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Abstract

This paper investigates species richness and species occupancy frequency distribu-
tions (SOFD) as well as patterns of abundance-occupancy relationship (SAOR) in
Odonata (dragonflies and damselflies) in a subtropical area. A total of 82 species and
1983 individuals were noted from 73 permanent and temporal water bodies (lakes
and ponds) in the Pampa biome in southern Brazil. Odonate species occupancy ranged
from 1 to 54. There were few widely distributed generalist species and several spe-
cialist species with a restricted distribution. About 70% of the species occurred in
<10% of the water bodies, yielding a surprisingly high number of rare species, often
making up the majority of the communities. No difference in species richness was
found between temporal and permanent water bodies. Both temporal and perma-
nent water bodies had odonate assemblages that fitted best with the unimodal satel-
lite SOFD pattern. It seems that unimodal satellite SOFD pattern frequently occurred
in the aquatic habitats. The SAOR pattern was positive and did not differ between
permanent and temporal water bodies. Our results are consistent with a niche-based

model rather than a metapopulation dynamic model.
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patterns

metapopulation dynamic model (hereafter MPDM; Hanski, 1982;
Hanski, 1999) and (b) the niche-based model (hereafter NBM;

The shape of the species occupancy frequency distribution (SOFD)
and a positive species abundance-occupancy relationship (SAOR)
are two widely studied patterns within community ecology (see
reviews by Gaston et al.,, 1997, 2000; Jenkins, 2011; McGeoch
& Gaston, 2002). There are two common models, which explain
the SOFD (Jenkins, 2011; McGeoch & Gaston, 2002) and positive
SAOR (Gaston et al., 1997; Gaston et al., 2000) patterns: (a) the

Brown, 1984). These models are not mutually exclusive. At the
ecosystem level, most species either appear at a small number of
localities (satellite species; often rare) or at many localities (core
species; often common and abundant), shaping the characteristic
bimodal core-satellite pattern (Hanski, 1982, 1999). Through the
use of a core-satellite species pattern, more information on com-

munity structure will be obtained than by analyzing only species
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richness. SOFDs generally have a bimodal core-satellite pattern
in terrestrial habitats (Hanski, 1982, 1998, 1999; Jenkins, 2011;
McGeoch & Gaston, 2002). In the case of aquatic communities, the
support for this pattern is relatively weak (Verberk, van der Velde,
& Esselink, 2010; Heino, 2015; but see Korkeamiki, Elo, Sahlén,
Salmela, & Suhonen, 2018).

Previous studies have, however, focused on permanent aquatic
communities, and it was not clear whether temporal aquatic com-
munities would produce such pattern. Furthermore, it is unclear
whether there are differences between temporal and permanent
water bodies with regard to SOFD and SAOR patterns. Moreover,
no studies have hitherto investigated SOFD and SOAR patterns of
odonates in tropical and subtropical areas.

We used the odonate communities of water bodies of the Pampa
biome in southern Brazil as a model system to test these patterns.
This biome is located within the Southern Temperate Zone between
latitudes 28°00' and 34°00'S and longitudes 49°30' and 58°00'W,
and includes areas with both temperate and subtropical climates
(Streck et al.., 2008). Recent studies have proved the existence
of species-rich odonate communities in lentic, lotic, and temporal
water bodies within the Pampa biome (Renner, Périco, Dalzochio,
& Sahlén, 2018; Renner, Perico, Dalzochio, & Sahlén, 2019; Renner,
Périco, Ely, & Sahlén, 2017).

The aim of this study was primarily to investigate whether the
odonate community species richness differed between permanent
and temporal water bodies. Here, we also estimated the total species
richness in both habitat types (Krebs, 1999). In addition, we deter-
mined whether the odonate community SOFD and SOAR patterns

differ between permanent and temporal water bodies in the Brazilian
Pampa biome. We expected that a unimodal satellite SOFD pattern
would occur in both permanent and temporal water bodies, as this
is frequently observed in other aquatic communities (Heino, 2015;
Korkeamaiki et al., 2018; Verberk et al., 2010). We also assumed that
the SAOR patterns for both temporal and permanent water bodies
would be positive, since this is a commonly occurring pattern (e.g.
Gaston et al., 1997; 2000). In the final step, we assessed which of
the two models (MPDM or NBM) best explains the observed SOFD
and SAOR patterns.

