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Abstract: Aim: To test how different taxonomic and functional groups of aquatic insects from
high-altitude streams respond to environmental and spatial gradients at multiple scales in Southeast
of Brazil. Methods: Specimens were collected in 26 high-altitude streams distributed over a gradient
of previously defined environmental quality. The taxonomic identification was made at the genus
level and the functional classification was based on traits of flight capacity and pollution tolerance
compiled from specific literature. We obtained local in situ data (limnological, sediments, and organic
matter), as well as calculated land use at the riparian and drainage basin scale. A variation partitioning
approach was used to explain species composition based on different response matrices deconstructed
by both taxonomic groups and functional traits. The explanatory matrices encompassed environmental
variables at three spatial scales and spatial variables extracted from Principal Components of
Neighbor Matrices analysis. A linear model was applied to verify the possible correlation between
spatial and environmental components. Results: The contribution of the spatial and environmental
components varied strongly between taxonomic and functional groups. For taxonomic groups, the
pure environmental component was more important for Odonata and Trichoptera, while spatial
variables were more important for Diptera (non-Chironomidae) and Chironomidae, Coleoptera,
Ephemeroptera, Plecoptera and Megaloptera. The sensitive groups with good flight capacity showed
a greater environmental signature while the tolerant groups with low flight capacity had a greater
spatial signature. Moreover, the important variables for explaining community variation were from
different spatial scale (local, riparian and watershed) depending either on the analyzed taxonomic or
on functional groups. However, a general effect of forests was found in several groups. Conclusions: It
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is necessary to consider the joint effect of evolutionary natural history of groups, as well as their
functional traits in the structuring of metacommunities, since only taxonomic resolutions may not
be sufficient to detect assembly processes at multiple spatial scales.

Keywords: aquatic invertebrates; metacommunity; streams alticude; Pogos de Caldas Plateau;
environmental filtering.

Resumo: Objetivo: Testar como as diferencas taxondmicas e de grupos funcionais de insetos
aqudticos de riachos de altitude respondem ao gradiente ambiental e espacial em multiplas escalas
no sudeste do Brasil. Métodos: As amostras foram coletadas em 26 riachos de altitude distribuidos
em um gradiente de qualidade ambiental previamente definido. A identificagio taxondmica foi feita
no nivel de género e a classificacdo funcional foi baseada em caracteristicas de capacidade de voo
e tolerincia 4 polui¢do compiladas a partir de literatura especifica. Obtivemos dados locais in situ
(limnoldgicos, sedimentos e matéria organica), bem como calculamos o uso da terra na zona ripdria e
na escala da bacia hidrografica. O particionamento de variincia foi usado para explicar a composi¢io
de espécies com base em matrizes de resposta desconstruidas por grupos taxonémicos e caracteristicas
funcionais. As matrizes explicativas abrangeram as varidveis ambientais em trés escalas e as varidveis
espaciais extraidas da andlise de Componentes Principais das Matrizes Vizinhas. Um modelo linear foi
aplicado para verificar a possivel correlagio entre componentes espaciais e ambientais. Resultados: A
contribui¢io dos componentes espaciais e ambientais variou fortemente entre os grupos taxondmico
e funcional. Para os grupos taxonémicos Odonata e Trichoptera, o componente ambiental puro
foi mais importante, enquanto as varidveis espaciais foram mais importantes para Diptera (exceto-
Chironomidae) e Chironomidae, Coleoptera, Ephemeroptera, Plecoptera and Megaloptera. Os grupos
sensiveis com boa capacidade de voo apresentaram maior assinatura ambiental, enquanto os grupos
tolerantes e com baixa capacidade de voo tiveram maior assinatura espacial. Além disso, as varidveis
importantes para explicar a variagio da comunidade foram de diferentes escalas espaciais (local, riparia
e da bacia hidrografica), dependendo dos grupos taxondmicos ou funcionais analisados, mas um efeito
geral das florestas foi encontrado em vérios grupos. Conclusdes: E necessirio considerar o efeito
conjunto da histéria natural evolutiva dos grupos, bem como seus tragos funcionais na estruturagio
de metacomunidades, uma vez que apenas resolu¢oes taxondmicas podem nio ser suficientes para

detectar processos de montagem em multiplas escalas espaciais.

