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influenced by riparian vegetation in Neotropical Savanna
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Abstract Initial Odonata larval distributions are

primarily influenced by adult females at the moment

of oviposition. However, after oviposition, the larvae

are strongly associated with environmental conditions.

In the case of both adults and larvae, anthropogenic

disturbances that change these conditions may alter

the composition and structure of Odonata assem-

blages. Therefore, based on the differing environmen-

tal requirements of Zygoptera and Anisoptera adults

and larvae, together with their morphological and

physiological differences, we suspected differing

riparian preferences of larvae and adults for each

suborder. We evaluated the richness and abundance of

Odonata larvae. We hypothesized that Zygoptera

larvae would have greater richness and abundance in

streams with canopy shading, lower temperature

ranges, and high physical habitat heterogeneity. On

the other hand, Anisoptera larvae would be more

abundant in streams without canopy cover. We

sampled 186 headwater stream sites in the Neotropical

Savanna along an anthropogenic disturbance gradient

and used a model selection approach to test our

hypotheses, correlating environmental metrics with

Odonata larval richness and abundance. We found
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Antônio Carlos 6627, CP 486, CEP 31270-901

Belo Horizonte Minas Gerais Brazil

e-mail: diegobioufla@gmail.com

M. Callisto

e-mail: callistom@ufmg.br

L. Juen
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higher richness of Zygoptera larvae in shaded sites

with canopy cover[ 5 m high, whereas bare ground

without riparian vegetation was important for Ani-

soptera richness and abundance. Our results indicated

that Odonata larvae follow the same distribution,

richness and abundance patterns as adults. Anthro-

pogenic disturbances related to the removal or reduc-

tion of riparian vegetation can favor Anisoptera over

Zygoptera larval assemblages in streams. Preserving

riparian canopy cover is needed to maintain the

richness of Zygoptera larvae in Neotropical Savanna

streams.

Keywords Cerrado streams � Damselflies �
Dragonflies � GLM � Immatures � Odonata

Introduction

Insects show macroecological patterns related to

thermal tolerance, body size, niche range, and disper-

sion capacity—all of which determine species distri-

butions. For example, body size is related to dispersion

capacity and regulated by temperature (Oliveira-

Junior et al., 2017; Rocha-Ortega et al., 2020).

Although insects can grow and mature over wide

temperature ranges (from 10 to 20�C to maximum 40

to 50�C) (Neven, 2000; Dixon et al., 2009), in general,
those with smaller body sizes live at higher temper-

atures, whereas those with larger body sizes can persist

at lower temperatures (Chown&Gaston, 2010).When

conditions like temperature are adverse, it is their

dispersion capacity that allows insects to change

habitat locations (Rocha-Ortega et al., 2020; Firmiano

et al., 2021).

Adult Odonata respond differently to anthro-

pogenic disturbances, according to Adult Anisoptera

and Zygoptera respond differently to anthropogenic

disturbances. Those differences result from a combi-

nation of physiological (e.g., thermoregulation), eco-

logical (e.g., niche range and dispersion capacity), and

morphological (e.g., body size) factors (Mendes et al.,

2015; Oliveira-Junior & Juen, 2019). Restrictions

imposed mainly by body size and thermoregulation

determine the distribution and structure of adult

Odonata assemblages in Neotropical streams (De

Marco et al., 2015; Oliveira-Junior & Juen, 2019).

Headwater streams with lower temperatures and dense

canopy cover favor adult Odonata assemblages com-

posed predominantly by Zygoptera (De Marco et al.,

2015; Oliveira-Junior et al., 2017; Oliveira-Junior &

Juen, 2019). On the other hand, Anisoptera species

tend to dominate in larger streams that are less shaded

(Vannote et al., 1980) and in streams where riparian

vegetation has been removed (De Marco et al., 2015).

In heavily degraded streams, even Anisoptera species

cannot survive (Monteiro Júnior et al., 2015). This

pattern of adult Odonata suborders is well established

for the neotropics (De Marco et al., 2015; Oliveira-

Junior & Juen, 2019).

