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Effect of environmental integrity
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community in streams in
the Eastern Amazon

Tainã Silva Rocha1*, Lenize Batista Calvão2*, Leandro Juen1
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Anthropic activities affect the dynamics of aquatic communities and can

influence the reproductive behavior of many species. In addition, functional

diversity is expected to be influenced by the environment. In this context, we

evaluated how the biological functional characteristics of the Odonata adult

community respond to impacts caused by human action on streams in the

Eastern Amazon, using bionomic characteristics as response variables.

Concomitantly, we analyzed which characteristics are responsible for the

presence of species in the environment. We sampled adults of Odonata in 98

preserved and altered streams in the Eastern Amazon. We used as functional

characteristics: oviposition, thermoregulation and body size, and as

morphological characteristics: width of the thorax, width of the wing at the

base, length of the abdomen and length of the thorax. We recorded 80 species,

distributed in 16 functional groups and three categories: present in all

environments, present only in preserved environments, and present only in

altered environments. There was variation in the functional characteristics

studied between the environments (PerMANOVA; F = 15,655; P < 0.01), with a

significant difference in the composition of attributes between the environments

studied. Although PCoA did not find a strong relationship between the functional

attributes and the level of integrity, the individuals found in altered areas are

heliothermic, exophytic oviposition, with a wider wing width at the base and

larger size. Individuals with smaller body size and endophytic and epiphytic

oviposition, and thermal and endothermic conformators are found in preserved

areas. Our study provides evidence that functional attributes are determining

factors for the occurrence of species in the environment. The high quality of

environment has a significant effect on the composition of functional groups.

Exophytic and heliothermic species are favored by altered environments, while in

preserved environments, the species that are best adapted are those that present
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epiphytic and endophytic oviposition and ectothermic thermoregulation

(thermal conformers). As for morphology, altered environments favor medium

to large individuals, with greater thorax length and abdomen size, preserved

environments may favor the smaller and/or specialized species.
KEYWORDS
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1 Introduction

Currently, studies indicate a worrying decline in the diversity of

invertebrates, especially insects (Sánchez-Bayo and Wyckhuys,

2019). The main factors causing biodiversity loss are related to

human activities such as logging, the expansion and intensification

of agriculture, and urbanization (Ceballos et al., 2017). Such human

intervention causes a significant change in the riparian vegetation of

a waterbody, thus affecting the richness and abundance of species

less tolerant to these changes (Ferreira and Petrere, 2007). Factors

such as canopy openness (facilitating light entry) and the amount of

vegetation around the water body can affect the distribution of

aquatic insects (Harabis and Dolný, 2010; Monteiro-Júnior et al.,

2013; Suhonen et al., 2013; Rodrigues et al., 2016), the reproductive

behavior of many species (Rodrigues et al., 2016), and their

functional diversity (Pereira et al., 2019).

The morphological structures of an organism and its

dimensions are directly related to the functions performed for its

survival (Arnold, 1983). When we evaluate species within the same

taxonomic group, it is possible to notice that some individuals are

more resistant to environmental changes while others disappear,

thus becoming a major challenge for conservation ecology (Powney

et al., 2015). Although taxonomic measures are efficient, they alone

cannot detect variations in the functional structure of communities

(Colzani et al., 2013). There are more recent approaches and

diversity metrics that aim to understand the patterns that have

reached the distribution of species (Dalzochio et al., 2015;

Dalzochio et al., 2018). Among them is the functional diversity

approach, whose objective is to group species by function and not

by taxonomic group (Poff et al., 2006; Pereira et al., 2019; Resende

et al., 2021). This approach is based on biological, morphological

and behavioral characteristics that are connected with ecosystem

functions, these characteristics are called functional traits (Violle

et al., 2007; Dalzochio et al., 2015; Dalzochio et al., 2018). Therefore,

the use of airways in functional traits can help identify the

characteristics that allow some species of aquatic insects to resist

anthropogenic pressures (Firmiano et al., 2021).

Among a variety of aquatic groups, dragonflies (Odonata) stand

out due to their great habitat specificity and environmental

sensitivity (Banks-Leite et al., 2012; Oliveira-Junior et al., 2022).

They are widely used to detect environmental disturbance because

their distribution, richness, and composition are highly associated

with variations in the conditions that comprise a physical habitat
02
(Williams et al., 2004; Silva-Pinto et al., 2012). Furthermore, they

possess a relatively long-life cycle (Miguel et al., 2017), the

dragonflies can live up to a year in the tropics (Stoks and

Córdoba-Aguilar, 2012), have a broad distribution in aquatic

systems (Corbet, 1980), and are affected by environmental change

(Monteiro-Júnior et al., 2015; Mendoza-Penagos et al., 2021).

Features like these make Odonata especially important for

conservation because they provide a greater understanding of the

relationship between physical variables, biological variables, and

biological communities (Juen and De Marco, 2012).

Morphological variation has implications that need to be

considered to increase our understanding of the distribution of

species. For example, the width of the wing base is directly related to

the ability to glide (Nilsson-Ortman et al., 2012) and inversely

related to the maneuverability of the wings, since individuals with a

wider wing base cannot perform more elaborate maneuvers

(Johansson et al., 2009). The abdomen is important for the

thermoregulation, reproduction, and territorialism of these

individuals (May, 1976; Michiels and André, 1990). In some

species, an increase in wing size is related to the ability to fly

(Conrad et al., 2002). The width and length of the hind wing are

important for maneuverability, and flight duration (De Marco et al.,

2015) and are related to the ability to glide (Corbet, 1962).