2 | MATERIAL AND METHODS
2.1 | Data, methods, and study area

Originally, most of the Brazilian Pampa biome (Figure 1) consisted
of grassland (hence, the Pampa is treated by many authors as the
“Southern Fields”), and of sparse shrub and forest vegetation
(Overbeck, Miiller, Pillar, & Pfadenhauer, 2009). Many areas within
this biome have, however, been changed by human activities, mainly
agriculture, cattle farming, and silviculture (Baldi & Paruelo, 2008;
Overbeck et al., 2013). This biome is still one of the least protected
in Brazil: Oliveira et al. (2017) note that only 0.8% of the Pampa is
protected.

Data from 53 permanent and 20 temporal lakes and ponds (water
bodies) were used (Figure 1; Renner et al., 2018, 2019). We sampled
adult dragonflies from March 2011 to April 2017, visiting the localities
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from one (temporary waters) up to seven times during this period.
We followed the method described by Renner et al., (2018), Renner
et al., (2019); cf. original publications for more detailed information),
collecting dragonflies on sunny days during the peak period of odo-
nate activity (between 09:00 hr and 16:00 hr). Two persons using
handheld insect nets walked along the perimeter of the sites, along
the water edges and marginal zones. The average time spent at each
sampling site was 45 min. This sampling method is opportunistic, and
although its efficiency is constant, the probability of detecting the
rarest species is reduced. Several papers discuss the problem of de-
tecting all species at a given site (Bried, D'Amico, & Samways, 2012;
Bried, Hager, et al., 2012; Hardersen, Corezzola, Gheza, Dell'Otto, &
La Porta, 2017; Hedgren & Weslien, 2008; Raebel, Merckx, Riordan,
Macdonald, & Thompson, 2010), highlighting the importance of de-
tecting also rare species (Cao, Williams, & Williams, 1998). Mao and
Colwell (2005) pointed out that there is only a small chance to detect
the rarest species at a site, but that modern modeling approaches
combined with iterative sampling seems to be a way forward (Young
et al., 2019). In order to ascertain the species occupancy relationship
patterns, it is crucial to show whether the number of rare species
(satellite species; see below) is high or low. The impact on the results
of a possible underestimate of the number of rare species due to
incomplete sampling is addressed in the discussion.

Another limitation of our method is that temporary waters can-
not be sampled repeatedly over a number of months (as they dry
out). Although most of our permanent sites were visited repeatedly,
it is therefore impossible to test for temporal variation among our
samples. Renner, Sahlén, and Périco (2016) showed, for a smaller
dataset within the same area, that although some of the species
were seasonal, the species composition remained relatively similar
throughout the year (the Sgrensen index 0.73-0.83).

2.2 | Statistical methods

Although blunt compared to more complicated hierarchical multispe-
cies models (Iknayan, Tingley, Furnas, & Beissinger, 2014), our oppor-
tunistic data were better suited for the traditional jackknife method to
estimate species richness data in temporal, permanent, and combined
water bodies, and a 95% confidence interval was applied to each type
of water body separately (see more details in Krebs, 1999). The jack-
knife species richness estimate builds on the frequency of rare species
observed within the community. Here, each odonate species was re-
corded as present (1) or absent (0) in each water body. We also calcu-
lated the number of unique species, defined as occurring in only one
water body. We used the equation by Heltshe & Forrester (1983) to

calculate the estimated species richness:
S=s+((n=1)/n)=k
where § = jackknife estimate of species richness, s = observed

total number of species present in n water bodies, n = number of

water bodies in total, and k = total number of unique species in n
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water bodies. For each water body we also estimated the species
richness with Chaol method in R-package “vegan” v.2.4-2.

We used the Moran | index to test spatial autocorrelation be-
tween the faunistic similarity and the geographical distance be-
tween water bodies. We used both Jaccard dissimilarity and Bray
dissimilarity, which based on the abundance of each individual spe-
cies, indexes as a distance measure of odonate species dissimilarity
and community dissimilarity, respectively. The Euclidean distance
(in km) was used for geographical coordinates of the water bodies.
The Mantel test was calculated with R-package “vegan” v.2.4-2., and
the statistical significance was estimated running 999 permutations.
As spatial autocorrelation would nullify or affect the results of the
Mantel test, we tested the spatial independence of species compo-
sition at the 73 sampling sites using a Moran | analysis. We used
individual species occurrences as variables in a principal component
analysis (PCA), where the first axis was used as response variable
to the Moran | with coordinate variables for ten different distance
classes. The global Moran's | analysis detected no significant spatial
structure of the species composition for any distance class (minimal
distance class average: 0.148 degree; Moran's | = 0.018; p = .059).
Hence, we can rely on the results of the Mantel test.

Following McGeoch and Gaston (2002), we used classes of 10%
occupancy, and the number or percentage of odonate species in
each class, to demonstrate the variation in occupancy frequency dis-
tribution between temporal and permanent water bodies (see also
Korkeamiki et al., 2018). We also tested the relationship between
water body area (m?), length of shoreline (m), and species richness,
using Pearson's correlation with a log,, transformation to compen-
sate for large differences in size.