Because larvae are strongly associated with envi-

ronmental conditions, the anthropogenic disturbances

that change these conditions may alter the composition

and structure of Odonata larval assemblages (Souza

et al., 2015; Luke et al., 2017; Mendes et al., 2019;

Pires et al., 2020). Odonata larvae have some advan-

tages over adults as bioindicators, including limited

dispersion capacity, which makes them more suscep-

tible to local changes (Valente-Neto et al., 2016) and

easier field sampling (Oertli, 2008). Also, the larvae

clearly differ in their morphologies. Zygoptera larvae

have more delicate bodies and breathe through rela-

tively delicate external lamellae (Corbet, 1980).

Anisoptera larvae have more robust bodies, breathe

through rectal tracheal gills (Corbet, 1980), and

possess morphological structures that help defend

them against predators (DeMarco et al., 2015;Mendes

et al., 2019).

Based on the different environmental requirements

of Zygoptera and Anisoptera adults, we evaluated the

distribution patterns of Odonata larvae along a gradi-

ent of riparian disturbance in Neotropical Savanna

streams. We hypothesized that Odonata larvae would

display the same patterns as Odonata adults. We

expected that Zygoptera would have higher taxa

richness and proportional abundances in sites with

minimal riparian disturbance, considerable canopy

shading, lower temperature range, and high physical

habitat heterogeneity. Conversely, we expected that

Anisoptera larvae would have higher taxa richness and

proportional abundances in sites with less canopy

cover or without riparian vegetation.
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Methods

Study area and survey design

We studied 160 randomly selected 1st to 3rd order

(Strahler, 1957) stream sites in the Nova Ponte, Volta

Grande, São Simão and TrêsMarias hydrological units

(Fig. 1; Table S1). The sampled sites exhibited a wide

disturbance gradient, from minimally disturbed sites

with high dissolved oxygen and low nutrient concen-

trations, sites with moderate levels of human-altered

land (pasture, row crops) to highly degraded urban

sites with poor water quality and physical habitat

conditions (Macedo et al., 2014; Silva et al., 2017).

We sampled each of the hydrological units in

September (2010 in Três Marias, 2011 in Volta

Grande, 2012 in São Simão, and 2013 in Nova Ponte),

ensuring that samples were all taken in the low flow

Fig. 1 Locations of the Cerrado stream sites and hydrological units
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season. An additional set of 26 reference sites were

sampled in April and May 2014, in Serra da Canastra

National Park and Serra do Salitre. Those sites differed

by exhibiting minimal human catchment disturbance,

absence of direct anthropogenic disturbances at the

sites, and the presence of native riparian vegetation

(Martins et al., 2018).

Sampling of Odonata larvae

In each hydrological unit, we sampled 40 stream sites.

Site selection followed a probabilistic sampling

design, according to the methodology used by the

U.S. Environmental Protection Agency (Peck et al.,

2006; Callisto et al., 2014). This design allows the

impartial selection of sampling sites representing the

region as a whole, avoiding bias in site selection and

spatial autocorrelation (Silva et al., 2018).

The length of each site was 40 times its mean

wetted width, respecting a minimum of 150 m, and

divided into 11 equidistant transects. Odonata larvae

were sampled with a kick-net sampler (500 lm mesh,

0.09 m2 area), following a zigzag trajectory across the

transects (left, center, and right). The samples were

fixed in 4% formalin. In the laboratory, samples were

washed, stored in 70% alcohol, processed and then

deposited in the reference collection of the Instituto de

Ciências Biológicas of the Universidade Federal de

Minas Gerais.

Odonata larvae were examined under a stereo-

scopic microscope and identified to genus using

taxonomic keys (Costa et al., 2004; Neiss & Hamada,

2014; Pessacq et al., 2018) as well as descriptions and

reviews available for each taxon. We identified larvae

to genus because the larval stages of most species are

not described (von Ellenrieder, 2009) and the genus

level is sufficient to evaluate the responses of Odonata

assemblages to anthropogenic disturbances (Mendes

et al., 2019).

