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Abstract
Community assembly theory is founded on the premise that the relative importance of local

environmental processes and dispersal shapes the compositional structure of metacommu-

nities. The species sorting model predicts that assemblages are dominated by the environ-

mental filtering of species that are readily able to disperse to suitable sites. We propose an

ecophysiological hypothesis (EH) for the mechanism underlying the organization of spe-

cies-sorting odonate metacommunities based on the interplay of thermoregulation, body

size and the degree of sunlight availability in small-to-medium tropical streams. Due to

thermoregulatory restrictions, the EH predicts (i) that larger species are disfavored in small

streams and (ii) that streams exhibit a nested compositional pattern characterized by spe-

cies’ size distribution. To test the EH, we evaluate the longitudinal distribution of adult Odo-

nata at 19 sites in 1st- to 6th-order streams in the Tropical Cerrado of Brazil. With increasing

channel width, the total abundance and species richness of Anisoptera increased, while the

abundance of Zygoptera decreased. The first axis of an ordination analysis of the species

abundance data was directly related to channel width. Mean and maximum thorax size are

positively correlated to channel width, but no relationship was found for the minimum thorax

size, suggesting that there is no lower size constraint on the occurrence of these species.

Additionally, a nested compositional pattern related to body size was observed. Our results

support the EH and its use as an ecological assembly rule based on abiotic factors. Forest

cover functions as a filter to determine which species successfully colonize a given site with-

in a metacommunity. As a consequence, the EH also indicates higher treats for small-bod-

ied zygopterans in relation to the loss of riparian forests in tropical streams.

Introduction
One key aspect of current community assembly theory is the relative importance of local environ-
mental factors and dispersal processes shaping compositional patterns within metacommunities.
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Four general models describe interesting combinations of these factors and are frequently used to
interpret observed communities [1]: neutral model, patch dynamics, mass-effect and species sort-
ing. Only the neutral theory proposes that the habitat requirements of different species do not
play any important role, with dispersal constraints posited as the dominant factor structuring
community assembly [2]. The patch dynamic model predicts the existence of some empty suitable
patches due to low dispersal rates [1,3]. Conversely, the mass-effect model is applicable when dis-
persal rates are so high that even less-suitable habitats are occupied in a given period. Finally, the
species sorting model is based on a dispersal rate that is sufficient to enable every species to reach
suitable habitats and posits that niche requirements play the dominant role determining the spe-
cies composition of a given assemblage. Under the last perspective, it is expected that environmen-
tal filtering can be traced through the identification of local environmental variables that
determine habitat quality for a given assemblage. Moreover, it is also expected that a species will
be highly adapted to the habitat conditions in which its existence is favored.

Environmental gradients are highly useful for evaluating metacommunity models, especially
from a species sorting perspective [4,5]. Some human-generated gradients (e.g., those induced
by land-use changes) may allow broad predictions to be made (for example, that generalist spe-
cies are favored in altered habitats [6],) but many studies have also demonstrated the associa-
tion of particular traits with successional [7] or other environmental gradients [8,9]. For
instance, river basins are expected to present strong and predictable longitudinal variation re-
lated to stream/river size [10]. The River Continuum Concept (RCC, [11]) is mostly based on
this generally observed pattern and remains one of the best theoretical tools for describing
these changes and interpreting the longitudinal distribution of insects, at least from headwater
streams to medium rivers [12]. Following the classic paper by Vannote et al. [11], we expect di-
rectional changes in rivers to result from the balance of the energy captured and imported
from river margins. Channel width is the key factor that determines the amount of solar energy
that enters the system and the relative importance of imported energy in river metabolism
from the margins. Thus, small streams are strongly affected by riparian forests [11,13] and de-
pend on allochthonous material to support a heterotrophic food chain [14]. As channel width
increases, the importance of riparian vegetation decreases [15], while primary production in-
creases as a function of the increase in direct solar radiation ([11],but see [16]). Cummins &
Klug [14] and Vannote et al. [11] predicted a longitudinal distribution of aquatic invertebrate
guilds, with shredders, which depend on CPOM (coarse particulate organic matter), being
more abundant and diverse in headwaters, and collectors, which use FPOM (fine particulate
organic matter), being more abundant and diverse in medium and large rivers.

