

competition variable were removed from the model by stepwise

regression. The total variance explained by the final model was 45%,

and a 10-fold cross-validation showed adequate model robustness

(Table 1B). A closer examination of the climatic constraints on

M. modesta occurrence revealed that the species is limited by low

temperatures and dry conditions, as rises in annual mean tempera-

ture (bio1) and annual precipitation (bio12) significantly increase the

predicted probability of M. modesta occurrence (Figures 2a,b).

Specifically, the mean annual temperature and precipitation for

which our model predicts a 50% probability of M. modesta occur-

rence is 16.22°C (�0.95°C SE) and 1,091 mm (�217 mm SE), respec-

tively (Figures 2a,b).

The predicted realised geographic distribution of M. modesta

encompasses most of Central America (except at high elevations)

and the northern parts of South America, spanning from southern

Mexico below ~ 20°N (and further north at both of Mexico’s coasts)

to the north-eastern side of the Andes mountain range in South

America (from east Venezuela to Ecuador and possibly into Peru;

Figure 3). However, the potential geographic distribution predicted

by our model spans far into South America to ~ 30°S and incudes

the Caribbean islands, suggesting that suitable habitat for M. mod-

esta exists beyond the physical barriers represented by the ocean

and Andes mountain range (Figure 4).

4 | DISCUSSION

Physical barriers to dispersal and climatic constraints determined

the distribution of M. modesta in our study, but competition from

other bromeliad-dwelling odonates was not important. In particular,

we identified two dispersal barriers: oceanic distances in excess of

10 km and the Andes mountain chain, which exclude M. modesta

from the Caribbean islands and from much of South America. In

addition, annual mean temperature and annual precipitation were

also key factors limiting the geographic distribution of M. modesta.

These climatic constraints excluded M. modesta from high eleva-

tions (too cold), as well as from latitudes above its northern range

TABLE 1 Fit of simplified “across-barrier” model to the full data set of presence–absence records. Data to train the model included
absences outside the hypothesised area of dispersal. The initial model included dispersal barriers, climatic constraints (annual mean
temperature [bio1] and annual precipitation [bio12], as well as their interaction) and biological constraints (competitors). Competition and the
bio1 9 bio12 interaction terms were removed from the model by stepwise regression. (A) ANOVA table after stepwise regression. (B) Model
performance indices and 10-fold cross-validation (CV)

(A) df Deviance Residual df Residual Deviance p-Value

NULL 152 196.13

bio1 1 13.57 151 182.56 <.001

bio12 1 12.89 150 169.67 <.001

Barrier 1 114.05 149 55.62 <.001

(B) Threshold PCC Sensitivity Specificity Kappa AUC TSS

Model 0.45 0.95 0.99 0.87 0.88 0.97 0.86

10-fold CV 0.45 0.93 0.97 0.85 0.84 0.96 0.82
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edge in Mexico (too dry) and from west of the Andes (too dry

and/or too cold; Figure 3). As dispersal barriers exclude M. mod-

esta from suitable habitat on the Caribbean islands and south-east

of the Andes (Figure 3), our study indicates that this damselfly

does not occupy its full potential geographic distribution

(Figure 4).

TABLE 2 Fit of simplified “within-barrier” model to the reduced data set of presence–absence records. Data to train the model did not
include absences outside the hypothesised area of dispersal. The initial model included climatic constraints (annual mean temperature [bio1]
and annual precipitation [bio12], as well as their interaction) and biological constraints (competitors). Competition and the bio1 9 bio12
interaction terms were removed from the model by stepwise regression. (A) ANOVA table after stepwise regression. (B) Model performance
indices and 10-fold cross-validation (CV)

(A) df Deviance Residual df Residual deviance p-Value

NULL 118 101.12

bio1 1 36.44 117 64.69 <.001

bio12 1 9.07 116 55.62 .002

(B) Threshold PCC Sensitivity Specificity Kappa AUC TSS

Model 0.57 0.92 0.97 0.67 0.68 0.93 0.64

10-fold CV 0.57 0.91 0.96 0.61 0.61 0.85 0.57
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F IGURE 2 Probability of occurrence of
Mecistogaster modesta for (a) annual mean
temperature (bio1) and (b) annual
precipitation (bio12). Empty circles
represent presence (at 1) and absence (at
0) records of M. modesta. Lines represent
the predicted probability of M. modesta
occurrence from logistic regression models