We used the same approach as Korkeamaki et al. (2018), where
the multimodel inference approach was applied to regressions of
ranked species occupancy curves (RSOCs as in Jenkins (2011). The
three data sets (using temporal, permanent, and combined data;
species in rows and water bodies in columns) were processed sep-
arately based on occupancy (presence/absence) data for individual
water bodies. First, we calculated the proportion of water bodies
occupied by each species (occupancy frequency) using the sum of
water bodies. Second, we divided the occupancy frequency of each
species by the number of water bodies, resulting in the number
(relative proportion) of water bodies occupied by each species. In
the following step, we arranged the species in decreasing order ac-
cording to their relative occupancy values, setting R; as the rank
value for species i, from which we plotted the relative occupancy of
species (O;) as functions of R; (RSOC). Finally, we evaluated whether
a unimodal satellite-dominant, a bimodal symmetrical, a bimodal
asymmetrical, or a random pattern best fitted our odonate commu-
nity (cf., Jenkins, 2011). We used the IBM SPSS statistical package
version 23 for all statistical calculations. As in Jenkins (2011), the
Levenberg-Marquardt algorithm (with 999 iterations) was used for
the nonlinear regressions, estimating the parameters (y,, a, b, and c)
of the following four equations (by means of ordinary least squares
(OLS)) to find the best fitting SOFD pattern. The equations are as
follows:
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1. O, =y, + a*exp(-bRi) with initial parameters y, = 0.01, a = 1.0,
b = 0.01; Unimodal satellite mode (exponential concave) pattern.

2. O;=a/(1 + exp (-bRi + ¢), initial parameters a = 1.0, b = -0.1, ¢ =
-1.0; Bimodal symmetrical (sigmoidal symmetric) pattern.

3. O,=a[l-exp (-bRi)], initial parameters a = 1.0, b = -1.0, ¢ = -1.0;
Bimodal asymmetric (sigmoidal asymmetric) pattern.

4. O, =aRi+b, initial parameters a = 0.01, b = 0.01; Uniform (random)
pattern.

We also examined the regressions graphically for homogeneity
of variance, normality of residuals, and independent error terms, as
well as the tails and shoulders of the data and models (see more de-
tails in Jenkins, 2011; Korkeamiki et al., 2018).

The Akaike information criterion for small sample sizes (AlCc)
was used to compare the four alternative models, where the one
with the smallest AlCc would be best, based on the Kullback-
Leibler distance (Burnham & Anderson, 2000). This approach
works well to detect differences between models when values for
AAICc (= AlCc,,, - AlCc) are higher than 7 (Anderson, Burnham, &
Thompson, 2000; Burnham, Anderson, & Huyvaert, 2011; Burnham
& Anderson, 2000; Jenkins, 2011).

We used a generalized linear model (GLM) to investigate the rela-
tionships between number of individuals and occupancy frequency
(independent variable) in the SAOR model. The model type was neg-
ative binomial distribution with log link (type Il errors) (O'Hara &
Kotze, 2010). Habitat preference was divided into three categories:
species observed only in (a) temporary water bodies, 9 species, (b)
permanent water bodies, 34 species, and (c) both types of habitats
(hereafter generalist species), 39 species. In order to test differences
in occupancy frequency and number of individuals between three
habitat preference categories of odonate species, we applied the
generalized linear model with negative binomial distribution; log link

(type lll errors), using habitat preference as a factor.

3 | RESULTS

We found 82 odonate species in the 73 water bodies (Table 1). The av-
erage number of species per water body was 9.2 (+ 4.2 SD; range 0-18).
Only one permanent lake lacked odonates altogether. Species richness
did not differ between temporary (9.2 + 3.5, n = 20) and permanent
water bodies (9.3+4.4,n=53)(ttest,t =0.10,df =71,p =.917). The es-
timated species richness based on the Chaol index was slightly higher
than the observed species richness, but did not differ between tem-
porary (13.5 + 6.0, n = 20) and permanent water bodies (14.0 + 11.9,
n = 53) (t test, t = 0.16, df = 71, p = .875). The Jackknife estimated
species richness of the temporal water bodies was 66 (57-75) odo-
nate species (95% confidence interval). The corresponding number for
permanent water bodies was 87 (79-95) species, and in the combined
data, the estimated species richness was 100 (91-109) species.