The general theory of longitudinal distribution successfully explains the distribution of
macroinvertebrate guilds, especially concerning detritivores and shredders [12], but does not
generate critical distribution predictions for predators, which are expected to be more or less
regularly distributed along a river [11] or to suffer a small decrease in abundance near headwa-
ters [17]. Otherwise, many stream-dwelling insect predators, such as Coleoptera, Heteroptera,
and Odonata, exhibit terrestrial adults. This condition introduces a different set of environ-
mental variables not previously included in the RCC theory, which may affect their population
dynamics. For instance, many odonate species present territorial adults that defend areas at or
near stream margins and are influenced by the height of riparian vegetation and solar radiation
[18,19]. The thermoregulatory abilities of the adults may represent important eco-physiological
barriers that could explain their habitat choices [20–22] and constrain the larval distribution in
streams. Here, we propose an ecophysiological hypothesis (EH) for the main mechanism deter-
mining species sorting in odonate metacommunities. This hypothesis posits that size-related
thermoregulatory constraints on habitat use are the main filter for community assembly from
headwaters to medium-sized tropical streams.

Odonate Community Assembly
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The evolutionary patterns of odonate thermoregulation are driven by interactions in endo-
thermy, body size and behavior. Some medium and large-sized odonates are capable of endo-
thermic warm-up most related to wing whirring, and can maintain body temperature by
controlling haemolymph circulation [23,24]. Small odonates exhibit a higher surface area/vol-
ume ratio and are usually ectothermic and highly dependent on convection heat exchange for
activity [25–27]. These species present bodies with a higher conductance, and their body tem-
peratures vary according to the air temperature, hence being considered thermal conformers
[28]. As size increases in cross-species comparisons, the total surface is more important for de-
termining the relative efficiency of convective and irradiative heat exchange. Thus, larger ecto-
thermic species are expected to exhibit heliothermic behaviour and to be more dependent on
direct radiation to heat their thoracic muscles for flight [26]. All of these species usually remain
perched for the larger portion of their activity time and are recognized as “perchers”[27]. How-
ever, endothermic species are expected to be larger and to exhibit more “flier” behaviour, re-
maining on the wing for the majority of their active time.

Considering these ecophysiological constraints, we expect larger ectothermic species
(heliotherms) to be favored in open areas of streams and lakes allowing direct exposure to the
sun. It has long been recognized that forested, shaded habitats maintain a steady temperature
[29], especially in tropical areas of the world. A warm and steady temperature favors small ec-
tothermic species (conformers). In small headwater streams, there is a strong shade effect of
the riparian forest compared with medium-sized rivers, and our EH predicts dominance of
small odonate species. In medium-to-larger portions of a river system (with a greater channel
width), we expect an increase in the abundance of larger odonates. An important assumption
of this reasoning is that larger, heliothermic species are severely limited from using small, for-
ested streams. Additionally, we expect small, conformer species to be regularly distributed
throughout the system because they may exhibit behavioral mechanisms to address an increase
in sun exposure [20,21,30–33]. This assumption leads to the prediction of a nested pattern [34]
in the species distribution of odonate stream assemblages: increased channel width may in-
crease the probability of colonization for larger species, but small species would be maintained.
The maximum size in these assemblages would be most likely determined by the regional spe-
cies pool, and we expect the maximum observed size to show an asymptotic response curve in
relation to channel width. We also expect an increase in the mean body size in relation to chan-
nel width, but the minimum observed size should remain unchanged. Finally, we recognize the
stream-dwelling odonate metacommunity as an example of a species-sorting process, based
first on all of the above-predicted relationships between individual species traits (mostly body
size) and the thermal environment. Additionally, it is easy to assume one of the key aspects of
this model [1], namely the ability of individual species to arrive at suitable sites through dis-
persal, which is a logical consequence of the ability of odonates to fly.