F IGURE 3 The predicted realised
geographic distribution of Mecistogaster
modesta (white to green colour scale
indicates the probability of occurrence of
M. modesta). This species distribution
model is restricted to areas that are within
the dispersal ability of the damselfly
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Mecistogaster modesta is unlikely to occupy its full potential geo-

graphic niche, as our “across-barrier” analysis predicted suitable habi-

tat on the Caribbean islands and south-east of the Andes. We

conclude that M. modesta, like other Neotropical animals (Emmons &

Feer, 1997), has not been able to cross the ocean expanse between

the Central American mainland and the Caribbean islands to fill its

potential range, consistent with marine barriers limiting animal distri-

butions (MacDonald, 2003; Smith, 2009), even for taxa with good

dispersal capabilities such as winged insects (Jha, 2015). In addition,

the geographic distribution of M. modesta is constrained by the

Andes mountain range, which excludes it from suitable habitat in

much of South America (Figure 4). This is not surprising, as the

Andes represent a significant barrier for many organisms including

plants (e.g., Antonelli et al., 2009; Givnish et al., 2016), insects (e.g.,

De-Silva et al., 2016) and birds (e.g., Graham et al., 2009). It is likely

that this mountain range represents a barrier to M. modesta because

of unfavourable environmental conditions at high elevations, and

indeed, Odonata richness often decreases with increasing elevations

(e.g., Ecuadorian Andes: Jacobsen, 2003; S. L. Amundrud and D. S.

Srivastava, personal observation). However, our analysis does sug-

gest that potentially suitable habitat corridors exist through the

Andes, notably in east-central Colombia and north-west Venezuela

(Figure 4). It is possible that M. modesta has not successfully

migrated through these low-elevation corridors simply because the

habitat conditions there are not suitable despite a suitable climate

(e.g., bromeliads or primary forest may be absent). Behavioural ten-

dencies of M. modesta to avoid open areas may be more important

than its ability to disperse, consistent with the discovery that disper-

sal behaviour is more important in predicting odonate range size

than is dispersal capacity (McCauley, Davis, Werner, & Robeson,

2014). Indeed, biological corridors are also inefficient for the giant

tree-hole breeding damselfly Megaloprepus caerulatus

(Pseudostigmatidae), which is sensitive to habitat fragmentation and

does not travel through open areas (Khazan, 2014). However, it is

important to note that odonates in the genus Bromeliagrion that do

fill the bromeliad niche east of the Andes may occur across these

physical barriers (Supporting Information), although too few records

exist to make accurate predictions of their exact ranges. Any beha-

vioural constraints of M. modesta that impede it from passing

through such corridors may thus not apply to bromeliad-dwelling

odonates in general.

In addition to physical barriers, climatic constraints were impor-

tant factors limiting the geographic range of M. modesta, excluding

the species from cold and dry areas. Although temperature and pre-

cipitation together affect water levels in bromeliads (i.e., high tem-

peratures and low precipitation lead to the driest conditions in

bromeliads), we did not find a significant interaction of precipitation

and temperature (the interaction term was removed from the models

by stepwise regression). Furthermore, damselflies were restricted by

low temperatures rather than the high temperatures that would be

associated with faster evaporation rates. Instead, both annual mean

temperature and annual precipitation had strong individual positive

effects on the probability of M. modesta occurrence (Figures 2a,b).

Direct positive physiological effects of temperature on M. modesta

thus appear to be more important than indirect negative effects of

temperature by affecting the hydroperiod of bromeliads, consistent

with studies showing that odonate occurrence (Ball-Damerow et al.,

2014a) and richness (Jacobsen, 2003) increases with higher tempera-

tures. Our finding that low precipitation limited M. modesta occur-

rence is also not surprising, as experimental evidence suggests that

M. modesta larvae are disproportionately affected by drought (Amun-

drud & Srivastava, 2015, 2016), which results from low precipitation

in bromeliads (Zotz & Thomas, 1999). Other studies have also found

negative effects of low precipitation and drought on odonates

F IGURE 4 The predicted potential
geographic distribution of Mecistogaster
modesta (white to green colour scale
indicates the probability of occurrence of
M. modesta). Although the damselfly is not
currently present on islands and east of
the Andes, our model predicts that the
climate there is suitable for the damselfly
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(e.g., Ball-Damerow et al., 2014a,b), particularly for those species

that are habitat specialists (Ball-Damerow et al., 2014a).

Biotic factors were not important in limiting the distribution of

M. modesta. However, the competition layer used in our models cor-

related with the layer representing dispersal barriers, and such corre-

lations can result in biotic interactions being masked (Godsoe,

Franklin, & Blanchet, 2017). Still, closely related species of giant

damselflies that breed in water-filled tree holes do coexist despite

strong intraguild predation, because large larvae kill smaller ones

independently of species identity, ensuring that competitive domi-

nance is more a function of larval size than species identity (Fincke,

1994). Similarly, our study shows that in South America, the ranges

of the three bromeliad-dwelling damselflies (Bromeliagrion bebeanum,

B. fernandezianum and B. rehni) do overlap (see Supporting Informa-

tion), suggesting that competition does not constrain the distribu-

tions of those species at a large spatial scale.