Palavras-chave: invertebrados aquéticos; metacomunidade; riachos de altitude; Planalto de Pogos

de Caldas; filtragem ambiental.

1. Introduction

Metacommunities are sets of neighboring
communities interconnected through dispersive
processes that ensure genetic, taxonomic and
composition variation among communities
(Leibold et al., 2004). This perspective of open
systems with flows of energy and matter allowed
the researchers to have more realistic analyzes
and predictions about the set of factors that
drive the community structure and dynamics
in nature (Finn et al., 2011). According to
the metacommunity approach, both local and
regional processes determine the compositional
differences among communities. Communities
may be dissimilar because the environment selects
for different species, but also because dispersal
limitation causes distant communities to be more
dissimilar in species composition (Tobler, 1970).
However, analyzing such processes of species sorting
and dispersal limitation is challenging given that
the environmental similarity itself decay along
spatial distance. This would make communities
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to relate to both spatial and environmental factors
concomitantly. In this sense, communities strongly
affected by spatially structured environmental
pressures would be expected to be strongly
related to the spatial distance among sites as
well. To disentangle the correlated effects of
environmental and spatial variation on community
composition, statistical techniques to partition
the explained proportion of community variation
were proposed (Borcard et al., 1992), becoming
important tools in metacommunity studies.
Moreover, the spatial scale used will be an
important element to detect ecological patterns,
both related to environmental and spatial
factors (Leibold et al., 2004; Heino et al., 2017;
Tonkin et al., 2017a). This premise is relevant
mainly in continental aquatic environments
in which many streams constitute networks
(Frissell et al., 1986; Finn et al., 2011; Tonkin et al.,
2017b) that behave like islands disconnected by the
fragmented matrix (Bilton et al., 2001; Alemu et al.,
2017; Tonkin et al., 2017a). The success of
colonization and persistence of aquatic insects in
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these systems may depend on factors related, not
only to the environment and space, but also to the
intrinsic biological characteristics of the diverse
taxonomic groups inhabiting streams (Bilton et al.,
2001; Poff et al., 2006; Finn et al., 2011; Saito et al.,
2015a,b).

Communities of aquatic insects in streams
include different clades that compose a gradient
of species expected to be more or less affected by
environmental and spatial variables (Vannote et al.,
1980; Ter Braak & Prentice, 1988; Allan, 2004;
Allan & Castillo, 1995). For example, the potential
dispersal of aquatic insects is probably associated
to their wing size (Malmqvist, 2000; Saito et al.,
2015b), and groups such as large winged Odonata
are potentially good fliers (Poff et al., 2006;
Saito et al., 2015b), and therefore only slightly
limited by sites distance, at least for small spatial
extents (Tonkin et al., 2017a). On the other hand,
other insects as Ephemeroptera, are potentially
not good flyers (Malmgqvist, 2000) and therefore
more limited by the distances among streams
and watersheds. In addition, some groups such as
Plecoptera and Trichoptera are bounded by stream
conditions (Siqueira et al., 2012; Saito et al.,
2015a). Their larvae are highly sensitive to dissolved
oxygen and substrate compared to other groups
of insects, which are more generalist and adapted
to environments with a wide range of conditions
(e.g., many genera of Chironomidae).

Thus, both the environment and space can exert
a selective pressure proportionally to the life history
of each species. (Bilton et al., 2001; Shurin et al.,
2009; Saito et al., 2015a; Heino et al., 2017;
Tonkin et al., 2017a,b). The dispersive processes
are not random for most groups and are composed
of strategies finely adjusted to their biology and
landscape scales (Padial et al., 2014). Like this,
recent ecological approaches also include the
functional biological traits of taxa (Reynolds et al.,
2002; Finn & Poff, 2005; Poff et al., 2006)
in an attempt to use them as proxies to detect
dispersive processes in metacommunities. In this
way, here, we measured the relative importance of
environmental and spatial components on different
taxonomic and functional groups of aquatic insects
metacommunities from altitude streams.