The order Odonata is represented by two suborders in the Neotropical region. Zygoptera
are typically small-sized, slender species, mainly classified as thermal conformers [21,35,36].
Anisoptera show a medium-to-larger size and are mainly classified as heliothermic, but with
some thermal conformers and endothermic species [27,35,37]. These broad distinctions be-
tween these groups aid in the development of specific predictions of their distribution accord-
ing to the EH. Thus, we evaluate the explanatory power of the EH through analysis of the
regional distribution of ectothermic Odonata in a Central Brazilian river basin. Although the
EH facilitates a large number of theoretical expectations, we consider that its main predictions
are (i) that larger species should be disfavored in small forested streams due to their
heliothermy; and (ii) that forested streams should display a nested pattern of the species distri-
bution of these communities according to their body sizes. From (i), it is also expected that (i1)
an increase of the maximum size should be observed in relation to channel width, whereas no
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relationship should be found for the minimum observed size; and (i2) a decrease of Zygoptera
species and an increase of Anisoptera species should be observed in relation to increasing
channel width.

Materials and Methods

Study Area
The Pindaíba river basin is part of the Mortes river basin and is located in the southwest of
Mato Grosso State, Central Brazil. The basin exhibits a surface area 10.323 km2 and includes
the municipalities of Barra do Garças, Araguaiana, Cocalinho and Nova Xavantina (Fig 1). The
system drains predominantly from south to north, with the majority of the headwaters occur-
ring in areas with an altitude of 600 m and the medium river systems being found in areas with
a 330 m mean altitude. The main economic activities in this area are cattle ranching and
soybean cultivation.

This study was conducted at 19 sites in the Pindaíba river basin in the Mata (1st to 4th or-
ders), Cachoeirinha (1st to 3rd order), Zacarias (4th order), Papagaio (1st to 4th order), Taquaral
(1st to 3rd order) and Ìnsula (4th order) streams and the Corrente river (5th order) and Pindaíba
river (5th and 6th order). The stream order was based on the classification of Strahler [38]. In
our analysis, we use channel width, which varied at least two orders of magnitude among the
sampled sites (1.0 to 5.5 m), as the best descriptor of the river system. The choice of these sam-
pling sites followed two basic criteria related to the independent variables assessed in our
study. First, we aimed to include an acceptable variability in channel width among the sam-
pling units. Second, we ensured that all of the sites have well-preserved riparian vegetation,
which is one of the basic assumptions of our hypothesis. We consider a patch of riparian area
as “well-preserved” if there is observed a preserved understory (no indication of cattle inva-
sion), presence of large trees and continuous forest presence in a strip higher than 500m at the
side of the stream. Finally, all sites of the same order were in different branches of the river sys-
tem (Fig 1) to ensure the independence of samples in the statistical analysis.

Biological samples
Quantitative sampling of odonates was performed using the fixed-area scan method [39–41].
All adults observed in a 100 m stream segment were recorded in short scans during one min-
ute. This segment was divided into 20 segments of 5 m each, and the one-day observations
were repeated in the rainy (January/February) and dry seasons (July/August). Sampling activity
was restricted to days with clear skies and temperatures above 19°C and was performed be-
tween 10 AM and 2 PM to avoid bias due to species-specific activity patterns [37]. This sam-
pling design is less affected by problems such as double-counting individuals partially because
the short time-intervals counts in small segments, but also because the low population density
for all species in these forested streams. The species were identified according to specialized
keys [42–45] and compared with the collection of the Theoretical Ecology and Synthesis Labo-
ratory of the Federal University of Goiás. The last author, HSRC, has a permanent license to
collect aquatic insects (14457–1) provided by IBAMA/Sisbio, in accordance with federal law
and the regulations of the Brazilian Environmental Ministry. The sampling sites were private,
and permission from the owner or manager was obtained prior to sampling. None of the sam-
pled species were protected by Brazilian law or red-listed.
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Fig 1. Location of the study sites in the Pindaíba River basin, Mato Grosso, Brazil. CS, Cachoeirinha Stream; MS, Mata Stream; PS, Papagaio Stream;
and TS, Taquaral Stream. The numbers represent stream orders.

doi:10.1371/journal.pone.0123023.g001
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Data Analysis
We consider each stream as a replicate for the statistical analysis. River order is generally used
as a statistical variable against which longitudinal patterns in rivers are tested [12,46]; however,
this is not the best functional measure of the mechanism underlying our hypothesis. As the EH
is a consequence of the importance of the input of light radiation to the system, channel width
appears to be a more appropriate variable for this study. Moreover, the use of stream order
may produce misleading results because some second-order streams exhibit widths that allow
an increased incidence of sunlight, even in areas where the riparian forest is preserved.