To summarise, both physical barriers to dispersal and climatic

constraints were important limiting factors of the geographic distri-

bution of M. modesta, while competition from other bromeliad-dwell-

ing odonates was not. Our finding that the distribution of this

damselfly is strongly linked to climate has important conservation

implications, particularly as aridification of rainforests due to climate

change continues (Brodie, Post, & Laurance, 2012). Conversely, this

species may benefit from rising temperatures by tracking climate to

higher elevations. The introduction of this novel predator to high-

elevation systems would have strong effects on na€ıve high-elevation

bromeliad food webs. An upwards migration by M. modesta could

also increase the probability of this species overcoming the dispersal

barrier presented by the Andes, enabling it to invade large areas of

suitable habitat in South America, which are currently beyond reach.

Such a range expansion from climate change has happened, for

example, for mountain pine beetles in British Columbia, Canada (Car-

roll, Taylor, R�egni�ere, & Safranyik, 2003). Future research should

consider how simultaneous changes in precipitation and temperature

in the Neotropics can alter the constraints on keystone species such

as this damselfly.

ACKNOWLEDGMENTS

We are thankful to Roger W. Garrison, Maria Fabiola Ospina Bau-

tista, Jessica Ware, Bill Mauffray, Enrique Gonz�alez Soriano, Mark F.

O’Brien, Dennis Paulson, Jurg Carl Demarmels, Merlijn Jocque,

Nicholas dos Anjos, Cristiano Marino, Ignacio Barberis, Regis

Cereghino, Ang�elica Gonzalez, Dominic Evangelista, Barbara Richard-

son, Michael Richardson, Gustavo Quevedo Romero, Thorsten

Kr€omer, Thomas W Donnelly and John Abbott for providing occur-

rence records. We also thank Thomas Edwards for giving a work-

shop on species distribution modeling at UBC, Laetitia Buisson for

giving advice on the statistical analysis and numerous members of

the Bromeliad Working Group for their feedback on this study.

Funding was provided by a Natural Sciences and Engineering

Research Council (NSERC) CGS-D Grant to S. L. Amundrud, and by

an NSERC Discovery Grant and NSERC Discovery Grant Accelerator

to D. S. Srivastava. This is a publication of the Bromeliad Working

Group.

ORCID

Sarah L. Amundrud http://orcid.org/0000-0002-0457-1551

REFERENCES

Amundrud, S. L., & Srivastava, D. S. (2015). Drought sensitivity predicts

habitat size sensitivity in an aquatic ecosystem. Ecology, 96, 1957–

1965. https://doi.org/10.1890/14-1828.1

Amundrud, S. L., Videla, M., & Srivastava, D. S. (2017). Data from: Dis-

persal barriers and climate determine the geographic distribution of

the helicopter damselfly Mecistogaster modesta. Dryad Digital Reposi-

tory. https://doi.org/10.5061/dryad.8tp8n

Amundrud, S. L., & Srivastava, D. S. (2016). Trophic interactions deter-

mine the effects of drought on an aquatic ecosystem. Ecology, 97,

1475–1483. https://doi.org/10.1890/15-1638.1

Antonelli, A., Nylander, J. A. A., Persson, C., Sanmartin, I., & Tiffney, B. H.

(2009). Testing the impact of the Andean uplift on Neotropical plant

evolution. Proceedings of the National Academy of Sciences of the Uni-

ted States of America, 106, 9749–9754. https://doi.org/10.1073/pna

s.081

Atwood, T. B., Hammill, E., Greig, H. S., Kratina, P., Shurin, J. B., Srivas-

tava, D. S., & Richardson, J. S. (2013). Predator-induced reduction of

freshwater carbon dioxide emissions. Nature Geoscience, 6, 191–194.

https://doi.org/10.1038/ngeo1734

Ball-Damerow, J. E., M’Gonigle, L. K., & Resh, V. H. (2014a). Changes in

occurrence, richness, and biological traits of dragonflies and dam-

selflies (Odonata) in California and Nevada over the past century. Bio-

diversity and Conservation, 23, 2107–2126. https://doi.org/10.1007/

s10531-014-0707-5

Ball-Damerow, J. E., M’Gonigle, L. K., & Resh, V. H. (2014b). Local and

regional factors influencing assemblages of dragonflies and

damselflies (Odonata) in California and Nevada. Journal of Insect

Conservation, 18, 1027–1036. https://doi.org/10.1007/s10841-014-

9709-6

Benke, A. C. (1978). Interactions among coexisting predators – A field

experiment with dragonfly larvae. The Journal of Animal Ecology, 47,

335–350. https://doi.org/10.2307/3787

Benzing, D. H. (2000). Bromeliaceae: Profile of an adaptive radiation. Cam-

bridge: Cambridge University Press. https://doi.org/10.1017/

S0960428602240159

Boulangeat, I., Gravel, D., & Thuiller, W. (2012). Accounting for dispersal

and biotic interactions to disentangle the drivers of species distribu-

tions and their abundances. Ecology Letters, 15, 584–593. https://doi.