The thorax, in contrast, is important for flight because it houses

the musculature, and like the abdomen, it also has an important role

in thermoregulation because the cooling coefficient is related to

small body size (May, 1976). The speed of the group is generally

related to body size and thermoregulation (Corbet, 1980). Bigger

dragonflies tend to be endothermic and have a high dispersal ability

(May, 1991; Corbet and May, 2008). In general, the Anisoptera have

more robust bodies and are more capable of dispersal than the

Zygoptera, which have slender bodies (Corbet, 1999; Heiser and

Schmitt, 2010). Some Odonata species have elaborate territorial and

competitive behavior (Corbet, 1999), where the adult male fights

against competing males, to restrict access to the territory in which

these organisms reproduce (Corbet, 1999).

Another important behavior in the distribution of dragonflies is

oviposition. The oviposition environment is essential in the

distribution of species because female dragonflies need places

with adequate substrate for oviposition (Corbet, 1999; Suhonen

et al., 2013). Environmental factors can act as filters for these

characteristics (Pereira et al., 2019). Environmental stressors

(such as the degradation of freshwater ecosystems) play an
frontiersin.org

https://doi.org/10.3389/fevo.2023.1166057
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Rocha et al. 10.3389/fevo.2023.1166057
important role in shaping the feature composition of the aquatic

insect community (Ding et al., 2017). The presence of different

microhabitats provides good locations for oviposition and roosting

sites (Clark and Samways, 1996). This idea also elucidates the

theory of habitat models (Southwood, 1977), which proposes that

habitat properties are determined by the composition and diversity

of biotic communities (Townsend and Hildrew, 1994; Statzner

et al., 2001).

The thermoregulation hypothesis shows that although all

thermoregulatory groups are present throughout the entire length

of the water body, their proportion in the assemblage composition

changes with the width of the stream because of the increase in river

order, causing a greater incidence of sunlight (De Marco et al.,

2015). This ecophysiological hypothesis is widespread among

odonatologists, however, it does not clearly explain the causes of

the distribution of species within each of the thermoregulatory

groups, especially if one considers the hypothesis that all

thermoregulatory groups are found throughout the watercourse,

differing only in the proportion of species distribution (Pereira

et al., 2019).

The aim of this study was to investigate how the functional

characteristics of Odonata respond to impacts caused by human

activity in the Eastern Amazon, using bionomic traits as response

variables. The hypotheses of the study were: i) species with greater

proportions of wing base width, due to reduced maneuverability

(Mcauley, 2013), are better related to altered environments, due to

the reduction of riparian forest, while for species with more

petiolate wings, maneuverability is essential for more preserved

riparian forests due to the greater number of obstacles (Hedenström

and Møller, 1992). individuals with size and length of the abdomen

and larger body size are closely linked to altered environments,

dragonfl i e s wi th such charac ter i s t i c s must per form

thermoregulation more efficiently and in places with high solar

irradiation, while smaller dragonflies are dependent on the
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temperature of the environment (De Marco et al., 2005); ii)

degraded environments, with low forest cover and altered riparian

vegetation favor heliothermic individuals, due to their

thermoregulation specificity. While thermal and endothermic

conforming individuals will be more frequent in preserved

environments (De Marco and Resende, 2002; De Marco et al.,

2015). Thus, we expect to have a separation of functional groups

according to thermoregulation between the studied areas; iii)

oviposition will also be a determining factor in the occurrence of

species among the studied areas. Since Odonata species need

suitable substrates to lay their eggs (Corbet, 1999; Suhonen et al.,

2013), it also acts as a filter that determines the location of

occurrence (Pereira et al., 2019). For this reason, we expect a high

occurrence of species with endophytic and epiphytic oviposition in

preserved environments, once this trait demands the presence of

wood and riparian vegetation. In contrast, we expect the occurrence

of exophytic species to be higher in altered environments because

oviposition of these species is performed directly in the

water column.
2 Materials and methods

2.1 Study area

Two drainage basins of Eastern Amazonia were analyzed, one in

the municipalities of Santarém, Belterra, and Mojuı ́ dos Campos,

and the other in the municipality of Paragominas, located in the

State of Pará, Brazil (Figure 1). The municipalities of Santarém

(02°26’22”S, 54°41’55”W), Belterra (02°4’54”S, 54°53’18”W), and

Mojuı ́ dos Campos (02°40’53”S, 54°38’33”W), are located west of

the state. In other words, it is characterized as a rainy tropical

climate with a well-defined short dry season, with rainfall of less

than 60 mm. The region’s rainfall is, on average 2,000 to 2,300 mm/
FIGURE 1

Drainage basins and streams sampled in the regions of Paragominas and Santarém, Belterra and Mojuı ́ dos Campos, in Eastern Amazon, Pará, Brazil.
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year, the maximum temperature varies from 25°C and the relative

humidity is 86%.

The rainiest period occurs between December and May, with

about 80% of rainfall, and between June and November, the rest of

the rainfall is recorded in the region (Nepstad et al., 2002).

Paragominas, in turn, is in northeastern Pará (02°26’22”S,

54°41’55”W) with average annual precipitation of 1,766 mm, an

average annual temperature of 27°C, and relative humidity of 81%

(Watrin and Rocha, 1992). This type of climate corresponds to

tropical rainy climates with a short and well-defined dry season.