Given the reasoning above, we constructed
the following hypotheses: H1: the strength of
the community-environment relationship (using
different taxonomic and functional groups)
will be positively related to the strength of the
community-space relationship, meaning that,
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in general, community variation is driven by a
spatially structured environment. H2: aquatic
insects considered medium to good dispersers
would respond more strongly to the environmental
component than to the spatial component since
these groups can disperse more easily and actively
through the matrix. In contrast, taxa with lower
dispersive potential would respond more acutely
to the spatial component (which may be a limiting
factor). And finally, H3: we expected that sensitive
groups would respond strongly to the environmental
component compared to tolerant taxa considering
the degree of tolerance to environmental variations
of different species.

2. Material and Methods
2.1. Study area
The Pogos de Caldas Plateau, Minas Gerais State

isan appropriate region to search for metacommunity
patterns. Due to higher altitudes in the edges of
the plateau than the central region, circular shape
and drainage networks all internally inserted, the
streams do not receive any external affluent, making
it an isolated system. This characteristic would
highlight internal assembly processes acting in the
metacommunities, since external immigration from
other basins are very unlikely, since altitudes range
from 1155 to 1424 meters, but in the summit
lines of the edge of the plateau these altitudes can
reach up to 1700 meters (Moraes, 2007; Alberti,
2008; Moraes & Jiménez-Rueda 2008). Aquatic
invertebrate communities may be more subject to
geographic isolation processes and highlight some
patterns and ecological structuring processes. Thus,
we limited our samples on three watersheds inserted
in the Pocos de Caldas Plateau, with different
environmental impacts (Figure 1).

High altitudes recorded in the mountains that
make up the surrounding edges of the Pogos de
Caldas Plateau confine the water network internally,
which may promote the geographic isolation of the
resident aquatic biota from the rest of the Brazilian
southeast, reducing the external interferences on
these communities. Because of their insularity,
streams can promote greater compositional
dissimilarities in the fauna, and thus highlight
factors related to the functional traits of taxonomic
groups, such as dispersive capacity (Finn & Poff,
2005).

Based on the analysis of images from Google
Earth (referring to the period of sampling of
biological data) and validation in the field of the
places where there were doubts about the typologies
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Figure 1. Images of the three watersheds in the context of the Pocos de Caldas Plateau - MG. Source: Google Earth
Images. EU-IM (impacted eucalyptus; Amoras streams drainage basin); EU-PR (preserved eucalyptus; Moinhos
stream drainage basin); NA-PR (native preserved; Verde stream drainage basin).

presented, this research was able to quantify the land
uses in the three watersheds. The land use in two
watersheds (EU-IM and EU-IM) was predominantly
dominated by monocultures of eucalyptus, on larger
scale. However, the watershed EU-PR presented
evident conservation practices, such as gallery forest
maintenance that occupied a large proportion of
land. The watershed EU-IM is more impacted
because it does not apply conservation practices
like those in EU-PR. It exhibits reduced gallery
forest and a large proportion of rotary crops.
The watershed NA-PR has native and preserved
features, being considered the one with the best
environmental quality among the three with the
highest percentages of native forest.

2.2. Collection and processing of biological marerial

Twenty-six low-order streams were sampled, as
classified by Strahler (1957), distributed among the
three watersheds, being eight streams in the EU-PR,
seven streams in the EU-IM, and eleven streams
in the NA-PR. In each stream, the largest variety
of mesohabitats were identified 77 situ and aquatic
invertebrates were collected in three replicate
samples with a Surber and three replicate samples of
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twenty seconds with a D net (both equipment with
a250pm mesh). Taxonomic identification was made
up to the genus level with the aid of taxonomic keys
and specialists (Merritt & Cummins, 1996; Epler,
2001; Benetti et al., 2003; Heckman, 2006, 2008;
Lecci & Froehlich, 2007; Mariano & Froehlich,
2007; Michatetal., 2008; Dominguez & Ferndndez,
2009; Mugnai et al., 2010; Ramirez, 2010;
Springer, 2010; Froehlich, 2011; Trivinho-Strixino,
2011; Braun et al., 2014; Hamada et al., 2014).
Specimens that presented loss of morphological
structures were identified up to the lowest possible
taxonomic level. In order to test the hypotheses,
only the insects from the following orders were used:
Odonata, Ephemeroptera, Plecoptera, Trichoptera,
Diptera (non-Chironomidae) and Chironomidae,
Hemiptera, Megaloptera, and Coleoptera.