org/10.1111/j.1461-0248.2012.01772.x

Braune, E., Richter, O., S€ondgerath, D., & Suhling, F. (2008). Voltinism

flexibility of a riverine dragonfly along thermal gradients. Global

Change Biology, 14, 470–482. https://doi.org/10.1111/j.1365-2486.

2007.01525.x

Brodie, J., Post, E., & Laurance, W. F. (2012). Climate change and tropical

biodiversity: A new focus. Trends in Ecology & Evolution, 27, 145–150.

https://doi.org/10.1016/j.tree.2011.09.008

Carroll, A. L., Taylor, S. W., R�egni�ere, J., & Safranyik, L. (2003). Effects of

climate change on range expansion by the mountain pine beetle in

British Columbia. In T. L. Shore et al. (Eds.), Mountain pine beetle sym-

posium: Challenges and solutions (pp. 223–232). Kelowna, BC: Natural

Resources Canada. Retrieved from https://cfs.nrcan.gc.ca/publi

cations?id=25051

Collins, S. D., Heintzman, L. J., Starr, S. M., Wright, C. K., Henebry, G. M.,

& McIntyre, N. E. (2014). Hydrological dynamics of temporary

AMUNDRUD ET AL. | 221

http://orcid.org/0000-0002-0457-1551
http://orcid.org/0000-0002-0457-1551
http://orcid.org/0000-0002-0457-1551
https://doi.org/10.1890/14-1828.1
https://doi.org/10.5061/dryad.8tp8n
https://doi.org/10.1890/15-1638.1
https://doi.org/10.1073/pnas.081
https://doi.org/10.1073/pnas.081
https://doi.org/10.1038/ngeo1734
https://doi.org/10.1007/s10531-014-0707-5
https://doi.org/10.1007/s10531-014-0707-5
https://doi.org/10.1007/s10841-014-9709-6
https://doi.org/10.1007/s10841-014-9709-6
https://doi.org/10.2307/3787
https://doi.org/10.1017/S0960428602240159
https://doi.org/10.1017/S0960428602240159
https://doi.org/10.1111/j.1461-0248.2012.01772.x
https://doi.org/10.1111/j.1461-0248.2012.01772.x
https://doi.org/10.1111/j.1365-2486.2007.01525.x
https://doi.org/10.1111/j.1365-2486.2007.01525.x
https://doi.org/10.1016/j.tree.2011.09.008
https://cfs.nrcan.gc.ca/publications?id=25051
https://cfs.nrcan.gc.ca/publications?id=25051


wetlands in the southern Great Plains as a function of surrounding

land use. Journal of Arid Environments, 109, 6–14. https://doi.org/10.

1016/j.jaridenv.2014.05.006

Collins, S. D., & McIntyre, N. E. (2015). Modeling the distribution of odo-

nates: A review. Freshwater Science, 34, 1144–1158. https://doi.org/

10.1086/682688

Connell, J. H. (1980). Diversity and the coevolution of competitors, or

the ghost of competition past. Oikos, 35, 131–138. https://doi.org/

10.2307/3544421

Costa, H. C., de Rezende, D. T., Molina, F. B., Nascimento, L. B., Leite, F.

S. F., & Fernandes, A. P. B. (2015). New distribution records and

potentially suitable areas for the threatened snake-necked turtle

Hydromedusa maximiliani (Testudines: Chelidae). Chelonian Conserva-

tion and Biology, 14, 88–94. https://doi.org/10.2744/ccab-14-01-88-

94.1

De Ara�ujo, C. B., Marcondes-Machado, L. O., & Costa, G. C. (2014). The

importance of biotic interactions in species distribution models: A

test of the Eltonian noise hypothesis using parrots. Journal of Bio-

geography, 41, 513–523. https://doi.org/10.1111/jbi.12234

De Marco, P., Latini, A. O., & Resende, D. C. (2005). Thermoregulatory

constraints on behavior: Patterns in a neotropical dragonfly assem-

blage. Neotropical Entomology, 34, 155–162. https://doi.org/10.1590/

S1519-566X2005000200002

De-Silva, D. L., Elias, M., Willmott, K., Mallet, J., & Day, J. J. (2016).