Santarém, Belterra and Mojuı ́ dos Campos in the Amazon

biome present dense rainforest and relief diversification, with

regions varying from plateau to floodplains. The predominant

vegetation in the region is tropical forest, except Amazon

savannahs found in northwestern Santarém (Berenguer et al.,

2014). Small reforestation areas are found in the central portion

of the municipality, and reference sites can be found in the Tapajós

National Forest (Belterra), adjacent to the region (Feitosa et al.,

2012). The vegetation of the Paragominas region is classified as a

dense tropical forest (Veloso et al., 1991).

Both sampled regions have a land use gradient (Moura et al.,

2013), which comprises altered areas that go from secondary forests

formed after the complete destruction of the native forest (Putz and

Redford, 2010), and areas of cattle grazing and mechanized

agriculture and soybean plantation (Gardner et al., 2013; Moura

et al., 2013; Oliveira-Junior et al., 2015). However, largely preserved

remnants can still be observed consisting of primary forest, with

original climax physiognomy that has clearly never been logged

(Gardner et al., 2013; Moura et al., 2013).
2.2 Data sampling

2.2.1 Biological sampling
A total of 98 first- to third-order streams were sampled (an

average of 2 to 5 m wide, according to Strahler (1957) classification),

distributed over a gradient of environmental conditions ranging
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from fully preserved areas to those heavily modified by cattle

ranching and agriculture. The collections were performed in both

areas during the dry season, with 48 sampling sites in Santarém,

Belterra, and Mojuı ́ dos Campos (July to August 2010) and 50 in

Paragominas (July to August 2011). The dry season was selected due

to: (i) the ecophysiological requirements of Odonata (May, 1976;

May, 1991; Corbet, 1999); (ii) sampling in a single seasonal period

can reduce “noise” in statistical analyses (see Heino and Peckarsky,

2014); iii) several studies show that the highest diversity of Odonata

can be found during the dry season (Fulan and Henry, 2007); and

iv) the low depth of the water column during this season

concentrates these insects in smaller areas, which allows us to

find and capture them more easily (Oliveira-Junior and Juen, 2019).

At each stream, a 150 m stretch was delimited and subdivided

into ten longitudinal sections of 15 m each, separated by bank-to-

bank transects (see Oliveira-Junior and Juen, 2019). The 15 m

longitudinal sections were subdivided into three segments of five

meters each, and only the first two segments of each section were

sampled, totaling 20 segments of 5 m in each stream marked with

biodegradable strips from A (downstream) to K (upstream)

(Figure 2). The fixed area scanning methodology was used

successfully by other researchers (Juen and De Marco, 2011;

Silva-Pinto et al., 2012; Oliveira-Junior et al., 2013; Calvão et al.,

2016; Batista et al., 2021; Cezário et al., 2021). Using an

entomological net (40 cm diameter, 65 cm depth, and 90 cm long

aluminum handle), the spotted Odonata adults were collected,

following the collection protocol by Oliveira-Junior et al. (2015)

and conditioned according to Lencioni (2006).

Collections were performed between 10 AM and 2 PM, when

sunlight reaches the main stream channel, following De Marco and

Resende (2002) and Batista et al. (2021), in order to ensure favorable

conditions for all Odonata groups, both thermal, heliothermic, and

endothermic conformers to be active (May, 1976; May, 1991;

Corbet, 1999; De Marco and Resende, 2002; Batista et al., 2021).

To identify the collected specimens, we used specialized

taxonomic keys (Garrison, 1990; Lencioni, 2005; Garrison et al.,

2006; Lencioni, 2006; Garrison et al., 2010), and compared with the
FIGURE 2

Schematic drawing of the transect established in each stream for Odonata sampling. Each transect was named (with letters from A to K) from
downstream to upstream.
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testimony material of the collection from the Zoology Museum of

the Universidade Federal do Pará. After identification, the

specimens were deposited as testimonial material in the

Collection of the Zoology Museum of the Universidade Federal

do Pará, Pará state, Brazil.

2.2.2 Morphological traits
With the aid of a digital caliper (precision of 0.01 mm), we

measured four morphological characteristics: a) width of the

posterior wing at base height (WPWBH); b) abdomen length (AL);

c) thorax length (TL); and d) thorax width (TW). Measurements were

taken in at least 10 male individuals of each species, taking care to

take measurements only in the left side of the specimen, measuring

every trait three times, to standardize and minimize errors. The

average values of the specimens measured were used as the final

measurement for the species in each morphological character.

Body size (BS) was measured as the total length of adults (from

the top of the head at the end of the appendices). We measured an

average of 10 individuals of each species, using these measurements

to obtain the average length of each species. Posteriorly, the species

were divided into three size classes: (1) small, individuals measuring

18 to 29 mm; (2) mid-sized, individuals ranging from 30 to 43 mm;

and (3) large, individuals over 44 mm (Table 1). To determine the

size classes, we followed Dalzochio et al. (2018).

2.2.3 Type of oviposition
For Odonata, there are three basic types of oviposition:

(i) endophytic – where the eggs are laid inside a plant tissue

(living or dead), however, these individuals prefer living tissue;
Frontiers in Ecology and Evolution 05
(ii) epiphytic – the eggs are laid at the surface of rocks, trunks, leaves

and other substrates, both over and under the water column;

(iii) exophytic – eggs are released directly into the water (Fincke,

1986; Corbet, 1999) (Table 1). To determine the type of oviposition

of each species, we used the literature as a basis, by means of a direct

search of the description of the type of oviposition of each species

made in articles or books. In case information about the species was

unavailable, we used a category described for the genus level, and in

case this was also unavailable, the most frequent oviposition

category in the family was used.