The whole species pool was then deconstructed
by species functional traits of tolerance and potential
flight ability, according to Merritt & Cummins
(1996), Junqueira & Campos (1998), Poff et al.
(2006), Bilton et al. (2001) and Saito et al. (2015b)
(see Supplementary Material). Taxa were separated
in tolerant and resistant species and good and bad
flyers. When trait categories for a given taxon were
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not found, the same trait attributed to the majority
of closely related members was employed, according
to Poff et al. (2006).

2.3. Environmental variables and scales

We defined three environmental scales to use in
darta analysis. The first one was composed of local
limnological variables (Local Scale), the second
results from land uses near streams (Riparian Scale)
and the third, the watershed as a whole (Watershed
Scale). The local limnological variables used
were: pH, dissolved oxygen (mg/L), temperature
(degrees Celsius), electrical conductivity (mS/cm),
water flow (m/s), redox potential (mV), channel
morphology, fine and coarse organic matter
percentages, stream sediment granulometry, and
percentages of rapids. A multiparameter probe
(Horiba U52) was used to obtain these data, and
the flow rate was calculated according to Wetzel
& Likens (2000), both locally, in five replications,
in order to ensure the minimization of random
effects on the results. In order to characterize the
channel, the percentage of rapids and backwaters
wete visually quantified according to Callisto et al.
(2002). Sediment samples were collected from
the streambed for further determination of grain
size fractions and percentage of organic matter
(Dominguez & Ferndndez, 2009). To exclude
the effect of rainfall on the community, they were
collected during the dry season (May-August 2015).

In the Riparian Scale, the typologies of the
land uses were quantified near the streams in the
100 meter buffer and the values were transformed
into percentages. In the Watershed Scale, the
typologies of the land uses were quantified regarding
the watershed (besides quantification on the
100 meters buffer) and values were transformed
into percentages. In addition, the Watershed Scale
matrix also encompassed stream order and the
altitude of the sampling point. This quantification
of land uses in the watershed was fulfilled with the
support of satellite imagery from the Google Earth
software and validation of the features detected in
the field, and the measured altitudes through Global
Position System - GPS.

2.4. Spatial variables

Spatial variables were obtained by the
geographical coordinates of the sampled sites and
vectors were extracted using Principal Coordinates
of Neighbor Matrices analysis - PCNM (Borcard &
Legendre, 2002; Borcard et al., 2004; Dray et al.,
2006). Negative values were standardized by the

Acta Limnologica Brasiliensia, 2020, vol. 32, €20

square root. PCNM vectors represent the spatial
structure in the data, where each vector describes the
variation in a given spatial scale. All spatial vectors
were included in subsequent analysis.

2.5. Biological, environmental and spatial data analysis

For the environmental characterization
of watershed and their streams, a Principal
Components Analysis - PCA was performed
individually over the environmental variables (log
transformed) grouped by Local, Riparian and
Watershed Scales. Prior to analyzing biological data,
we removed collinear variables with VIF higher than
5 to avoid inflating the importance of variables
when modeling community response (in exception,
we applied VIF cut-off of 2.5 to watershed variables
since they are strongly correlate). This analysis
maintained the variables pH, temperature, redox
potential, Rapids, Normal Flow, Backwater and fine
sand in the Local Scale; the variables houses, short
term agriculture, hydromorphic soil, exposed soil,
dam, pasture, forest and altitude grassland at the
Riparian Scale; and the variables altitude and stream
size at the Watershed Scale. To find the strength
of the community-environment relationship, a
multivariate regression model was applied for
direct gradient analysis (Redundancy Analysis),
with a forward selection of the explanatory
variables (Borcard et al., 1992, 2011). In this
case a single explanatory matrix was considered
using all variables (standardized) selected after
VIF analysis. This model tested which variables
were significant for each taxonomic and functional
group individually. For this analysis, the biological
dataset matrix was transformed by the Hellinger
metric, as suggested by Legendre & Gallagher
(2001) and Borcard etal. (2011). After this step, to
quantify the relation between community-space and
community-environment, we applied a variation
partitioning approach to verify the correlations
between the significant environmental matrices
in multiple scales (selected by forward methods)
and spatial variables as proposed by Borcard et al.
(1992). This process was also repeated using
deconstructed taxonomic groups and species traits
(potential flight ability and tolerance).