In the pooled data, the observed and estimated (Chaol) species
richness neither increased with the (log,, transformed) water body area
(r=0.02,n=73,p=.887,andr=0.14,n =73, p = .224, respectively), nor

with the shore length of the water body (r = -0.06,n=73,p =.632, and
r=0.09,n =73, p =.454, respectively). In the permanent water bodies,
the observed and Chaol estimated species richness was also uncor-
related with water body area (r = 0.08, n = 53, p = .570, and r = 0.18,
n = 53, p =.190, respectively) and shoreline length (r = 0.13, n = 53,
p =.345, and r = 0.132, n = 53, p = .345, respectively). In temporal
water bodies, by contrast, the species richness decreased with water
body area (r = -0.49,n = 20, p = .029) and length of shoreline (r = -0.54,
n = 20, p = .014). The estimated species richness (Chao1) did, however,
neither correlate with water body area (r = -0.30, n = 20, p = .196), nor
with shore length (r = -0.37,n = 20, p = .112).

The species dissimilarity (Jaccard dissimilarity) and community
dissimilarity (Bray dissimilarity) increased slightly with increasing
geographical distance between water bodies (Mantel's test, r = 0.17,
p=.001,andr=0.16,p = .001, respectively). The species occurrence
varied considerably, with each species occurring in 8 + 11 (range 1
to 54) water bodies (Table 1). Most species were uncommon, with
only three species occurring in at least half of the water bodies
(Figure 2). The SOFD pattern was unimodal satellite in the combined
data (Table 2, Figure 3). Here, we found a high number of satellite
species, with two-thirds of the species (56 out of 82) occurring in less
than 10% of the water bodies. All alternative SOFD pattern models
conformed less well (AAICc > 7; Table 2). We found no differences in
the SOFD patterns between temporal and permanent water bodies
(Table 2; Figure 3). In both habitat types, SOFD followed the uni-
modal satellite-dominant pattern (Table 3; Figure 3). All alternative
models conformed less well (AAICc > 7; Table 2).

All observed SAOR patterns were positive (Table 3; Figure 4). On
the whole, the species represented by a high number of individuals
also occurred in a larger number of both temporary and permanent
water bodies, as well as in the pooled dataset (Table 3). There were
differences between the three groups of species both with regard to
number of occupied water bodies (GLM, G?=50.95,df = 2, p <.001)
and the number of individuals (GLM, G? = 76.72, df = 2, p < .001).
Generalist species occupied a larger number of water bodies than
both temporal water body species (Wald = 22.87, df = 1, p < .001;
Table 4) and permanent water body species (Wald = 23.00, df = 1,
p < .001; Table 3). There were no differences in species numbers
between temporal and permanent water bodies (Wald = 1.37,
df = 0.242, p = .242; Table 4), but generalist species were repre-
sented by a higher number of individuals than both temporal (Wald
43.53, df = 1, p < .001; Table 4) and permanent water body species
(Wald = 63.44, df = 1, p < .001). In addition, permanent water body
species were represented by a larger number of individuals than
temporal water body species (Wald = 4.97, df = 1, p = .026).

4 | DISCUSSION
4.1 | Speciesrichness

We found a total of 82 odonate species in the 73 studied water
bodies within the Pampa biome. This is almost half (45%) of the
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TABLE 1 Odonate species observed in 73 water bodies in Pampa biome in Brazil

Temporal Permanent Total
Species Suborder Habitat Ind. n Ind. n Ind. n
Acanthagrion ascendens Zygoptera Permanent 10 2 10
Acanthagrion cuyabae Zygoptera Generalist 1 1 8 3 9 4
Acanthagrion gracile Zygoptera Generalist 22 9 64 24 86 33
Acanthagrion lancea Zygoptera Generalist 6 3 67 18 73 21
Anax concolor Anisoptera Permanent 1 1 1 1
Aphylla molossus Anisoptera Temporal 2 1 2 1
Aphylla producta Anisoptera Permanent 2 2 2 2
Aphylla theodorina Anisoptera Permanent 2 2 2 2
Argentagrion ambiguum Zygoptera Permanent 10 4 10 4
Argia albistigma Zygoptera Permanent 1 1 1 1
Argia lilacina Zygoptera Generalist 14 3 48 3 62 6
Brachymesia furcata Anisoptera Permanent 8 6 8 [¢)
Castoraeaschna sp. Anisoptera Generalist 1 1 2 2 3 3
Dasythemis mincki Anisoptera Permanent 1 1 1 1
Diastatops intensa Anisoptera Permanent 9 4 9 4
Diastatops obscura Anisoptera Permanent 2 1 2 1
Elasmothemis sp. Anisoptera Permanent 1 1 1 1
Erythemis credula Anisoptera Permanent 8 5 8 5
Erythemis peruviana Anisoptera Generalist 1 1 8 8 9 9
Erythemis plebeja Anisoptera Permanent 2 2 2 2
Erythemis sp. Anisoptera Generalist 2 2 3 3 5 5
Erythemis vesiculosa Anisoptera Generalist 6 5 3 3 9 8
Erythodiplax lygaea Anisoptera Permanent 5 2 5 2
Erythrodiplax Anisoptera Generalist 24 12 33 18 57 30
atroterminata
Erythrodiplax avittata Anisoptera Permanent 4 2 4 2
Erythrodiplax hyalina Anisoptera Generalist 9 4 6 4 15 8
Erythrodiplax media Anisoptera Generalist 65 15 210 39 275 54
Erythrodiplax melanorubra  Anisoptera Generalist 1 1 10 2 11 3
Erythrodiplax nigricans Anisoptera Generalist 14 7 16 11 30 18
Erythrodiplax sp. Anisoptera Generalist 20 8 34 13 54 21
Erythrodiplax umbrata Anisoptera Permanent 4 3 4 3
Erythrodipplax Anisoptera Generalist 27 7 99 19 126 26
paraguayensis