2.2.4 Types of thermoregulation
Due to the ecophysiological requirements of adult individuals

regarding their ability to thermoregulate, Odonata species can be

divided into (i) thermal conformers, of small body size, show

increased conductance and the body temperature varies with the

environment, mainly due to heat exchange by convection (Corbet,

1999); (ii) heliotherms, have a larger body and, consequently, lower

conductance, and their activities are determined mainly by solar

irradiation; (iii) endotherms, they produce heat by controlling the

circulation of the hemolymph (May, 1976) (Table 1). The strategies

and ecophysiological patterns of Odonata also associate

thermoregulatory capacity with body size (Corbet, 1999).

The type of thermoregulation for each species was determined

based on the literature, through a direct search of the description of

the type of oviposition of each species in articles or books. In cases

where information about the species was not found, a category

already described for the genus level was used; if this was not

available, the most frequent category of oviposition in the family

was used.

2.2.5 Evaluation of the physical condition of the
studied streams

Six variables were used to measure the environmental quality in

the 98 studied streams: average canopy cover over the channel,

percentage of forest in the surrounding landscape, and four physical

and chemical descriptors of the water: water temperature (°C),

electrical conductivity (mg/L), hydrogen potential (pH) and

dissolved oxygen (mg/L), obtained from a Horiba probe, Model

U51. Several previous studies have demonstrated the importance of

these physicochemical variables for the structure of aquatic insect

communities, including water temperature and electric conductivity

(Oliveira-Junior et al., 2013; Oliveira-Junior et al., 2017), dissolved

oxygen (Jacob et al., 1984), and pH (Courtney and Clements, 1998),

therefore these variables were selected for our study.

To estimate the integrity of the environment in each stream, we

used the habitat integrity index (HII) of Nessimian et al. (2008).

This index consists of 12 items that describe the environmental

conditions of the streams, assessing characteristics such as the

pattern of land use adjacent to the riparian vegetation; width of

the riparian forest and its state of preservation; state of the riparian

forest within a 10 m band; description of the channel condition

regarding the type of sediment and presence of retention devices;

structure and wear of the marginal ravines of the stream;

characterization of the stream bed regarding substrate, aquatic

vegetation, detritus, and arrangement of the areas of rapids, pools,
TABLE 1 Functional traits of Odonata (Insecta) adults, sampled in
streams of Eastern Amazon, Pará, Brazil.

Traits Category Estate Code Reference

Body size Adult

18–29,99
mm

1

Personal
observation;
Dalzochio et al.
(2018)

30–43,99
mm

2

Above
44 mm

3

Oviposition

Endophytic
Present 1

Resende and De
Marco (2010);
Hamada et al.
(2014); Vilela
et al. (2016);
Rodrigues et al.
(2019); Pereira
et al. (2019)

Absent 0

Epiphytic
Present 1

Absent 0

Exophytic
Present 1

Absent 0

Thermoregulation

Conformers
Present
Absent

1
0

May (1976); May
(1991); De
Marco and
Resende (2002);
Paulson (2004);
De Marco et al.
(2005); De
Marco et al.
(2015)

Heliotherms
Present
Absent

1
0

Endotherms
Present
Absent

1
0
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and meanders. Each item comprises four to six alternatives that are

ordered to represent increasingly more pristine systems, with the

index value varying between 0 (least pristine) and 1 (most pristine).

This index is directly related to the level of environmental

conservation and has been successfully used in many studies

assessing the integrity of aquatic systems (Carvalho et al., 2013;

Giehl et al., 2014; Juen et al., 2014; Monteiro-Júnior et al., 2015;

Bastos et al., 2021), and in a recent meta-analysis, it was shown to be

one of the most important metrics for explaining community

variation (Brasil et al., 2021).

To estimate mean canopy cover, we used a convex densiometer

positioned at the central point of the channel, where we made four

measurements: upstream, downstream, and at the left and right

margins. Canopy cover is frequently considered one of the main

characteristics of the physical habitat that influences Odonata

distribution patterns in tropical streams (Oliveira-Junior et al.,

2017). For the forest percent cover, we defined forest cover within

100 m buffers, which we used to delineate the landscape within

which the percent cover was estimated. The proportion of habitats

in preserved environments or natural cover is among the key

variables that explain species distribution and community

structure in natural environments (Fahrig, 2003).
2.3 Data analyses

2.3.1 Physical and chemical condition of streams
To assess the variation in the studied environments, we

summarized the values of six environmental variables (canopy

cover, percentage of forest, water temperature, electric conductivity,

pH, and dissolved oxygen) through a Principal Component Analysis

(PCA), with a correlation matrix to determine the pattern of variation

in environmental and structural parameters among samples. To

reduce multicollinearity, we assessed the degree of correlation

between variables. Since the environmental variables were

measured in units of varying orders of magnitude, the values

(except pH) were standardized using a Euclidean distance matrix.