Finally, a linear regression model was applied
to the results obtained after variation partitioning
to verify if there was correlation between the
environmental and spatial components, using
the individual results for each taxonomic group
analyzed. The full (pure + shared effect) Adjusted
R? of the environmental and the spatial component
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were used as explanatory and response variables
in this case. A linear relationship was expected
as evidence of a spatially structured environment
driven community variation. The software R was
used for all the statistical analyzes applied and the
dataset tabulation: A Language and Environment
for Statistical Computing (R Core Team, 2017)
- Package vegan: Community Ecology Package
(Oksanen et al., 2017).

3. Results
3.1. Environmental gradients

The environmental PCAs at multiple scales
clearly detect the differences among watersheds
but the differences varied among spatial scales
(Figure 2).

For local variables and riparian variables, we
noticed a clear grouping of the streams EU-IM
and EU-PR drainage basins and relationship their
streams with variables that indicate the presence of
environmental impacts, such as the quantity of clays
and silt, and high redox potential values. On the
riparian scale (buffer 100 meters), these streams had
a high influence of eucalyptus plantations, exposed
soil, short term agriculture and dam. On the other
hand, the streams NA-PR watershed were isolated
from the others and presented more oxygenated
and flowing waters (local scale), indicative of
environments with better environmental quality
(Figure 2a) and altitude grassland, forestand houses
(riparian scale) (Figure 2b).
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The three watersheds differed completely
among themselves for land use (watershed scale)
(Figure 2c). The drainage basin NA-PR was
characterized mainly by altitude grassland, pasture,
and mining while the EU-PR was characterized by
the presence of exposed soil, eucalyptus, landfill,
and higher altitude. The landscape of the EU-IM
watershed was characterized by more diversified
land uses with highlights on the dams, industry
and houses.

3.2. Commuﬂity—mm’m%ment and community-space
relationships

Variation partitioning approach detected a large
variability in group responses to environmental
variables and spatial vectors (Figure 3).

The taxa that better related to spatial vectors were
Diptera (non-Chironomidae) and Chironomidae,
Coleoptera, Ephemeroptera, Plecoptera and
Megaloptera. The pure environmental component
was more important only for Odonata and
Trichoptera. Hemiptera was the taxon with lesser
influenced by the two components. In relation to the
biological traits analyzed, the pure environmental
component was mote important for sensitive groups
and with good flying capacity, while the spatial
component was more important for tolerant clades
and with poor flying ability. Moreover, different
variables from different scales were selected for
different biological and functional groups (Table 1).

Limnological variables (local scale) and land
use in the surroundings of streams (riparian scale)
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Figure 2. Principal Components Analysis of the local scale of each watershed (a), land uses in the surrounding streams
in a buffer of 100 meters radius (riparian scale) (b) and land uses in the watershed as a whole (watershed scale) (c).
PC1 = Principal Component 1; PC2 = Principal Component 2; EU-IM = Eucalyptus impacted watershed (without
conservation practices); EU-PR = eucalyptus preserved watershed (with conservation practices); NA-PR = native and
preserved watershed; CPOM = coarse particulate organic matter; FPOM = fine particulate organic matter; ORP = redox
potential; TDS = total dissolved solids; Cond = Electrical Conductivity; WF = Water flow; DO = Dissolved oxygen;
%DO = dissolved oxygen percent; T = Water temperature; Fsand = thin sand; G.Sand= course sand.
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Figure 3. Proportional importance of the spatial and environmental components in the metacommunities grouped
in taxonomic groups and deconstructed by biological traits. Proportions are relating Adj R? values from redundancy
analysis using environmental and spatial matrices as explanatory factors.