Environmental metrics

Environmental metrics at each site were described in

terms of local riparian vegetation cover based on

Stoddard et al. (2005) and Peck et al. (2006). This

protocol assesses metrics related to physical habitat

structure, near-stream anthropogenic stressors, and

riparian vegetation structure and cover. We selected

11 metrics related to riparian vegetation (Kaufmann

et al., 1999), and also calculated local, catchment, and

integrated disturbance indices (Ligeiro et al., 2013),

totaling 14 predictor variables as described below

(Table S2). These metrics have been successfully used

in previous studies of these sites (Firmiano et al., 2017;

Castro et al., 2018; Silva et al., 2018).

Canopy cover was determined at each of the 11

transects in each site. Four canopy cover measure-

ments were taken: upstream, downstream, right, and

left at mid-channel. For this, we used a hemispherical

convex densiometer, in which readings potentially

varied from zero (without canopy cover) to 17

(maximum canopy cover). The measurements were

made at 0.3 m above the water surface, observing the

17 intersection points of the grid on the densiometer. If

the reflection of a tree or tall branch or leaf overlaps

any intersection points, that specific intersection is

counted as having coverage. The mid-channel mea-

surements are used to estimate the canopy coverage

over the channel (XCDENMID).

Riparian vegetation structure was determined

through visual estimation, with a semi-quantitative

assessment of the type and amount of riparian

vegetation. Observations were made at both margins

in each of the 11 cross-sections, 5-m upstream, 5-m

downstream and 10-m landward, creating a

10 9 10 m plot on each side of the stream. Within

this plot, we divided riparian vegetation into three

layers: canopy ([ 5 m high), understory (0.5–5 m

high), and ground-cover (\ 0.5 m high). In each layer,

we determined the class of covered area in large trees

([ 0.3 m diameter at breast height) and small trees

(\ 0.3 m). These data were used to calculate: mean

woody canopy cover (XC), mean woody understory

cover (XM), mean woody ground layer cover (XG)

and bare ground cover (XGB) (Kaufmann et al., 1999).

To assess local and catchment anthropogenic

disturbances in each site, we calculated three indices:

Local Disturbance Index (LDI), Catchment Distur-

bance Index (CDI), and Integrated Disturbance Index

(IDI) based on Ligeiro et al. (2013).

Data analyses

We calculated ten biological metrics for each site:

total Odonata richness and abundance (combining the

two suborders); Anisoptera richness and abundance;

Zygoptera richness and abundance; proportional rich-

ness and abundance of Anisoptera; and proportional
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richness and abundance of Zygoptera (Table S3). The

combined statistical analysis of the two suborders may

lead to misinterpretations about what affects these

assemblages, which can be avoided if each suborder is

analyzed separately (Oliveira-Junior et al., 2015;

Mendes et al., 2017).

To explore our hypothesis that riparian vegetation

condition affects the distribution of Odonata larvae

along a gradient of anthropogenic disturbance, we

used a model selection approach (Burnham & Ander-

son, 2002). First, we tested for Spearman correlations

among environmental metrics (Fig. S1), eliminating

those that were highly correlated (r[ 0.7) and retain-

ing those that are the most ecologically relevant. In

this step, we retained seven environmental metrics

(Table 1). We used our selected variables as predictor

variables with each biological metric in generalized

linear models (GLMs). For count biological metrics

(i.e., richness and abundance), we used a Poisson

distribution. Using our most parameterized model, we

evaluated a possible overdispersion in each analysis.

Once overdispersion was detected, standard errors

were corrected using a quasi-Poisson error structure.

We next used a binomial or quasi-binomial distribu-

tion model for the proportional richness of Anisoptera

versus the proportional richness of Zygoptera, and the

proportional abundance of Anisoptera versus the

proportional abundance of Zygoptera. We then con-

structed models based on all possible additive variable

combinations followed by a model selection proce-

dure using backward elimination to obtain the most

parsimonious model. The selected model significance

was tested by an Analysis of Deviance (Chi-squared

for Poisson or quasi-Poisson distributions and F-test

for binomial or quasi-binomial distributions). We

checked model residuals using the DHARMa package

(Hartig, 2018). All analyses were performed in R

version 3.4.3 (R Core Team, 2017), using the Vegan

(Oksanen et al., 2019) and lme4 (Bates et al., 2015)

packages.