Diversification of clearwing butterflies with the rise of the Andes.

Journal of Biogeography, 43, 44–58. https://doi.org/10.1111/jbi.

12611

Dingemanse, N. J., & Kalkman, V. J. (2008). Changing temperature

regimes have advanced the phenology of Odonata in the Nether-

lands. Ecological Entomology, 33, 394–402. https://doi.org/10.1111/j.

1365-2311.2007.00982.x

Domisch, S., J€ahnig, S. C., & Haase, P. (2011). Climate-change winners

and losers: Stream macroinvertebrates of a submontane region in

Central Europe. Freshwater Biology, 56, 2009–2020. https://doi.org/

10.1111/j.1365-2427.2011.02631.x

Emmons, L. H., & Feer, F. (1997). Neotropical rainforest mammals: A field

guide (2nd edn). Chicago, IL: The University of Chicago Press.

Endler, J. A. (1982). Problems in distinguishing historical from ecological

factors in biogeography. American Zoologist, 22, 441–452. https://doi.

org/10.1093/icb/22.2.441

Fincke, O. M. (1994). Population regulation of a tropical damselfly in the

larval stage by food limitation, cannibalism, intraguild predation and

habitat drying. Oecologia, 100, 118–127. https://doi.org/10.1007/

BF00317138

Freeman, E. A., & Moisen, G. (2008). PresenceAbsence: An R package for

presence absence analysis. Journal of Statistical Software, 23, 1–31.

Retrieved from http://www.jstatsoft.org/v23/i11

Giannini, T. C., Chapman, D. S., Saraiva, A. M., Alves-dos-Santos, I., &

Biesmeijer, J. C. (2013). Improving species distribution models using

biotic interactions: A case study of parasites, pollinators and plants.

Ecography, 36, 649–656. https://doi.org/10.1111/j.1600-0587.2012.

07191.x

Givnish, T. J., Spalink, D., Ames, M., Lyon, S. P., Hunter, S. J., Zuluaga, A.,

. . . Cameron, K. M. (2016). Orchid historical biogeography, diversifica-

tion, Antarctica and the paradox of orchid dispersal. Journal of Bio-

geography, 43, 1905–1916. https://doi.org/10.1111/jbi.12854

Godsoe, W., Franklin, J., & Blanchet, F. G. (2017). Effects of biotic inter-

actions on modeled species’ distribution can be masked by environ-

mental gradients. Ecology and Evolution, 7, 654–664. https://doi.org/

10.1002/ece3.2657

Graham, C. H., Parra, J. L., Rahbek, C., & McGuire, J. A. (2009). Phyloge-

netic structure in tropical hummingbird communities. Proceedings of

the National Academy of Sciences of the United States of America, 106,

19673–19678. https://doi.org/10.1073/pnas.0901649106

Hammill, E., Atwood, T. B., Corvalan, P., & Srivastava, D. S. (2015). Beha-

vioural responses to predation may explain shifts in community struc-

ture. Freshwater Biology, 60, 125–135. https://doi.org/10.1111/fwb.

12475

Hammill, E., Atwood, T. B., & Srivastava, D. S. (2015). Predation threat

alters composition and functioning of bromeliad ecosystems. Ecosys-

tems, 18, 857–866.

Hassall, C., Thompson, D. J., French, G. C., & Harvey, I. F. (2007). Histori-

cal changes in the phenology of British Odonata are related to cli-

mate. Global Change Biology, 13, 933–941. https://doi.org/10.1111/j.

1365-2486.2007.01318.x

Hedstr€om, I., & Sahl�en, G. (2001). A key to the adult Costa Rican “heli-
copter” damselflies (Odonata: Pseudostigmatidae) with notes on their

phenology and life zone preferences. Revista de Biologia Tropical, 49,

1037–1056. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/

12189786

Heikkinen, R. K., Luoto, M., Virkkala, R., Pearson, R. G., & K€orber, J. H.

(2007). Biotic interactions improve prediction of boreal bird distribu-

tions at macro-scales. Global Ecology and Biogeography, 16, 754–763.

https://doi.org/10.1111/j.1466-8238.2007.00345.x

Hernandez, P. A., Graham, C., Master, L. L., & Albert, D. L. (2006). The

effect of sample size and species characteristics on performance of

different species distribution modeling methods. Ecography, 29, 773–

785. https://doi.org/10.1111/j.0906-7590.2006.04700.x

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A.