Table 1. Percentages of explanation with significant variables (p <0.001) selected on multiple scales (limnological,
riparian and watershed) of influence on the taxonomic groups for Pogos de Caldas Plateau.

Environmental explicability percentages in different scales

(%) (%)
Selected Selected Selected Selected Explicabilit Explicability
Taxonomic Groups X variables variables vectors p oy (Rda-Partial)
variables L L (Rda-Partial) L
riparian watershed spatial . spatial
local scale environmental
scale scale (PCNMs) component component
P (PCNMs)
ODONATA Redox Dam, altitude n.s.v. PCNM1, 31 1
(Dragonfly) Potential and grassland PCNM4
Rapids and Forest
CHIRONOMIDAE n.s.v. Forest n.s.v. PCNM1, 6 1
(Flies) PCNM2
TRICHOPTERA n.s.v. Altitude n.s.v. PCNM2 16 9
(Caddisfly) grassland
COLEOPTERA Ph, Normal n.s.v. n.s.v. PCNMS6, 11 19
(Beetle) Flow PCNM7
DIPTERA (Flies) Backwater Short term n.s.v. PCNM1, 8 13
agriculture PCNM2
EPHEMEROPTERA Normal Flow Dam n.s.v. PCNM1, 22 36
(Mayfly) PCNMS3,
PCNM4,
PCNMS5,
PCNM8
PLECOPTERA n.s.v. n.s.v. n.s.v. PCNM2 1 7
(Stonefly)
HEMIPTERA n.s.v. n.s.v. n.s.v. n.s.v. 1 1
MEGALOPTERA n.s.v. Pasture n.s.v. PCM7, 13 31
(Alderfly) PCNM9
Tolerants n.s.v. Forest n.s.v. PCNM1, 5 10
PCNM2
Sensibles Ph Dam, n.s.v. PCNMT1, 13 1
Residencial PCNM3
Good flight ability Water Altitude Altitude PCNM2 10 3
Temperature grassland
Bad flight ability n.s.v. Forest n.s.v. PCNM1, 5 12
PCNM2

n.s.v.= no significant variable.
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were those that most closely highlight the data,
cither alone or together. The taxa that responded
to the local limnological variables were Odonata,
Coleoptera, Diptera (general) and Ephemeroptera,
while Chironomidae, Trichoptera, Plecoptera,
Hemiptera, and Megaloptera did not respond
significantly to them. Regarding the biological traits
analyzed, the animals classified as tolerant and with
less potential for the flight were not significantly
related to any measured limnological variable,
whereas those sensitive and with good potential for
the flight were significantly related to the pH and
water temperature. We also noticed that the four
synthesized groups (tolerant, sensitive, good flying,
and bad flying) were related, at least, to a vector of
the spatial component matrix.

In general, there was a greater correlation of all
the taxonomic groups analyzed and also grouped by
functional traits with the variables of the riparian
scale (buffer 100 meters). Natural formations
such as altitude grassland and forests were decisive
for Odonata, Chironomidae, Trichoptera, the
Tolerants, good and bad flying, while anthropogenic
uses such as dam, short term agriculture, and
pastures were determinant for Odonata (also),
Diptera, Ephemeroptera, and the sensitive ones.
Coleoptera, Plecoptera, and Hemiptera did not
show significant responses to variables in the
riparian scale (buffer 100 meters).

The variables on the drainage basin scale by
themselves were not significant to explain the
variability of the data. Apparently, these variables
have been overlapping by the spatial component
(distance among streams) and the variables of
the riparian scale as we consider them as related
information (covering the riparian zone and
coverage in the watershed) and with complementary
effects. It is interesting to note that the only element
significantly selected by the model in the watershed
basin scale was altitude, over the groups with good
flight ability, although some variables were also
important in this scale. However, as they were
collinear at altitude they were removed before the
model adjusted.

There was no significant correlation between
the spatial and environmental components neither
for the taxonomic groups (p=0.194) nor the taxon
deconstructed in biological traits (p=0.100).