Observed species richness has long been recognized to be intrinsically biased [47–49]. Thus,
we employ a jackknife estimate of species richness using the segments as replicates in each
stream, according to Cowell & Coddington [50]. The relationship between species richness and
channel width was tested using standard linear regression techniques [51], and the possible de-
pendency between the proportion of Zygoptera species and channel width was tested using lo-
gistic regression [52].

Our hypothesis concerning the arrangement of the assemblage composition in relation to
body size requires an appropriate measure of size. Considering odonate physiology, we use the
thorax length as a reliable measure of “size”. The size of thoracic muscles is a key feature deter-
mining the thermoregulatory capacity of these species and is expected to be directly correlated
with both the amount of heat needed to initiate flight and the amount of heat that can be pro-
duced during flight [26]. We measured thorax length using a stereomicroscope with calipers
for at least 5 individuals of each species selected from the collected individuals in the area and
the odonate collection of the Federal University of Goiás.

We evaluate the basic predictions of the EH using two different approaches. First, we apply
a detrended correspondence analysis (DCA) [53] to obtain an ordination of the assemblages
and test the relationship of the first axis with the mean body sizes for each site via standard lin-
ear regression. Second, we estimate mean, minimum and maximum body sizes at each site and
test for the existence of dependency on channel width according to the specific predictions of
the EH. A non-linear relationship between the maximum observed size and channel width was
estimated using the following model:

Wmax ¼ W1ð1� eaCÞ ðEq 1Þ

whereWmax is the maximum observed size;W1 is the maximum size in the regional species
pool; a is a parameter that measures the effect of the channel width; and C is the channel width.

Eq 1 represents only one possible model of a non-linear asymptotic relationship that could
be expected under our hypothesis. We selected this equation because it is the simplest model
for this relationship, with the smallest number of parameters. We fit this model using nonlinear
estimation procedures with least square loss function using a quasi-Newtonian optimization
procedure with Statistica 8.0 (Statsoft, Inc.; Chicago, USA).

To test the existence of a nested pattern of community structure attributable to the EH, we
evaluated the NODF index (Nestedness metric based on Overlap and Decreasing Fill) on the
whole community matrix ordered from small to large species in the columns and from small to
large streams in the rows. This measure is independent of other nuisance factors that affect
these analyses, such as the shape and size of the matrix [54]. We estimate statistical significance
for NODF by comparing the observed values against a CE null model [55] of the community
matrix. Under this algorithm, the probability of the occurrence of a species at a given site is the
average of the probability of choosing this species at random (a function of its frequency) and
the probability of choosing this site at random (a function of its species richness).
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Results
The taxonomic composition of the sampled sites showed a higher representation of Zygoptera
(seven families, 14 genera and 28 species) than Anisoptera (only one family (Libellulidae), with
13 genera and 17 species). The total abundance of Anisoptera increased (R2 = 0.318, p = 0.012
Fig 2A) and the abundance of Zygoptera decreased (R2 = 0.339, p = 0.009, Fig 2B) in relation to
channel width, as predicted by the EH.

The residual analysis of the linear regression between Anisoptera species richness and chan-
nel width showed a distribution pattern consistent with a non-linear response. Thus, we dem-
onstrate this relationship with the log-transformed channel width (Fig 3A). Anisoptera species
richness was clearly affected by channel width (Fig 3A, R2 = 0.369 p = 0.006), but there was no
effect for Zygoptera species richness (Fig 3B, R2 = 0.026, p = 0.507). A non-linear relationship
with Anisoptera should arise from constraints imposed by the size of the species pool available
to colonize these systems.