A randomBroken-stickmodel was used to determine which principal

components would be retained for analysis, retaining only those

components that describe the main gradients of habitat variation

(Jackson, 1993). The HII score (in the PCA ordination) was used to

identify the categories of stream integrity (altered and preserved). All

analyses were performed in the vegan package (Oksanen et al., 2022),

in R software, version 4.0.4 (R Core Team, 2021).

2.3.2 Determination of functional groups
To determine the functional groups (FG), a trait matrix

produced from the coding of all species with respect to these

features in their respective states was used. After this, we created

a dendrogram of Odonata species grouped by functional

characteristics, using Ward’s linkage method based on Gower’s

distance (Casanoves et al., 2011), using the FD package (Laliberté

et al., 2014) in R, version 4.0.4 (R Core Team, 2021). The

dendrogram was cut at point “5”, to determine the functional

groups (Casanoves et al., 2011; Dalzochio et al., 2018).
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2.3.3 Weighted average values of traits at the
community level

To assess the variation in the composition of bionomic traits

between altered and preserved streams, we first calculated a

community-weighted mean (CWM) index, using the FD package

(Laliberté et al., 2014), in R (R Core Team, 2021) version 4.0.4. This

index represents the relative abundance of each trait inside each

studied community, correlating the species-by-trait matrix with the

species relative abundance matrix, according to Violle et al. (2007).

Thus, after calculating the CWM, a matrix of the studied

communities by functional traits was generated. Relative

abundance (~ n) was obtained by dividing the number of

individuals collected from each species by the total number of

individuals in each sample.

2.3.4 Comparison of Odonata communities
among the studied locations

With the Functional Groups (FG) and CWM matrices, a

Permutational Multivariate Analysis of Variance (PERMANOVA)

was performed to test for variation in trait composition among the

sites studied, with Gower dissimilarity. To visualize these

differences, we proceeded with a Principal Coordinate Analysis

(PCoA), also with Gower dissimilarity. The PCoA function

calculates the principal coordinate decomposition (also called

classical scale) of a distance matrix D (Gower, 1966).
3 Results

3.1 Physical condition of streams and
water quality

The studied streams presented considerable variation in

physical conditions and physical-chemical properties of water,

reflecting environmental change due to anthropogenic activities.

The values of the variables were: habitat integrity index –HII (0.83–

0.50), average canopy cover on the channel (71.14–84.53%),

percentage of primary forest (0.00–100.00%), water temperature

(22.50–29.90°C), electrical conductivity (44.64–74.70 µS/cm),

dissolved oxygen (5.20–5.33 mg/L), and pH (4.88–4.77).

The HII shows a variation in stream integrity, classifying them

into two distinct categories of integrity: 56 altered streams (HII =

0.15 to 0.69) and 42 preserved streams (HII = 0.70 to 0.99). The

means and variances of the values of the environmental variables

are presented by category of stream integrity in Table 2.

The association between the two PCA axes accounted for

55.92% of the environmental variation (axis 1 = 30.27%; axis

2 = 25.65%). Only the first axis component was analyzed, since

the value of the second component was lower than that estimated

from the Broken-stick model. The first component alone accounted

for 30.27% of the variance in the results (eigenvalue = 1.82). This

analysis showed that there was a clear separation of streams into

two distinct integrity categories. The streams with the highest HII

values (HII ≥ 0.70; preserved) were grouped with the highest

canopy cover, percentage of primary forest, and dissolved oxygen.
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Streams with lower HII values (HII ≤ 0.69; altered) had a loss or

significant change in these same variables (Table 3; Figure 3).

The variables that contributed most to the formation of the first

component were related to the physical structure of the riparian

forest and water quality, explaining the observed clustering

patterns. Canopy cover (CC) and dissolved oxygen (DO) were

positively related to the level of stream integrity, while pH was

negatively related to integrity levels (Table 3).
3.2 Functional groups

We evaluated 80 species, 48 collected in preserved

environments and 70 in altered environments, of these, 44 species

belonged to the suborder Zygoptera and 36 belonged to the

suborder Anisoptera. The dendrogram based on the designated

characteristics resulted in 16 functional groups (Figure 4; Table 4).

Of the total functional groups 12 (FG 1, 2, 3, 4, 5, 6, 7, 9, 10, 12,

14, and 16) were present in both altered and preserved streams

(Figure 4; Table 4). Most of these groups include species with

diverse functional characteristics. Individuals belonging to these

groups have the following average morphological traits: width of

the posterior wing at base height – WPWBH (4.49 mm), abdomen

length – AL (22.66 mm), thorax length – TL (5.72), and thorax
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width – TW (2.16). For the behavioral traits, the vast majority of the

species are small (1) and medium-sized (2), with exophytic

oviposition and heliothermic thermoregulation (Appendix 1). The

most abundant functional group was GF 9 (n = 20.3), followed by

GF 6 (n = 12.3), and the other groups showed low abundance.

compared to the presented groups.

Only two groups were present in altered streams (FG 11 and

13). The species in these groups have the following average

morphological traits: width of the posterior wing at base height –

WPWBH (10.89 mm), abdomen length – AL (16.44 mm), thorax

length – TL (5.79 mm), thorax width – TW (2.32 mm). As for

behavioral attributes, they have size 2 (medium) species, exophytic

oviposition, and heliotropic thermoregulation. Groups GF 8 and 15

were the only ones exclusively present in preserved areas, with

species showing the following average morphological traits: width

of the posterior wing at base height – WPWBH (8.14 mm),

abdomen length – AL (42.43 mm), thorax width – TW

(9.09 mm), thorax length TL (5.81) and behavioral traits,

epiphytic oviposition, and endothermic thermoregulation,

regarding size, we had small (1) and large (3) species.