4, Discussion

The taxonomic and functional groups
showed different responses to environmental and
spatial variables. This showed that not only the
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environmental filtering mechanisms act on the
analyzed metacommunities, but also the spatial
structuring. As demonstrated by Heino et al.
(2015a) the metacommunity structuring processes
may vary depending on the geographical areas, the
dispersive potential of the analyzed group, and also
the spatial distance. Here we find that there is a lot
of variation in the taxonomic groups regarding the
environmental and spatial effect, but when these
were grouped according to attributes considered
relevant for the assembly of metacommunities
(sensitivity to environmental impacts and flight
potential) the response was according to predictions.
Sensitive groups were filtered by local and regional
abiotic variables and groups formed by good flyers
were weakly related to geographical distance,
indicating that they are able to colonize the
appropriate sites regardless of the spatial extent
of the Pocos de Caldas Plateau which in this case
is approximately 34 km in a straight line among
streams furthest from each other. It is important to
highlight that the watersheds analyzed showed very
different land uses and the interaction among these
landscape components at different scales seemed to
have a direct influence on the limnological (local)
attributes selected in the adjusted model, for both
characterizations, taxonomic and functional.
As shown by Allan (2004), Sensolo et al. (2012),
Alemu et al. (2017) and Dala-Corte et al.(2020),
the components of the landscape matrix can act
alone or jointly on aquatic biota, which apparently
also can be evidenced in our data. We realized that
there was an interaction among the variables at the
different scales analyzed, and these can have been the
necessary local triggers for the dispersive processes
in these metacommunities.

The taxonomic groups that responded most
strongly to the pure environmental component were
Trichoptera and Odonata, probably because of their
natural history that controls their environmental
requirements and because they have a relatively good
dispersion ability considering the studied spatial
extent and the insularity of the Plateau of Pogos of
Caldas. Tricopterans did not correlate specifically
with any measured limnological variable (local
scale) as we have predicted. Many species in this
group are sensitive to environmental variations and
need streams with fast flowing waters due to their
respiration strategies and inability to swim actively
(Poff et al., 2006). They are strongly dependent on
the surroundings matrix for obtaining resources
for the construction of their shelters (Saito et al.,
2015a), mainly in headwater streams with expected
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low productivity. We emphasize that within
Trichoptera Order there are species with a good
flying ability (in lesser quantity) and those with lictle
flying ability (Poff et al., 2006; Padial et al., 2014).
Due to these discordant traits within taxonomic
groups, we recorded more coherent responses by
analyzing the structure of these metacommunities
from their functional grouping, determined by
biological traits than purely by phylogenetic
taxonomic grouping.

Odonata, which are known to be sensitive and
have the good flying ability, also responded more
strongly to the pure environmental component
like limnological environmental variables (redox
potential and presence of rapids) and regional
variables like the presence of dams and the presence
of forested areas and altitude grassland surroundings
streams. Although considered more sensitive to
environmental changes than Chironomidae and
other Diptera, some Odonata can persist in impacted
matrices, since they have the capacity to actively
search for microhabitats with better environmental
conditions (Dolny et al., 2014). However, the
conservation of these sites (streams surroundings)
is a key factor for the local limnological quality,
and when there is a loss of this minimum necessary
limnological quality, it is possible that adults
would cross the dispersive geographical barriers in
search for new reproductive sites. This highlights
the synergistic effects required at different scales
for their decision to establish or disperse in the
landscape matrix, mainly because Odonata has
a good flying ability (Padial & Ceschin, et al.,
2014; Saito et al., 2015b), demonstrating to
have a trade-off adjusted evolutionarily for this
purpose. Perhaps this characteristic is one of the
most important in the maintenance and success
of the most ancient phylogenetically clades, such
as Odonata, throughout the evolutionary process
and changes in the environment. Thus, in our
study region with a small spatial scale, it is possible
that Odonata communities are being structured
mainly by environmental filtering processes (species
sorting) while Trichoptera by environmental
filtering, but also by dispersive processes.