Gynothemis venipunctata Anisoptera Permanent 8 2 8 2
Hetaerina rosea Zygoptera Permanent 4 2 4 2
Homeoura chelifera Zygoptera Generalist 9 2 24 13 33 15
Idiataphe longipes Anisoptera Generalist 2 2 5 3 7 5
Ischnura capreolus Zygoptera Generalist 11 4 95 20 106 24
Ischnura fluviatilis Zygoptera Generalist 36 9 294 45 330 54
Lestes bipupillatus Zygoptera Generalist 3 1 18 6 21 7
Lestes pictus Zygoptera Permanent 2 2 2 2
Macrothemis heteronycha Anisoptera Generalist 8 6 7 4 15 10
Macrothemis lutea Anisoptera Temporal 4 1 4 1

(Continues)
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TABLE 1 (Continued)

Species

Macrothemis marmorata
Miathyria marcella
Micrathyria hesperis
Micrathyria longifasciata
Micrathyria ocellata
Micrathyria sp.
Micrathyria spuria
Micrathyria tibialis
Minagrion waltheri
Mnesarete pudica
Negriagrion sp.
Nephepeltia flavifrons
Oligoclada laetitita
Orthemis aequilibris
Orthemis ambinigra
Orthemis atenuata
Orthemis discolor
Oxyagrion chapadense
Oxyagrion rubidum
Oxyagrion terminale
Pantala flavescens
Perithemis icteroptera
Perithemis mooma
Planiplax erythropyga
Progomphus basistictus
Progomphus lepidus
Progpmphus sp.
Remartinia luteipennis
Rhionaeschna bonariensis
Rhionaeschna planaltica
Staurophlebia reticulata
Tauriphila argo
Telebasis carmesina
Telebasis corallina
Telebasis theodori
Telebasis willinki
Tholymis citrina

Tramea abdominalis
Tramea binotata

Tramea cophysa

Suborder

Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Zygoptera

Zygoptera

Zygoptera

Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Zygoptera

Zygoptera

Zygoptera

Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Anisoptera
Zygoptera

Zygoptera

Zygoptera

Zygoptera

Anisoptera
Anisoptera
Anisoptera

Anisoptera

RENNER ET AL.
Temporal Permanent Total

Habitat Ind. n Ind. n Ind. n

Generalist 3 3 2 9 5
Generalist 2 2 4 3 6 5
Permanent 3 5 3
Temporal 3 1 3 1
Generalist 3 2 24 11 27 13
Permanent 3 3 3 3
Permanent 1 1 1 1
Generalist 1 1 26 11 27 12
Permanent 4 1 4 1
Generalist 3 1 21 2 24 3
Temporal 2 1 2 1
Generalist 1 1 14 7 15 8
Permanent 26 8 26 8
Temporal 3 2 3 2
Generalist 7 5 1 1 8 6
Temporal 1 1 1 1
Generalist 28 12 53 26 81 38
Generalist 1 1 2 2 3 3
Permanent 1 1 1
Generalist 9 2 5 3 14 5
Generalist 30 18 25 15 55 33
Permanent 58 14 58 14
Generalist 8 5 38 22 46 27
Permanent 4 1 4 1
Temporal 3 3 3 3
Permanent 10 2 10 2
Permanent 1 1 1 1
Generalist 1 1 1 1 2 2
Generalist 2 1 2 2 4 3
Generalist 1 1 4 4 5 5
Temporal 1 1 1 1
Permanent 3 2 3 2
Permanent 1 1 1 1
Generalist 2 1 47 11 49 12
Permanent 1 1 1
Permanent 9 4 9 4
Temporal 6 4 4
Permanent 4 4 4 4
Generalist 4 3 10 14 9
Generalist 5 12 9 18 14