(2005). Very high resolution interpolated climate surfaces for global

land areas. International Journal of Climatology, 25, 1965–1978.

https://doi.org/10.1002/joc.1276

Ingley, S. J., Bybee, S. M., Tennessen, K. J., Whiting, M. F., & Branham,

M. A. (2012). Life on the fly: Phylogenetics and evolution of the heli-

copter damselflies (Odonata, Pseudostigmatidae). Zoologica Scripta,

41, 637–650. https://doi.org/10.1111/j.1463-6409.2012.00555.x

Jacobsen, D. (2003). Altitudinal changes in diversity of macroinverte-

brates from small streams in the Ecuadorian Andes. Archiv f€ur Hydro-

biologie, 158, 145–167. https://doi.org/10.1127/0003-9136/2003/

0158-0145

Jha, S. (2015). Contemporary human-altered landscapes and oceanic bar-

riers reduce bumble bee gene flow. Molecular Ecology, 24, 993–1006.

https://doi.org/10.1111/mec.13090

Johnson, D. M., Crowley, P. H., Bohanan, R. E., Watson, C. N., & Martin,

T. H. (1985). Competition among larval dragonflies: A field enclosure

experiment. Ecology, 66, 119–128. https://doi.org/10.2307/1941312

Khazan, E. S. (2014). Tests of biological corridor efficacy for conservation

of a neotropical giant damselfly. Biological Conservation, 177, 117–

125. https://doi.org/10.1016/j.biocon.2014.06.006

Lutz, P. E. (1968). Effects of temperature and photoperiod on larval

development in Lestes eurinus (Odonata: Lestidae). Ecology, 49, 637–

644. https://doi.org/10.2307/1935224

MacDonald, G. M. (2003). Biogeography: Space, time and life, 6th ed..

New York, NY: Wiley.

Maindonald, J. H., & Braun, W. J. (2015). DAAG: Data analysis and graph-

ics data and functions. Retrieved from https://cran.r-project.org/packa

ge=DAAG

McCauley, S. J., Davis, C. J., Werner, E. E., & Robeson, M. S. (2014). Dis-

persal, niche breadth and population extinction: Colonization ratios

predict range size in North American dragonflies. Journal of Animal

Ecology, 83, 858–865. https://doi.org/10.1111/1365-2656.12181

McGuffin, M. A., Baker, R. L., & Forbes, M. R. (2006). Detection and

avoidance of fish predators by adult Enallagma damselflies. Journal of

Insect Behavior, 19, 77–91. https://doi.org/10.1007/s10905-005-

9013-0

Ngai, J. T., & Srivastava, D. S. (2006). Predators accelerate nutrient

cycling in a bromeliad ecosystem. Science, 314, 963. https://doi.org/

10.1126/science.1132598

222 | AMUNDRUD ET AL.

https://doi.org/10.1016/j.jaridenv.2014.05.006
https://doi.org/10.1016/j.jaridenv.2014.05.006
https://doi.org/10.1086/682688
https://doi.org/10.1086/682688
https://doi.org/10.2307/3544421
https://doi.org/10.2307/3544421
https://doi.org/10.2744/ccab-14-01-88-94.1
https://doi.org/10.2744/ccab-14-01-88-94.1
https://doi.org/10.1111/jbi.12234
https://doi.org/10.1590/S1519-566X2005000200002
https://doi.org/10.1590/S1519-566X2005000200002
https://doi.org/10.1111/jbi.12611
https://doi.org/10.1111/jbi.12611
https://doi.org/10.1111/j.1365-2311.2007.00982.x
https://doi.org/10.1111/j.1365-2311.2007.00982.x
https://doi.org/10.1111/j.1365-2427.2011.02631.x
https://doi.org/10.1111/j.1365-2427.2011.02631.x
https://doi.org/10.1093/icb/22.2.441
https://doi.org/10.1093/icb/22.2.441
https://doi.org/10.1007/BF00317138
https://doi.org/10.1007/BF00317138
http://www.jstatsoft.org/v23/i11
https://doi.org/10.1111/j.1600-0587.2012.07191.x
https://doi.org/10.1111/j.1600-0587.2012.07191.x
https://doi.org/10.1111/jbi.12854
https://doi.org/10.1002/ece3.2657
https://doi.org/10.1002/ece3.2657
https://doi.org/10.1073/pnas.0901649106
https://doi.org/10.1111/fwb.12475
https://doi.org/10.1111/fwb.12475
https://doi.org/10.1111/j.1365-2486.2007.01318.x
https://doi.org/10.1111/j.1365-2486.2007.01318.x
https://www.ncbi.nlm.nih.gov/pubmed/12189786
https://www.ncbi.nlm.nih.gov/pubmed/12189786
https://doi.org/10.1111/j.1466-8238.2007.00345.x
https://doi.org/10.1111/j.0906-7590.2006.04700.x
https://doi.org/10.1002/joc.1276
https://doi.org/10.1111/j.1463-6409.2012.00555.x
https://doi.org/10.1127/0003-9136/2003/0158-0145
https://doi.org/10.1127/0003-9136/2003/0158-0145
https://doi.org/10.1111/mec.13090
https://doi.org/10.2307/1941312
https://doi.org/10.1016/j.biocon.2014.06.006
https://doi.org/10.2307/1935224
https://cran.r-project.org/package=DAAG
https://cran.r-project.org/package=DAAG
https://doi.org/10.1111/1365-2656.12181
https://doi.org/10.1007/s10905-005-9013-0
https://doi.org/10.1007/s10905-005-9013-0
https://doi.org/10.1126/science.1132598
https://doi.org/10.1126/science.1132598