Detrended correspondence analysis showed that Anisoptera species presented higher scores
on the first axis in relation to Zygoptera species (t-test of variance = 2.193; df = 23; p = 0.038,
Fig 4A). Channel width, on which the first DCA axis loaded heavily, is a determinant of species
composition. This result provides evidence of a decrease of Zygoptera species abundance in
larger streams (DCA1 = 1.566+0.224�log10(channel width); R

2 = 0.853; p<0.001; Fig 4B).
The general relationship between body size metrics and channel width showed a clear as-

sembly rule for the species composition in these systems. First, there was a strong relationship
between the range (Fig 5A), maximum (Fig 5B) and mean thorax size (Fig 5C) with channel
width. However, there was no correlation of minimum thorax size (Fig 5D) on channel width,
suggesting that there is no lower size limit that determines species presence. These results sug-
gest that larger-sized species are added to the community as channel width increases. The exis-
tence of a constraint imposed by the number of larger species present in the species pool that
may colonize a given site is the primary cause of the non-linear relationships observed in Fig
5A and 5B. This general result supports the EH and suggests a special constraint for larger spe-
cies to colonize small forest-covered streams.

The NODF value was estimated to be 17.13, which was higher than expected by chance
(CE null model prediction = 13.84; p = 0.020). Considering only the Zygoptera, the value
increased to 20.69 and was also higher than expected by chance (CE null model prediction =
14.99; p = 0.010).

Discussion
Our results support an eco-physiological hypothesis for the odonate species distribution in this
stream system. Narrow streams are more affected by riparian vegetation, which reduces the
light input but also generates a more stable thermal environment. These characteristics favored
small species that were less dependent on direct sunlight exposure for their thermoregulation
[26,37] but limited the colonization of larger, heliothermic species. The taxonomic distinction
between small streams (dominated by Zygoptera) and larger rivers (by Anisoptera) is an inci-
dental consequence of differences in body size and associated thermal properties between these
two groups.

Different ecological models attempt to explain patterns of community structure in local
communities based on synthetic ecological parameters such as species diversity, species rich-
ness or functional diversity [2,56–59]. Moreover, only a limited number of theories suggest use-
ful hypotheses about the species composition of local assemblages, which is a far more complex
issue [1,5,60,61]. The best approach for such an enterprise is most likely the “assembly rules”
approach pioneered by Diamond [62] and subsequently developed into a multitude of possible
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Fig 2. Linear regression of Zygoptera (A) and Anisoptera (B) abundance against channel width in the Pindaíba river basin (Mato Grosso, Brazil)
samples.

doi:10.1371/journal.pone.0123023.g002
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Fig 3. Linear regression of Zygoptera (A) against log-transformed channel width and Anisoptera (B) abundance against raw channel width data in
the Pindaíba river basin (Mato Grosso, Brazil) samples.

doi:10.1371/journal.pone.0123023.g003
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Fig 4. Detrended correspondence analysis for the odonate assemblage in the Pindaiba stream system (A) and the regression of the first DCA axis
with channel width (Y = 1.566+0.224*log10(x); R2 = 0.853; p<0.001).

doi:10.1371/journal.pone.0123023.g004
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solutions [60,63–65]. Here, we are especially interested in a subset of those rules, specifically
the niche-based assembly rules [66], which are expected to determine the composition of spe-
cies-sorting metacommunities [1]. We safely assume that these rules can be separated into at
least two conceptual sets. Interactive assembly rules, the first set, presume that the initial com-
position of the community may determine which species are capable of colonizing this system
[67]. Our EH belongs to the second set, and presumes that abiotic factors—in this case temper-
ature, mediated by forest cover—function as filters that determine which species may be suc-
cessful in a given community (following a gleasonian paradigm [68]), or at least as important
factors determining the outcomes of interactive processes, such as competition [69]. We expect
that some species-specific traits (life-history, physiological, morphological or behavioral traits)

Fig 5. Relationship of different community body-size measures with channel width. For the range (maximum—minimum) of thorax size (A) and
maximum values (B) in each assemblage, a sigmoid curve was fitted. For the minimum (C) and mean thorax size (D), a linear relationship was fitted to
the data.

doi:10.1371/journal.pone.0123023.g005
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may play an important role in the interaction of individual species with these filters. Recently,
Kadoya et al. [70] followed a similar theoretical approach and hypothesized that long-lived
odonate species should be more sensitive to habitat fragmentation. Thus, trait-based explana-
tions for the response of individual species to environments, such as this EH, are our best
choice to produce useful predictions of the community composition, at least in systems with a
limited influence of interactive factors.