Note: For each of the species the following information is presented: (1) Suborder [Zygoptera (damselflies), Anisoptera (dragonflies)]. (2) Habitat
[generalist species were observed in both temporal water bodies and permanent lakes, temporal species were observed only in temporal water
bodies, and permanent species were observed only in permanent lakes]. (3) Number of individuals (Ind.) and number of water bodies (n) where each

species was collected in the Temporal, Permanent, and combined data (Total), respectively.
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FIGURE 2 Number of odonate species (n = 82 species) in
relation to the proportion of occupied water bodies (%) (n = 73
water bodies) in the Pampa biome in southern Brazil

182 odonate species currently observed in the state of Rio Grande
do Sul (Dalzochio et al., 2018; Renner et al., 2017), and c. 10% of
the 854 odonate species currently recorded from Brazil (Dalzochio
et al., 2018). This implies that the estimated species richness in the
combined data (100 species) is realistic (i.e., <20% undetected spe-
cies). Therefore, our results highlight the high odonate diversity of
the Pampa biome in Brazil. Finding such a high percentage of all
dragonfly species currently known from the state in our relatively
small subset of Pampa biome water bodies is very interesting, es-
pecially as we recorded a large proportion of rare species (56 out
of 82 species occurred in less than 10% of the water bodies). Our
study thus indicates that the Pampa biome may be very species rich,
a fact that the authors have also shown in a previous study (Renner
et al., 2018), where rivers were also included.

Despite the species richness of the Pampa biome, we found a
maximum of only 18 species per water body, and increasing water
body area did not correlate with species richness. This means that
our results contrast with the results of many previous studies, where
larger water bodies usually harbor a larger number of odonate species
(Honkanen, Sorjanen, & Moénkkénen, 2011; Korkeamaki et al., 2018;
Oertli et al., 2002). Other studies in northern Europe have, however,
shown that small forest lakes often harbor a higher number of species
than larger lakes (Flenner & Sahlén, 2008; Koch, Wagner, & Sahlén,
2014), a pattern fitting with our Pampa biome data. In our study, almost
90% of the water bodies had a surface area of less than 1.0 ha, and only
two lakes were larger than 30 ha. It seems that our area harbors a rich

odonate fauna, despite the small variation in water body size.

4.2 | Patterns in species occupancy

4.2.1 | Sampling artifacts

Sampling artifacts may affect SOFD and positive SAOR patterns
(see discussion in Gaston et al., 2000; McGeoch & Gaston, 2002).
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TABLE 2 Results of odonate species occupancy frequency
distributions (SOFD) in the Pampa biome in Brazil

Type of water
body Figure Species AlCc AAICc
Pooled data 2 82
Unimodal -636.6 0
satellite
Bimodal -585.9 50.7
symmetric
Bimodal -474.2 162.4
asymmetric
Random -376.2 260.4
Temporary 3a 48
Unimodal -348.5 0
satellite
Bimodal -313.1 354
symmetric
Bimodal -263.0 85.5
asymmetric
Random -208.7 139.8
Permanent 3b 73
Unimodal -510.2 0
satellite
Bimodal -477.8 324
symmetric
Bimodal -438.2 72.1
asymmetric
Random -328.9 181.3

Note: The four most likely SOFD patterns (random, unimodal satellite-
dominant, bimodal symmetrical, and bimodal asymmetrical) were
analyzed both with combined data and separately for the temporal and
permanent (lakes) water bodies. The “Figure” column joins statistical
models with data figures. The “Species” column shows the number

of species in each study region. AlCc (Akaike information criterion

for small sample sizes) as well as AAICc (=AlCc-AlCc,,; ) values are
presented. The model with the lowest AlCc is considered the best of
the tested models.

Our results show that a unimodal satellite-dominant SOFD pat-
tern and a positive SAOR pattern are prevalent in the Pampa
communities, both in temporary and permanent water bod-
ies. The patterns are affected by the accuracy of the sampling
(Heatherly et al., 2007; McGeoch & Gaston, 2002), but our data
were gathered using a method known to detect a majority of
the species present at a water body. Misidentification is also
unlikely, as the authors are familiar with the Odonata of south-
ern Brazil (cf., Bried, Hager, et al., 2012; Foster & Soluk, 2006).
McGeoch and Gaston (2002) also stated that the size of the
study plots influences the SOFD patterns, but in this study, we
noted that the size of the water bodies did not affect the spe-
cies richness. Our sample size (the number of water bodies) was
large enough for both temporal and permanent water bodies
(>20), and larger than the minimum suggested by McGeoch and
Gaston (2002).
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4.2.2 | Biological factors