Results

We collected and identified a total of 3209 Odonata

larvae, distributed along 30 genera and ten families.

Fifteen hundred individuals, eight genera and six

families belonged to Zygoptera; 1709 individuals, 22

genera and four families belonged to Anisoptera

(Tables S4, S5). After initial model selection, the

candidate metrics IDI, LDI, XCDENMID, XM and

XG were excluded because none of them were

significantly related to the biological metrics.

For total Odonata larval richness, no model was

statistically significant. However, when testing

Zygoptera and Anisoptera richness separately, models

showed a positive relation between Zygoptera and

mean canopy cover (XC) (x2 = 8.954, df = 174,

Table 1 Environmental metrics used in the generalized linear models (GLM)

Acronyms Environmental metrics’

name

Meaning of environmental metrics References

IDI Integrated Disturbance

Index

LDI & CDI Ligeiro et al. (2013)

LDI Local Disturbance Index All types of riparian anthropogenic

disturbance

Ligeiro et al. (2013)

XCDENMID Canopy cover midstream % vegetation covers the middle of the

channel

Kaufmann et al. (1999) and Peck et al.

(2006)

XGB Bare ground cover % exposed soil Kaufmann et al. (1999) and Peck et al.

(2006)

XC Mean canopy cover Woody vegetation[ 5 m high Kaufmann et al. (1999) and Peck et al.

(2006)

XM Mean understory cover Woody vegetation 0.5 to 5 m high Kaufmann et al. (1999) and Peck et al.

(2006)

XG Mean ground-layer cover Woody ground cover\ 0.5 m high Kaufmann et al. (1999) and Peck et al.

(2006)
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N = 175, P = 0.003) and a positive relation for

Anisoptera and bare ground cover (XGB)

(x2 = 14.206, df = 174, N = 175, p\ 0.001) (Fig. 2).

For total Odonata larval abundance, a model

showed a positive relation with bare ground cover

(x2 = 122.53, df = 174, N = 175, P = 0.004). How-

ever, when testing Zygoptera and Anisoptera abun-

dance separately, nomodel was statistically significant

for Zygoptera, but Anisoptera showed a positive

relation with bare ground cover (x2 = 95.312, df =

174, N = 175, P = 0.001) (Fig. 3).

For Zygoptera proportional taxa richness, a model

showed a negative relation with bare ground cover

(x2 = 14.966, df = 174, N = 175, p\ 0.001) and a

positive relation with mean canopy cover (x2 = 6.255,

df = 174, N = 175, P = 0.005) (Fig. 4 A). Reverse

relationships were observed for Anisoptera propor-

tional taxa richness with bare ground cover

(x2 = 14.966, df = 174, N = 175, p\ 0.001) and

mean canopy cover (x2 = 6.255, df = 174, N = 175,

P = 0.005) (Fig. 4 B). No model was statistically

significant for proportional individual abundances of

Anisoptera or Zygoptera.

Discussion

We found congruences between the patterns of

distribution, richness and abundance shown by larvae

in this study with those documented for Zygoptera and

Anisoptera adults in the literature. Our results corrob-

orate the prediction that Zygoptera larvae have greater

richness in streams with minimal human disturbances

of riparian vegetation canopy cover. We also corrob-

orate the prediction that Anisoptera larvae have

greater richness and abundance in streams with less

canopy cover or without riparian vegetation, indicated

by bare ground cover.

Fig. 2 Poisson GLM relationships between mean riparian

canopy cover versus Zygoptera richness (A) and mean exposed

soil versus Anisoptera richness (B). The dark line indicates

predicted values; dots indicate observed values, and the grey

band indicates 95% confidence intervals

Fig. 3 Poisson GLM relation between mean exposed soil

versus Anisoptera total abundance. The dark line indicates

predicted values; dots indicate observed values, and the grey

band indicates 95% confidence intervals
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Initial Odonata larval distribution is related to adult