The composition of biological characteristics was represented

by two axes of principal coordinate analysis (PCoA), the first axis

explained 73.94% and the second, 24.39% of the functional

variation in the community (Figure 5). It can be seen that

individuals found in altered areas are heliothermic, with

exophytic oviposition and wider width of the posterior wing at

base height WPWBH. While individuals with smaller body sizes

and endophytic oviposition, and thermal conformers are commonly

found in preserved areas. Although some sampling sites were

overlapped, PERMANOVA showed that there is a pattern of

separation between the studied environments (Pseudo-F = 15.655;

P < 0.01) (Figure 5).
4 Discussion

The functional characteristics of the Odonata community respond

to the impacts caused by human activities in Amazonian streams,

which corroborates the hypothesis proposed by this study.

Environmental integrity has a negative relationship with some

morphological traits such as larger body size and larger thorax

width and length, and favor species with exophytic oviposition

(Remsburg and Turner, 2009), therefore, there is an increase in the

abundance of species that possess these characteristics in altered

environments. It is possible to observe that there was a separation
TABLE 3 The six environmental variables used to describe the
environmental conditions of sampled streams in two regions of the
Eastern Amazon, Pará, Brazil, and their correlation with the principal
components (axes 1 and 2) of the Principal Component Analysis (PCA).

Environmental variable

Loading

Axis
1

Axis
2

% primary forest in the riparian forest zone of a 100m
buffer (PF)

0,282 0,527

Canopy cover (CC) 0,645 0,445

Electrical conductivity (EC) −0,588 0,359

Hydrogen potential (pH) −0,629 0,374

Water temperature (WT) −0,462 −0,717

Dissolved oxygen (DO) 0,605 −0,530

Eigenvalues 1,816 1,539

Broken-stick 2,450 1,450
Values in bold represent the variables that contributed the most (≥ 0.60) to the formation of
the first component (axis 1) of the PCA.
TABLE 2 Mean and variance (in parentheses) of environmental variables recorded in each type of stream integrity in two regions of the Eastern
Amazon, Pará, Brazil.

Type of integrity
Environmental variables

HII WT EC DO pH CC PF

Altered 0.50 (0.02) 25.66 (2.02) 24.32 (118.63) 5.20 (2.18) 4.88 (1.71) 71.14 (840.30) 44.64 (734)

Preserved 0.83 (0.01) 25.18 (1.78) 25.08 (195.73) 5.33 (1.71) 4.77 (1.50) 84.53 (560.92) 74.70 (979.37)
HII, Habitat Integrity Index; WT, Water temperature; EC, electrical conductivity; DO, dissolved oxygen; pH, hydrogen potential; CC, average canopy cover; PF, % primary forest in the riparian
forest zone of a 100m buffer.
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of groups between the environments (altered and preserved). Factors

such as environmental integrity, canopy cover, as well as the presence

or absence of vegetation in the streambeds, affect the distribution of

Odonata species (Monteiro-Júnior et al., 2013). The transformation of
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the terrestrial landscape significantly affects the diversity of dragonflies

in terms of taxonomic composition and richness, especially in relation

to the loss of vegetation and physical and chemical changes in aquatic

environments (Stoks and Córdoba-Aguilar, 2012; Bried and Samways,
FIGURE 3

Ordination of the six environmental variables of the sampled streams in two regions of the Eastern Amazon, Pará, Brazil, based on principal
component analysis (PCA) (PF, % of primary forest in the riparian network within a 100 m buffer; CC, average canopy cover; EC, electrical
conductivity; pH, hydrogen potential; WT, water temperature; DO, dissolved oxygen). The "+" symbol is just a marker for each variable in the figure.
FIGURE 4

Dendrogram based on functional traits of Odonata species, sampled in streams with different conservation categories (altered and preserved), in the
Eastern Amazon, Pará, Brazil.
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2015; De Marco et al., 2015; Monteiro-Júnior et al., 2015; Rodrigues

et al., 2016; Rodrigues et al., 2019).

Oviposition is a trait that can influence the distribution of Odonata

species and is important in determining the separation of functional

groups between environments (Calvão et al., 2022). Although a habitat

may appear suitable for many aspects of dragonfly life history, crucial

oviposition sites are often of poor quality or absent (Grönroos et al.,

2013; Heino and Peckarsky, 2014). Oviposition behavior is an

important tool to assess the behavior of Odonata adults in the face

of environmental changes caused by different land uses (Rodrigues

et al., 2019). Suitable egg-laying characteristics are necessary for

successful oviposition and consequently for the population

establishment and dynamics of dragonfly larvae (MacCreadie and

Adler, 2012; Heino et al., 2014; Tavares et al., 2017).