Brown (1984) defined natural communities as having an organiza-
tion where the majority of species occur either at a few sites (rare
species; here: satellite species) or at numerous sites (common spe-
cies; here: core species). This will result in a unimodal mode with
many satellite species (cf., Heino, 2015). According to the MPDM
(Hanski, 1982), the alternative bimodal core-satellite species pat-
tern (Hanski, 1982, 1999), bimodality should result from random
colonization and extinction events among the species in the local
communities. Species would either be highly susceptible to extinc-

tion (the rare satellite species) or occurring relatively permanently

(a) 80 Permanent
n =73 species
70 n =53 waterbodies

60

50

40

30

(the abundant core species). We noted that most of the Pampa
species were recorded in only a small fraction (<10%) of the water
bodies and that only a few species were found in more than half
of the water bodies. The unimodal satellite-dominant SOFD pattern
describes this situation well (Figure 2). The general theory of species
community structure, suggested by e.g. Brown (1981) and discussed
by Lennon, Koleff, Greenwood, and Gaston (2004), coincides well
with the pattern observed by us: our water bodies harbor merely a
small number of common species and numerous rare ones.

This SOFD pattern may be dependent on both biotic and abi-
otic factors, as suggested by McGeoch and Gaston (2002) and

TABLE 3 Generalized linear models for the relationships
between occupancy and abundance of species in temporal,
permanent, and all water bodies (pooled data) in the Pampa biome
in southern Brazil

Proportion of species (%)

20

10

0 20 40 60 80 100
Proportion of waterbodies (%)

(b) 80~ Temporal
n = 48 species
70 - n = 20 waterbodies
60
50

Proportion of species (%)

60 80 100
Proportion of waterbodies (%)

0 20 40

FIGURE 3 Percentage of odonate species in relation to the
proportion of occupied water bodies (%) in permanent (a) and
temporal (b) water bodies in the Pampa biome in Brazil

Habitat Parameter  SE Wald/G>  df p
Temporary
Intercept 0.53 0.236 5.07 1 .024
Abundance  0.06 0.017 13.87 1 <.001
Model 20.77 1 <.001
Permanent
Intercept 2.21 0.170 50.86 1 <.001
Abundance  0.02 0.005 15.31 1 <.001
Model 37.08 1 <.001
Pooled data
Intercept 1.29 0.163 62.88 1 <.001
Abundance  0.02 0.004  21.84 1 <.001
Model 50.75 1 <.001

Note: The model type was negative binomial with log link. Estimated
parameters and standard error for the intercept and predictor variable
Abundance are shown. The statistical significance of the parameter was
tested with Wald statistics, and the model was tested with likelihood
ratio (G?).
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FIGURE 4 Number of observed individuals (log,, scale) in
relation to number of water bodies occupied. Note that there are
overlapping data points
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TABLE 4 Estimated marginal means and 95% confidence
intervals of the generalized linear model with regard to number of
individuals and number of water bodies in three groups of odonate
species in the Pampa biome, southern Brazil

95% confidence

intervals
Mean Lower Upper
Number of individuals
Temporal specialist 2.8 1.3 6.0
species
Permanent specialist 6.3 4.4 9.1
species
Generalist species 44.7 32.5 61.4
Number of water bodies
Temporal specialist 1.7 0.7 3.8
species
Permanent specialist 2.7 1.8 4.0
species
Generalist species 14.5 10.5 20.1

Note: The model type was negative binomial with log link.

Jenkins (2011)—namely habitat disturbance, niche breadth, and
dispersal ability of the species (Jokimaki, Suhonen, & Kaisanlahti-
Jokiméaki, 2016; Korkeaméaki et al, 2018). However, the niche
breadth hypothesis (Brown, 1984), predicting a right-skewed uni-
modal SOFD pattern, fits well with our results and is in accordance
with previously published results for aquatic habits (Heino, 2015;
Korkeamaiki et al., 2018; Verberk et al., 2010). This hypothesis pre-
dicts that generalist species with broader niches often have a wider
distribution area, whereas more specialized species are restricted by
their smaller niches. Specialist species which occupied only temporal
water bodies or permanent lakes were less common in the region.
In literature, a number of authors have likewise demonstrated that
species with a small distribution (rare species) are more likely to un-
dergo local extinctions (Hanski, 1998; Korkeaméki & Suhonen, 2002;
Suhonen, Korkeamdki, Salmela, & Kuitunen, 2014). This elevated
local extinction risk is probably due to higher environmental vulner-
ability linked to smaller population size when compared to common/
generalist species inhabiting the same environment (Korkeamiki
& Suhonen 2002; Suhonen et al., 2010; Suhonen et al., 2014).
Our results also support the hypothesis of dispersal ability, which
predicts a unimodal SOFD pattern dominated by satellite species
(Collins & Glenn, 1997). Although dispersal ability is insufficiently
investigated in Odonata species, at least some well-studied species
have been shown, directly or indirectly, to have a very good disper-
sal ability (Andersen, Nilsson, & Sahlén, 2016; Suhling, Martens, &
Suhling, 2017; Troast, Suhling, Jinguji, Sahlén, & Ware, 2016), some-
times being able to fly hundreds of kilometers. A few species are
weak flyers (e.g., Rouquette & Thompson, 2005), but only a small
number of species have been studied in detail. We may postulate
that a good dispersal ability is an ecological requirement for spe-