females’ choices of ovipositing location (Corbet,

1980). There is strong selective pressure for oviposi-

tion in habitats where the larval survival rate is high,

and for this, these habitats must match the ecological

requirements, habitats, and behavior of the larvae

(Buskirk & Sherman, 1985). After oviposition, larval

establishment in the habitat depends on the morpho-

logical and behavioral traits of the species as well as

on environmental features (Corbet, 1980). The species

traits are related mainly to breathing, feeding, and

refuge (Corbet, 1980) whereas key environmental

features are water quality (Oertli, 2008; Mendes et al.,

2015; Souza et al., 2015), substrate composition (Assis

et al., 2004; Pires et al., 2020), and riparian vegetation

(Remsburg & Turner, 2009; Mendes et al., 2019; Pires

et al., 2020). Although oviposition is a female choice,

the presence of larvae in the water guarantees that they

are living there or nearby (Luke et al., 2017) and,

therefore, are being influenced by site environmental

conditions. In addition, larval stages are more restric-

tive because they tend to be much less mobile than

adults (Oertli, 2008) and consequently more suscep-

tible to environmental conditions.

In our study, anthropogenic disturbance in the

riparian vegetation affected Odonata assemblages

more than various anthropogenic disturbances in the

local area and catchment, as evaluated by IDI and LDI.

This is likely because water quality conditions and site

vegetation structure affect Odonata larvae more than

other types of environmental disturbances (Luke et al.,

2017; Pires et al., 2020).

Zygoptera and Anisoptera larvae have physiolog-

ical (Neiss & Hamada, 2014) and ecological (Mendes

et al., 2017) differences that drive their different

responses to riparian vegetation structure. For Zygop-

tera larvae, riparian vegetation is important because

higher density and canopy cover provides greater

stream shading and moderated water temperatures

(Samways & Steytler, 1996; Peck et al., 2006). Waters

with lower temperatures and higher dissolved oxygen

provide better conditions for larval survival (Jooste

et al., 2020). Zygoptera larvae breathe mostly using

their caudal lamellae (Ramirez, 2010), which requires

higher levels of dissolved oxygen in the water.

Although we did not test for differences in water

temperature and dissolved oxygen directly, these

variables are affected by riparian vegetation canopy

cover, and consequently, the assemblage of Zygoptera

larvae may also be affected.

Besides breathing, larval Zygoptera use riparian

vegetation for hunting, as predator refuges, and

crawling out of the water to emerge as adults (Jooste

et al., 2020). Some larvae hold onto overhanging

pieces of vegetation, branches or leaves, that hang

submerged in the stream, and remain motionless. The

Fig. 4 Binomial GLM relationships between mean riparian

canopy cover versus Zygoptera proportional richness (A) and
mean exposed soil versus Anisoptera proportional richness (B).
The figures for mean exposed soil versus proportional Zygoptera

taxa richness and mean riparian canopy cover versus

proportional Anisoptera taxa richness are not shown because

they are inversely proportional. The dark line indicates

predicted values; dots indicate observed values, and the grey

band indicates 95% confidence intervals
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combination of vegetation and motionlessness pro-

vides refuge against visual aquatic and aerial preda-

tors. At the same time, it provides camouflage to

facilitate capturing their prey (Sesterhenn et al., 2013).

In short, removal of riparian vegetation and open

canopies lead to low richness and abundance of

Zygoptera adults and larvae (Mendes et al., 2015;

Oliveira-Junior et al., 2019).

Unlike Zygoptera, Anisoptera larvae breathe with

rectal gills in the internal abdominal cavity, filling and

emptying the abdomen with water (Ramirez, 2010).

The gill physiology increases capture of dissolved

oxygen (Kohnert et al., 2004), facilitating survival in

waters with low dissolved oxygen concentrations.

Moreover, most Anisoptera larvae live buried or semi-

buried in sandy and muddy substrates (Carvalho &

Nessimian, 1998). This substrate type is correlated

with erosion, frequently caused by removal of riparian

vegetation (Wood & Armitage, 1997). Removal of

riparian vegetation also may lead to an increase in

streammacrophyte biomass (Fares et al., 2020), which

is an important predictor of Anisoptera larvae occur-

rence (Juen et al., 2007). The presence of thermore-

ceptors in Libellulidae larvae (Rebora et al., 2007)

suggests why Anisoptera larvae can remain in

unshaded aquatic environments and why bare ground

cover was a significant predictor for this suborder.