Studies have shown that characteristics such as size and

thermoregulation are key to understanding how anthropogenic

environmental changes may affect dragonfly diversity (Juen and

De Marco, 2011; Nóbrega and De Marco, 2011; De Marco et al.,

2015). Species size is important for thermoregulation (De Marco
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et al., 2015), while wing base width is related to gliding ability, this

same characteristic is inversely related to flight maneuverability

(Corbet, 1962; Johansson et al., 2009). Sites with a higher integrity

index present greater obstacles, due to the presence of vegetation, so

they generate a selectivity in favor of more petiolate wings

(Hedenström and Møller, 1992). However, wider wings benefit

long flights and are related to open sites with few obstacles

(Pereira et al., 2019). Odonata body size influences group

competition because larger animals (most Anisoptera), are more

attached to open areas (Bastos et al., 2021; Oliveira-Junior et al.,

2021). In our study, species that have larger size and heliothermal

thermoregulation are better associated with altered environments,

as is the case of individuals of Rhodopygia cardinalis, which have

exophytic oviposition. On the other hand, Fylgia amazonica had a

greater relationship with preserved environments, and these species

have a small body size, possibly as an adaptation to shady

environments of primary forests (Samways and Taylor, 2004).

Heliotherms were more closely related to altered environments.

They are mostly larger in size, and may include some Zygoptera and
TABLE 4 Abundance of functional groups of Odonata (Insecta) adults sampled in altered and preserved streams in the Eastern Amazon, Pará, Brazil.

Integrity type
Functional groups

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Altered 1.0 4.8 3.5 4.2 2.9 12.3 1.4 0.0 20.3 0.2 0,2 2.9 1.0 2.8 0.0 0.4

Preserved 0.1 6.2 7.5 2.7 1.6 15.4 0.3 0.2 3.9 0.8 0.0 0.1 0.0 0.5 0.1 0.5
frontie
Values in bold represent functional groups with abundance < 0.1.
FIGURE 5

Ordination of the functional composition of Odonata species, sampled in altered and preserved streams, Eastern Amazon, Pará, Brazil.
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most Anisoptera, have lower conductance, and their activity is

determined mainly by solar irradiance (Corbet and May, 2008).

Thermal conformers were better related to preserved environments

because this group needs shaded areas (De Marco et al., 2015) and

the alteration of habitats ends up excluding species with specific

characteristics. Species with large body sizes such as Aeshnidae are

considered endothermic, as they regulate their temperature through

flight, determining heat production (May, 1991).

The functional groups found in both areas were composed of

both Anisoptera and Zygoptera. The most frequent Zygoptera

families were Coenagrionidae and Calopterygidae. Dalzochio et al.

(2018) obtained similar results, where they state that species from

the Calopterygidae family are more generalist and are found in

many habitats. The high abundance of species of the genus Argia

Rambur may suggest the presence of many individuals of Zygoptera

with sizes ranging from small to medium. The Anisopterans found

in the groups present in the two categories of integrity were

composed almost exclusively of the family Libellulidae, mostly by

species of the genera Erythrodiplax Brauer and Micrathyria Kirby.

The genus Erythrodiplax Brauer is one of the most diverse genera of

Libelullidae (Garrison et al., 2006; Del Palacio and Muzón, 2019).

Its species inhabit different types of wetlands, and many of them can

be abundant in temporary ponds, swamps, and stream pools (Del

Palacio et al., 2020). These characteristics make the species less

affected by disturbance events as they support more solar incidence

along the stream channel (Ball-Damerow et al., 2014; De Marco

et al., 2015; Powney et al., 2015) and consequently allow them to

explore more broadly a variety of environments. This explains the

occurrence of these groups in both environments.

The groups that were exclusively present in altered streams

showed exophytic oviposition and heliothermic thermoregulation,

similar to the species of the genus Erythemis that in this study present

heliothermic thermoregulation. The relationship of these species with

altered areas may be due to the fact that modifications in the stream

channels increase the number of backwaters along the water body

and the incidence of sunlight due to clearings from human activities

(Oliveira-Junior et al., 2015; Rodrigues et al., 2019). In streams with

compromised integrity, the removal of riparian vegetation can raise

solar incidence and consequently reduce the availability of resources

for a wide variety of species. This process may generate

homogenization of Odonata species, with the replacement of

specialized species by more generalist species (Remsburg and

Turner, 2009; Couceiro et al., 2012; Oliveira-Junior et al., 2013).

Altered environments are used by many exophytic species as

oviposition sites. This factor contributes to the increase in species

richness and abundance in sites with little or no forest cover

surrounding streams (Corbet, 1999; Dutra and De Marco, 2015).

The exophytic oviposition behavior of Odonata may be related to

the alteration of the riparian vegetation, which opens space for

greater insolation; these environments also favor species with

heliothermic thermoregulation, since heliothermic individuals

need sun rays falling directly on their bodies for their metabolic

activities (De Marco et al., 2005).

The most abundant family in groups exclusive to altered areas

was Libellulidae, the size ranged from medium to large, and
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morphological characteristics were similar among the species of

this family, especially in the abdomen length (AL), which is

associated with several ecological behaviors of these individuals

such as thermoregulation, oviposition/reproduction, and

territorialism (May, 1976). Another factor is the width of the

posterior wing at base height (WPWBH), which in the species of

this group is wider. The interaction between wing width and

integrity index also demonstrates its influence on maneuverability

factors (Pereira et al., 2019).

The absence of riparian forest in altered streams, can increase

the entry of sediments in the channel, change lotic channels, form

puddles, and/or reduce the streamflow, favoring species that lay

eggs directly on the water surface (exophytic oviposition)

(Rodrigues et al., 2016). The most representative genera in the

groups were Erythemis and Erythrodiplax, these genera are often

found in studies of Odonata fauna (Souza and Costa, 2006;

Dalzochio et al., 2011). The thermoregulatory behaviors

(endothermic and hypothermic) and exophytic oviposition in

species of Erythemis and Erythrodiplax may influence their

species diversity in environments considered lentic (De Marco

et al., 2015; Rodrigues et al., 2018).