cies searching for a scarce or ephemeral reproduction habitat. An
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alternative explanation is that in a species-rich area, such as the
Pampa biome in Brazil, only a small part of the species pool occurs
in the same local assemblage. Such a distribution may also explain
our observed unimodal satellite-dominant SOFD pattern. A previous
study has, indeed, shown that the original species assemblies in the
Pampa area were very probably species poor but very diverse be-
tween sites (Renner et al., 2018).

In our area, we showed that species occurring at only a small
number of water bodies also had small population sizes, as measured
by the number of individuals observed at the water bodies. Our data
thus indicated a positive SAOR pattern, which did not differ between
temporal and permanent water bodies. The few common species
might be widely distributed due to a low local extinction ratio and
a high colonization ratio (Hanski, 1998; Hanski & Gyllenberg, 1997).

Although both the MPDM (e.g. Hanski, 1982) and the NBM
(e.g. Brown, 1984) predict a positive SAOR, our results rather tend
to support the NBM. According to this model, generalist species
with wider niches and a high tolerance of environmental variation
are widely distributed and locally abundant. On the other hand,
specialized species with narrow niches and a greater sensitivity
to environmental variation occur more locally and have a limited
regional distribution (Brown, 1984). According to our data, gen-
eralist species occupied a larger proportion of the water bodies
when the number of individuals was accounted for, which sup-
ports NBM.

5 | LIMITATIONS

Performing our study in the undersurveyed Brazilian Pampa pro-
vided interesting new information, but also made certain constraints
apparent. First, there is the issue of the sampling efficiency, where
we know we have not been able to catch all species occurring in
the region. An opportunistic sampling design was employed, as it
was frequently impossible to visit temporary waters more than once.
This single visit type of sampling is known to limit biodiversity in-
formation in aquatic environments (Bried & Hinchliffe, 2019), but
for a first survey of an area we deemed it to work sufficiently well.
Calculating the SOFD patterns adding a larger number of rare spe-
cies to the equation (assuming all species not detected by us to be
rare) would give the same results: Adding more satellite species to
the equations would still render a unimodal satellite-dominant pat-
tern. In addition, the fact that we were unable to conduct sampling
at all seasons might affect our results, especially since temporal vari-
ation (and primary production) is suggested to be the best predictors
of spatial variation (suborder Zygoptera in streams in the Amazon;
Brasil et al., 2019). However, our test for autocorrelation shows that
our localities are independent when it comes to species composition,
suggesting an independent dispersal of the species we were able to
survey. This was also noted by Bonada, Doledec, and Statzner (2012)
for rivers in the Mediterranean basin, where Odonata assemblages,
unlike assemblage of other taxonomic groups, were not autocorre-

lated. Bonada et al. (2012) highlighted a pattern where groups with
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high dispersal capacity form assemblages displaying low autocorre-
lation. This fits well with the lentic Odonata of southern Brazil.

6 | CONCLUSIONS

To conclude, our results demonstrate a general SOFD and a posi-
tive SAOR pattern of numerous rare and few common species in
the investigated Pampa biome communities. Our findings support
the NBM model (Brown, 1984), because odonate assemblages are
arranged in a unimodal mode, having a positive SAOR and a high
number of satellite species. To achieve a better understanding of the
geographical variation in SOFD for aquatic life, more experimental
and theoretical research is required. The patterns regulating the
range and distribution of species—and how these affect the occu-
pancy frequency of species in lotic, lentic, and temporal water bod-
ies as well as in different biomes—need to be investigated further.
We suggest that several similar (SOFD/SAOR) studies be conducted
in subtropical and tropical areas, aiming at a better understanding of
occurrence patterns. This knowledge is crucial to the development
of conservation measures in highly diverse environments such as
these. We also recommend that further studies of species assembly
patterns in this region take at least some of the limiting factors men-
tioned above into account.
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