French & McCauley (2018) evaluated the importance

of canopy cover for Anisoptera larvae and adults and

found no effect on larval survival. Thus, dense canopy

cover could reduce adult oviposition, thereby affecting

larval distribution.

The amount of riparian vegetation is important for

Odonata adults because of their different thermoreg-

ulation mechanisms (De Marco et al., 2015; Oliveira-

Junior & Juen, 2019). In general, Zygoptera species

have smaller body sizes and are known as ‘‘thermal

conformers’’, that is, their body temperature is directly

influenced by air temperature (May, 1976; De Marco

& Resende, 2002). Most of them cannot survive near

streams where there is little or no riparian vegetation

because the shading is less, the solar incidence is

increased and temperatures oscillate more, causing

overheating and desiccation (Oliveira-Junior et al.,

2017; Oliveira-Junior & Juen, 2019). On the other

hand, Anisoptera species are larger and endothermic,

that is, they generate and store heat in the body and

control the circulation of hemolymph to facilitate

thermoregulation (May, 1976; De Marco & Resende,

2002). They do not depend on the presence of riparian

vegetation to control their body temperature and can

thrive such environments without dessication (Oli-

veira-Junior et al., 2017; Oliveira-Junior & Juen,

2019). Previous studies concluded that adult Zygop-

tera assemblages were bioindicators for the loss of

riparian vegetation (Carvalho et al., 2013; Monteiro

Júnior et al., 2015; Oliveira-Junior et al., 2017). In our

study, the positive correlation between Zygoptera

larvae and mean canopy cover indicated that they were

also highly sensitive to removing riparian vegetation,

following the pattern observed for adults. The opposite

is true for Anisoptera larvae, which were tolerant to

riparian vegetation removal, similarly to adults

(Oliveira-Junior et al., 2017).

Also, it is important to recognize that the proportion

of each suborder in larval Odonata assemblages could

be used for assessing environmental impacts, without

necessarily identifying individuals to genus or species

levels. The same was true for the proportion of each

suborder in adult Odonata assemblages (Oliveira-

Junior et al., 2017; Oliveira-Junior & Juen, 2019). This

makes the proportions of Odonata suborders useful for

Neotropical biomonitoring programs, including those

implemented by citizen scientists (França et al., 2019),

because the two suborders are easily identified by eye.

For conservation purposes, it is important to

determine the thresholds of riparian vegetation loss

affecting the assemblages of Odonata larvae in

Neotropical streams. Anisoptera can persist in streams

with riparian vegetation width\ 15 m, whereas

Zygoptera genera require riparian vegetation

widths[ 15 m (Pires et al., 2020). Our study indi-

cated that riparian vegetation height was also impor-

tant because canopy cover[ 5 m was the metric that

best explained larval Zygoptera richness and abun-

dance. However, for larval Anisoptera, riparian veg-

etation height had no significance because they

benefited from bare ground cover. This suggest that

vegetated riparian buffers at least 5 m high and 15 m

wide might suffice for sustaining Zygoptera taxa,

despite somewhat disturbed catchments.

Conclusions

Odonata larvae followed the pattern of distribution

and abundance shown by adults and were driven by the

degree of riparian vegetation, especially canopy cover.

123

Hydrobiologia



Zygoptera larvae exhibited higher richness and pro-

portional richness in streams with increased levels of

canopy cover. On the other hand, Anisoptera larvae

showed higher abundance, richness, and proportional

richness in streams surrounded by bare ground and

decreased levels of riparian vegetation canopy cover.

We conclude that anthropogenic removal or reduction

of riparian vegetation can affect Odonata larval

assemblages in Cerrado streams. Therefore, such

metrics can be used for assessing environmental

impacts related to riparian vegetation. Although it is

not known exactly how much Neotropical riparian

vegetation cover should be preserved so that it does

not affect aquatic macroinvertebrate assemblages

(Dala-Corte et al., 2020), for Odonata we have this

information.We know that areas with reduced riparian

vegetation have higher larval Anisoptera richness. On

the other hand, streams with canopy cover\ 5 m high

should have their riparian vegetation preserved to

maintain Zygoptera larval richness.
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