Nested patterns of species composition are one important component of beta diversity [71].
Nevertheless, it is not easy to identify the mechanisms responsible for such patterns in many
cases. Here, we could associate the nested patterns of the community composition of odonates
in streams with species’ ecophysiological responses to their environment, mainly to sunlight.
Corbet & May (2008) showed that small perchers “are relatively unlikely to overheat because
they are subject to high rates of convective heat loss, but may sometimes have difficulty attain-
ing a high Tb (body temperature)”. This may be the basic mechanism underlying nestedness in
these communities, as small perchers (usually Zygoptera) were unaffected by the higher energy
load of larger streams, and larger perchers were added in those sites. This generated a predict-
able size structure of the community and its compositional changes. The basic aspects of this
theory appear sufficiently robust to generate strong generalizations, mainly because it results
from a physical law (how irradiative heat may be related to body size) and an ecological fact
(the differences in body size among species).

Thermoregulatory abilities are not a restricted function of body size. Other important fac-
tors, such as behavioral characteristics [20,72] and color [32], directly affect the response of
odonate species to their thermal environments. For instance, Damm et al. [73] showed an asso-
ciation between dark-colored species and forested environments during the evolution of the
Trithemis genus in Africa. The relative importance of behavioral or color adaptations in rela-
tion to body size effects expected under the EH is difficult to predict, but there is no reason for
those different mechanisms not to work together. In fact, considering our theory, the hypothe-
sis that dark Trithemis species associated with forested habitats are also smaller is particularly
interesting and warrants further investigation.

Many observed patterns of species compositions or responses to environmental variation in
tropical odonate communities could be interpreted as evidence for the EH and may provide ad-
ditional support for our findings. For instance, the increase in the larger species Hetaerina
rosea recorded in altered habitats and the increase of the small shade-seeking Heteragrion aur-
antiagrum in Atlantic forest streams [74] could be explained by this hypothesis. The domi-
nance of small Zygoptera in forested Amazonian headwater streams together with the
increased presence of Anisopteran species in third-order streams [18] can be explained similar-
ly. Moreover, a lower abundance of Trithemis species (which exhibit a comparatively larger
body size) at sites with high or moderate vegetation cover in ponds [75] further support our hy-
pothesis, and forested streams in Kenya are also dominated by Zygoptera species [76], which is
predicted by our hypothesis. Thus, the EH generalizes well, at least in tropical systems. More-
over, the EH may be tested in temperate streams, and it may contribute as a partial explanation
related to life-history attributes, in conjunction with other trait-based explanations [70,77].

The RCC theory predicts a higher diversity in intermediate portions of river systems [11].
However, we observed a general increase of species richness, at least for the Anisoptera. Never-
theless, the original prediction was for the entire fauna and not only for a single group. This
general theory about river function was initially proposed based on rivers in temperate cli-
mates, in which important variables such as temperature, riparian forest diversity, rainfall and
evolutionary histories may have very different effects [78]. Tropical streams present stable tem-
peratures during the day and throughout the year [79]; a decrease of temperature variation as-
sociated with increasing stream size is one of the important bases of the RCC theory. Although
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RCC theory remains an important general model for river function [80], there are some impor-
tant criticisms about its basic assumptions [81] and the validity of some of its predictions
[79,82]. Our results suggest that a possible new way in which to explore this hypothesis is to
discuss species whose entire life history takes place in aquatic systems separately from those
that have terrestrial adults (such as the Odonata, Coleoptera and Heteroptera). It has been re-
cently demonstrated that such a split life history in a group may increase local extinction rates
[83,84] and may entail different environmental forces that may produce alternative stable strat-
egies for microhabitat selection in the group.

Another important consequence of the EH is that we expect the substitution of smaller spe-
cies with larger species, e.g., zygopterans with anisopterans, when small stream riparian vegeta-
tion is altered or converted to other activities. This conversion is intense in large areas of
Neotropical regions, mostly due to economic pressure [85–88], which suggests that thermal
abilities, especially the capacity for irradiative heat exchange [24,26,89], should be considered a
surrogate of species persistence in human-impacted areas, at least in the tropics. However, the
dependency on convection heat exchange in small odonates should be considered a possible
surrogate for predicting the threat to extinction in areas under intense land use conversion,
such as some areas of the Amazon.
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