The most abundant groups in preserved environments were

mostly composed of individuals from the Zygoptera suborder,

with endophytic oviposition and largely thermal conformers, all

medium-sized. Thermal conformer species have bodies with high

conductance, varying according to air temperature (Heinrich,

1974). However, only two groups were unique to pristine areas,

which in turn comprised Anisoptera species with epiphytic

oviposition, endothermic, and large size. The morphological

characteristics were quite similar among the species. One of the

groups (GF 8) had only two species: Cacoides latro and

Gynacantha membranalis, both from the Gomphidae family.

Adults from the Gomphidae family are usually found in areas

of denser vegetation, and the nymphs are usually associated with

streams or rivers with clear water and currents with sandy

sediments (Garrison, 2009), are described as territorialists,

being very common in lake environments (Moore and

Machado, 1992).

Species from the Gynacantha Rambur genus inhabit mud-

bottomed pools and/or temporary ponds within tropical forests

(Garrison et al., 2006). They also have a phytotelmata habit,

meaning they rely primarily on tree trunks or plants (such as

bromeliads) capable of accumulating water for egg laying, this

represents a distinctive aquatic habitat and supports a fauna that

can be highly specific (Frank, 1983). These habits may explain the

association of Gynacantha individuals with preserved

environments. Larvae of the genus Cacoides Cowley inhabit

vegetated ponds, sandy bank ditches, and lakes in the forest

(Garrison et al., 2006), characteristics that are most associated

with preserved environments. GF 15 was composed of a single

species: Fylgia amazonica, this species is associated with pristine

environments (Monteiro-Júnior et al., 2015), although it is

considered a common species, individuals of the genus Fylgia

Kirby, inhabit lotic and forest environments (Machado, 1954;

Garrison et al., 2006).
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5 Conclusion

This study provides evidence that functional traits are

determining factors for the occurrence of species in the

environment. A complex picture was observed where the species

evaluated have a set of characteristics that limit them to specific

habitats. Environmental quality, measured by the habitat integrity

index, has a significant effect on the composition of functional groups.

Altered environments favor species with exophytic oviposition and

heliothermic thermoregulation, while preserved environments favor

individuals with endophytic and epiphytic oviposition and

ectothermic thermoregulation (thermal conformers). Species with

these characteristics are mainly represented by Zygoptera, although

some individuals of this suborder are resistant to changes, the lack of

habitat for the oviposition of these individuals ends up causing the

exclusion of many species from the environment. As for morphology,

altered environments favor medium to large individuals, with greater

posterior wing width at base height, thorax length, and abdomen size,

while preserved environments may favor smaller and/or specialized

species. The effects caused by altered aquatic environments such as

landscape changes (e.g., loss of native vegetation) can affect the level of

reproductive success of aquatic insects, altering local species

composition and richness. The analyses performed show that

functional diversity measures can provide additional information on

the effects of habitat integrity on biodiversity. From a conservation

perspective, the results of this study can be used to incorporate species

preservation into the sustainable development of the Eastern Amazon.
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Uso da Terra no Municıṕio de Paragominas (PA) Utilizando Imagens TM/Landsat Vol.
p (Belém, Brazil: EMBRAPA/CPATU), Boletim de Pesquisa), 40. EMBRAPA/CPATU.

Williams, P., Whitfield, M., Biggs, J., Bray, S., Fox, G., Nicolet, P., et al. (2004).
Comparative biodiversity of rivers, streams, ditches and ponds in an agricultural
landscape in Southern England. Biol. Conserv. 115, 329–341. doi: 10.1016/S0006-3207
(03)00153-8
frontiersin.org

https://doi.org/10.3157/021.128.0104
https://doi.org/10.1111/icad.12319
https://doi.org/10.1016/j.biocon.2015.12.001
https://doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.1007/s13744-012-0029-9
https://doi.org/10.1007/s13744-012-0029-9
https://doi.org/10.2307/3817
https://doi.org/10.1078/1439-1791-00039
https://doi.org/10.1146/annurev-ento-120710-100557
https://doi.org/10.1146/annurev-ento-120710-100557
https://doi.org/10.1029/tr038i006p00913
https://doi.org/10.1007/s10841-012-9521-0
https://doi.org/10.1016/j.limno.2017.04.009
https://doi.org/10.1111/j.1365-2427.1994.tb01740.x
https://doi.org/10.14393/BJ-v32n2a2016-30491
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1016/S0006-3207(03)00153-8
https://doi.org/10.1016/S0006-3207(03)00153-8
https://doi.org/10.3389/fevo.2023.1166057
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

	Effect of environmental integrity on the functional composition of the Odonata (Insecta) community in streams in the Eastern Amazon
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Data sampling
	2.2.1 Biological sampling
	2.2.2 Morphological traits
	2.2.3 Type of oviposition
	2.2.4 Types of thermoregulation
	2.2.5 Evaluation of the physical condition of the studied streams

	2.3 Data analyses
	2.3.1 Physical and chemical condition of streams
	2.3.2 Determination of functional groups
	2.3.3 Weighted average values of traits at the community level
	2.3.4 Comparison of Odonata communities among the studied locations


	3 Results
	3.1 Physical condition of streams and water quality
	3.2 Functional groups

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