Pearson, R. G., & Dawson, T. P. (2003). Predicting the impacts of climate

change on the distribution of species: Are bioclimate envelope mod-

els useful? Global Ecology and Biogeography, 12, 361–371. https://doi.

org/10.1046/j.1466-822X.2003.00042.x

Petermann, J. S., Farjalla, V. F., Jocque, M., Kratina, P., MacDonald, A. A.

M., Marino, N. A. C., . . . Srivastava, D. S. (2015). Dominant predators

mediate the impact of habitat size on trophic structure in bromeliad

invertebrate communities. Ecology, 96, 428–439. https://doi.org/10.

1890/14-0304.1

Peterson, A. T., Sober�on, J., Pearson, R. G., Anderson, R. P., Mart�ınez-
Meyer, E., Nakamura, M., & Ara�ujo, M. B. (2011). Ecological niches

and geographic distributions. Princeton, NJ: Princeton University Press.

Retrieved from http://www.jstor.org/stable/j.ctt7stnh

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum entropy

modeling of species geographic distributions. Ecological Modelling,

190, 231–259. https://doi.org/10.1016/j.ecolmodel.2005.03.026

Pickup, J., & Thompson, D. J. (1990). The effects of temperature and

prey density on the development rates and growth of damselfIy lar-

vae (Odonata: Zygoptera). Ecological Entomology, 15, 187–200.

https://doi.org/10.1111/j.1365-2311.1990.tb00800.x

Polis, G. A., Myers, C. A., & Holt, R. D. (1989). The ecology and evolution

of intraguild predation: Potential competitors that eat each other.

Annual Review of Ecology and Systematics, 20, 297–330. https://doi.

org/10.1146/annurev.es.20.110189.001501

R Core Team. (2015). R: A language and environment for statistical com-

puting. Vienna, Austria: R Foundation for Statistical Computing.

Retrieved from http://www.r-project.org/

Richter, O., Suhling, F., M€uller, O., & Kern, D. (2008). A model for pre-

dicting the emergence of dragonflies in a changing climate. Freshwa-

ter Biology, 53, 1868–1880. https://doi.org/10.1111/j.1365-2427.

2008.02012.x

Samejima, Y., & Tsubaki, Y. (2010). Body temperature and body size

affect flight performance in a damselfly. Behavioral Ecology and Socio-

biology, 64, 685–692. https://doi.org/10.1007/s00265-009-0886-3

S�anchez-Herrera, M., & Ware, J. L. (2012). Biogeography of dragonflies

and damselflies: Highly mobile predators. In L. Stevens (Ed.), Global

advances in biogeography (pp. 291–306). Rijeka: InTech.

Sato, M., Kawaguchi, Y., Yamanaka, H., Okunaka, T., Nakajima, J., Mitani,

Y., . . . Onikura, N. (2010). Predicting the spatial distribution of the

invasive piscivorous chub (Opsariichthys uncirostris uncirostris) in the

irrigation ditches of Kyushu, Japan: A tool for the risk management

of biological invasions. Biological Invasions, 12, 3677–3686. https://d

oi.org/10.1007/s10530-010-9762-3

Saupe, E. E., Barve, V., Myers, C. E., Sober�on, J., Barve, N., Hensz, C. M.,

. . . Lira-Noriega, A. (2012). Variation in niche and distribution model

performance: The need for a priori assessment of key causal factors.

Ecological Modelling, 237–238, 11–22. https://doi.org/10.1016/j.ec

olmodel.2012.04.001

Smith, J. M. B. (2009). Dispersal of plants and animals to oceanic islands.

In E. Wolanski (Ed.), Oceans and aquatic ecosystems (Vol. II). Oxford:

EOLSS Publications.