Ephemeroptera was the taxon that showed greater
response to the two components (environmental
and spatial). The strong correlation with space is
consistent with the results obtained by Costa et al.
(2014), who also analyzed metacommunities of
ephemerids in a similar biome to ours, on altitude
streams in the Atlantic Forest. However, our results
are contrary to those recorded by Shimano et al.
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(2013) in which the pure environmental component
was more determinant in the structuring processes
of the ephemerids metacommunities analyzed on a
region with lower altitudes and located in transition
zones between Cerrado and Amazon biomes. This
suggests finer biological adjustments modeled over
the evolutionary history of taxa in a differentiated
and appropriate way to their geographic regions and
their specific characteristics (Heino et al., 2016).
In this sense, we suggest that metacommunity
processes are dependent on analyzed scales and
characteristics of the study regions, such as landscape
connectivity, altitude, geographical barriers, in
addition to other possible physiographic elements.
Especially in our study region, these elements are
very different, such as the period and the process
of geological formation (~ 75m.a) that culminated
in high altitudes, the isolation of streams on the
inner edge of the “volcanic caldera”, the high rainfall
indexes, beyond the seasonal winds. These climatic
elements can act together with other variables and
determine the metacommunity patterns of the
regional biota.

The landscape matrix is a relevant component,
considering that the taxonomic groups have
different dispersive ability (Bilton et al., 2001;
Poff et al., 2006; Saito et al., 2015b) and not all
have equal chances of colonization and persistence
(Sensolo et al., 2012). However, it is possible that
the effects caused by land use variables (drainage
basin scale) have been overlapped by the pure spatial
component and therefore, not directly influenced
our results. This does not mean that they are not
acting on the deconstructed groups, but maybe
only that can just not be captured by the model
used. Thus, it is possible to infer that environmental
gradients such as those determined, for example by
altitude, can also act on larger geographic scales, such
as those of the watershed basin and its geographical
location (Heino et al., 2015b). In this case, we
realized that the altitude was the only element of the
watershed scale that was significantly related to the
good flyers groups, although this functional group
apparently has more decision autonomy between
settling or dispersing. Furthermore, it is possible
that other elements of the watershed scale are also
involved and correlating with biological data, but
due to the presented multicollinearity, they were
excluded from the analyzes (e.g. altitude, landfill
and exposed soil), demonstrating that correlative
studies have limitations to determine the relative
importance of components analyzed, even using
appropriate statistical techniques (e.g. variation
partitioning).
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Although we did not detect a direct and
significant correlation between both components
analyzed (space and environment), the possible
trade-off relationships were more evident
when we analyzed the biological traits. Thus,
metacommunities composed of the bad flyers
and tolerant insects are more structured by spatial
effects, since both associated biological features
overlap the environmental filtration, guaranteeing
the persistence of these groups. On the other hand,
and also as predicted, groups with good flying ability
are less influenced by spatial distances and show
a greater environmental signature. Similar results
were recorded by Bie et al. (2012), Heino (2013),
and Padial et al.(2014) in which biological traits
were key elements in structuring metacommunities.
The ability of adult winged and good dispersants
to explore new areas emphasizes the importance of
spatial and environmental components, ensuring
greater possibilities for persistence (Bilton et al.,
2001).

In this sense and considering a conservationist
perspective, groups considered sensitive become
the most vulnerable to environmental changes in
landscape scales because they have an equally strong
environmental and spatial signature. Thus, we can
perceive the joint action between biogeographic
processes and the natural evolutionary history of the
groups in the determination of metacommunities,
and only taxonomic resolutions may not be
sufficiently accurate tools for the definition of
structuring in aquatic invertebrate metacommunities
and conservation of these groups.

Finally, besides the multiple responses recorded
in this study, we highlight the importance of a
compartmentalized approach to environmental
variables when studying metacommunity patterns,
especially in altitude streams. Understanding how
local and regional components act on biodiversity
is extremely important for conservation programs,
especially considering that often the Brazilian
law aspects do not comply with their function
of preserving continental aquatic ecosystems
(Dala-Corte et al., 2020).
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Table. Deconstructed functional traits of species (tolerance and potential flight ability) according to
Merrit & Cummins (1996), Junqueira & Campos (1998), Poff et al. (2006), Bilton et al. (2001) & Saito
et al. (2015). When definitions of the biological traits for a given taxon were not found, the same trait
attributed to the majority of the other closely related members was employed, according to Poff et al. (2000).

This material is available from: https://www.labdiversidade.bio.br/profissionais/mireile-r-s/projeto-02
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