Sober�on, J. (2007). Grinnellian and Eltonian niches and geographic distri-

butions of species. Ecology Letters, 10, 1115–1123. https://doi.org/

10.1111/j.1461-0248.2007.01107.x

Sober�on, J., & Nakamura, M. (2009). Niches and distributional areas:

Concepts, methods, and assumptions. Proceedings of the National

Academy of Sciences of the United States of America, 106, 19644–

19650. https://doi.org/10.1073/pnas.0901637106

Srivastava, D. S. (2006). Habitat structure, trophic structure and ecosys-

tem function: Interactive effects in a bromeliad-insect community.

Oecologia, 149, 493–504. https://doi.org/10.1007/s00442-006-

0467-3

Suutari, E., Rantala, M. J., Salmela, J., & Suhonen, J. (2004). Intraguild pre-

dation and interference competition on the endangered dragonfly

Aeshna viridis. Oecologia, 140, 135–139. https://doi.org/10.1007/

s00442-004-1559-6

Von Oheimb, P. V., Albrecht, C., Riedel, F., B€ossneck, U., Zhang, H., &

Wilke, T. (2013). Testing the role of the Himalaya Mountains as a dis-

persal barrier in freshwater gastropods (Gyraulus spp.). Biological Jour-

nal of the Linnean Society, 109, 526–534. https://doi.org/10.1111/bij.

12068

Wellenreuther, M., Larson, K. W., & Svensson, E. I. (2012). Climatic niche

divergence or conservatism? Environmental niches and range limits in

ecologically similar damselflies. Ecology, 93, 1353–1366. https://doi.

org/10.1890/11-1181.1

Wieczorek, J., Guo, Q., & Hijmans, R. (2004). The point-radius method

for georeferencing locality descriptions and calculating associated

uncertainty. International Journal of Geographical Information Science,

18, 745–767. https://doi.org/10.1080/13658810412331280211

Wisz, M. S., Hijmans, R. J., Li, J., Peterson, A. T., Graham, C. H., Guisan,

A., . . . Zimmermann, N. E. (2008). Effects of sample size on the per-

formance of species distribution models. Diversity and Distributions,

14, 763–773. https://doi.org/10.1111/j.1472-4642.2008.00482.x

Worthen, W. B., & Horacek, H. J. (2015). The distribution of dragonfly

larvae in a South Carolina stream: Relationships with sediment type,

body size, and the presence of other larvae. Journal of Insect Science,

15, 1–7. https://doi.org/10.1093/jisesa/iev013

Zotz, G., & Thomas, V. (1999). How much water is in the tank? Model

calculations for two epiphytic bromeliads. Annals of Botany, 83, 183–

192. https://doi.org/10.1006/anbo.1998.0809

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Amundrud SL, Videla M, Srivastava

DS. Dispersal barriers and climate determine the geographic

distribution of the helicopter damselfly Mecistogaster modesta.

Freshwater Biol. 2018;63:214–223. https://doi.org/10.1111/

fwb.13054

AMUNDRUD ET AL. | 223

https://doi.org/10.1046/j.1466-822X.2003.00042.x
https://doi.org/10.1046/j.1466-822X.2003.00042.x
https://doi.org/10.1890/14-0304.1
https://doi.org/10.1890/14-0304.1
http://www.jstor.org/stable/j.ctt7stnh
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1111/j.1365-2311.1990.tb00800.x
https://doi.org/10.1146/annurev.es.20.110189.001501
https://doi.org/10.1146/annurev.es.20.110189.001501
http://www.r-project.org/
https://doi.org/10.1111/j.1365-2427.2008.02012.x
https://doi.org/10.1111/j.1365-2427.2008.02012.x
https://doi.org/10.1007/s00265-009-0886-3
https://doi.org/10.1007/s10530-010-9762-3
https://doi.org/10.1007/s10530-010-9762-3
https://doi.org/10.1016/j.ecolmodel.2012.04.001
https://doi.org/10.1016/j.ecolmodel.2012.04.001
https://doi.org/10.1111/j.1461-0248.2007.01107.x
https://doi.org/10.1111/j.1461-0248.2007.01107.x
https://doi.org/10.1073/pnas.0901637106
https://doi.org/10.1007/s00442-006-0467-3
https://doi.org/10.1007/s00442-006-0467-3
https://doi.org/10.1007/s00442-004-1559-6
https://doi.org/10.1007/s00442-004-1559-6
https://doi.org/10.1111/bij.12068
https://doi.org/10.1111/bij.12068
https://doi.org/10.1890/11-1181.1
https://doi.org/10.1890/11-1181.1
https://doi.org/10.1080/13658810412331280211
https://doi.org/10.1111/j.1472-4642.2008.00482.x
https://doi.org/10.1093/jisesa/iev013
https://doi.org/10.1006/anbo.1998.0809
https://doi.org/10.1111/fwb.13054
https://doi.org/10.1111/fwb.13054

