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A B S T R A C T

The drivers of dissimilarity in biological communities among habitats and the mechanisms that modulate the
distribution of functional diversity in streams are still important gaps in ecological knowledge. This study was
designed to assess how the taxonomic and functional composition of Cerrado stream insect assemblages are
distributed among multiple spatial scales (i.e., habitat, stream sites and hydrological units). To do so we used a
hierarchical series of four diversity components: stream transect ( ), among transects ( 1), among stream sites
( 2), and among hydrological units ( 3). Our aim was to identify the spatial scales at which variation in aquatic
insect assemblage structure was greatest and whether turnover or nestedness mainly explain the patterns of
-diversity. We found that -diversity among streams ( 2) is highest and contributes most to total richness
( -diversity) of aquatic insects in Cerrado streams as opposed to dissimilarities among habitats or among
hydrological units. Moreover, -diversity among transects had the lowest contribution to total insect richness
( -diversity). The turnover component of taxonomic -diversity was high for all spatial scales, but highest at
stream scale. Conversely, for functional -diversity, nestedness was the main component at stream scale.
Understanding how biodiversity changes from local to regional scales is a first step towards understanding the
variation in species and trait composition across space. Our results emphasize the importance of conserving
Cerrado headwater streams because each stream harbors different taxa and human disturbance of any stream
will result in loss of diversity and ecosystem functions.

1. Introduction

A key research topic in ecology is to understand what drives changes
in species and trait composition over different time spans and spatial
scales (Devictor et al., 2010; Heino et al., 2015a; Villéger et al., 2013).
It is widely known that biodiversity variation comes from several kinds
of filters (e.g., historical, stochastic, and environmental)
(HilleRisLambers et al., 2012). Moreover, ecosystems exhibit hetero-
geneity in environmental conditions that influence biological commu-
nities at multiple spatial scales, ranging from microhabitats to local
landscapes and ecoregions (Herlihy et al., 2020; Mykrä et al., 2007).
Patterns of biodiversity and compositional variation among commu-
nities can be generated by different factors and processes operating at
multiple spatial scales (Peláez and Pavanelli, 2019). Environmental
variables that shape communities may differ in their range of variation

among spatial scales (Borcard et al., 2004). Some variables show large
variation at small spatial scales (e.g., substrate types, flow), generating
high community dissimilarity in relatively small areas. On the other
hand, variables that show variation only at large spatial scales (e.g.,
land cover, basin slope) will generate community dissimilarity only
across large study areas (Declerck et al., 2011). Therefore, to under-
stand the patterns structuring biodiversity, we need to unveil environ-
mental drivers across different spatial scales (Barton et al., 2013; Heino
et al., 2007).

Aquatic ecosystems are no exception, in which environmental fac-
tors operate at multiple spatial scales, starting from microhabitats (e.g.,
types of organic and inorganic bottom substrates), to habitat types (e.g.,
riffles and pools), to stream segments, to hydrological units and
catchments, affecting the structure and composition of biological
communities (Heino et al., 2004; Leps et al., 2015; Townsend et al.,
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2003). Understanding the role of different scales in determining stream
invertebrate biodiversity is especially relevant in tropical headwater
streams (Ligeiro et al., 2010; Tonkin et al., 2016). These systems are
among the most diverse on Earth, present high variation in species
composition and are threatened by multiple anthropogenic activities
(Callisto et al., 2019; Strayer and Dudgeon, 2010; Sundar et al., 2020).

For spatially nested datasets, species diversity can be decomposed
into three components: local species richness ( -diversity), total re-
gional richness ( -diversity) and the variation in species composition
among sites or sampling units within a given area ( -diversity)
(Whittaker, 1960). Partitioning of biological diversity along spatial
scales and disturbance gradients has been the focus of several studies on
aquatic ecosystems (e.g., Ferreira et al., 2017; Hepp and Melo, 2013;
Jost et al., 2010; Petsch et al., 2017). Likewise, functional diversity can
be analyzed at multiple spatial scales and can help identify changes in
the structure of aquatic communities along ecological gradients of
human disturbance (Ligeiro et al., 2013), and how species attributes
influence the structuring of these communities (Bello et al., 2009; Heino
and Tolonen, 2017). It is increasingly recognized that functional di-
versity is essential to understand community structure and function
(Perez Rocha et al., 2019; Villéger et al., 2013). However, most studies
addressing diversity partitioning ignore key components of what makes
communities different across spatial scales: relative abundance and
biological characteristics of the species. Based on the relationships
among species, their traits, and evolutionary history, integrating mea-
sures of different facets of biodiversity (e.g., taxonomic and functional)
at different scales provide valuable information on the determinants of
community composition (Cavender-Bares et al., 2009; Perez Rocha
et al., 2018). The approach based only on species composition is an
incomplete view of the community structure (Villéger et al., 2012).
Determining the spatial scale where greater biological variability occurs
can help managers and decision makers focus their efforts and resources
where biodiversity is most vulnerable and requires more attention.

Regional and local drivers of -diversity may interact in complex
ways to determine community structure (Krynak et al., 2019; Perez
Rocha et al., 2018). Theoretical and analytical developments have
shown that -diversity can be decomposed into its turnover (i.e., spe-
cies replacement between different sites) and nestedness (i.e., addition
or loss of species between sites for nested sites) components (Baselga,
2010), allowing insights about the communities. For example, the
turnover component of -diversity might inform us about deterministic
niche-related processes (e.g., filtering of different species by prevailing
environmental features) related to species replacements between dif-
ferent environmental conditions (Nunes et al., 2016). On the other
hand, the nestedness component might be more closely related to sto-
chastic dispersal or extinction processes resulting in gain or loss of
species (Heino and Tolonen, 2017).

The drivers of dissimilarity in species among habitats and the me-
chanisms that modulate the distribution of functional diversity in
streams remain gaps in ecological knowledge. Analyzing the parti-
tioning of taxonomic and functional diversity offers a unique tool to
understand the ecological processes that structure the biological com-
munities in environmental gradients or spatial scales (Villéger et al.,
2013). Thus, the present study aims to contribute to filling these gaps,
broadening our understanding of the processes driving the distribution
patterns of the functional diversity of aquatic insects in the neotropical
savanna. This Brazilian biome is a hotspot of biodiversity (Myers et al.,
2000) and contains important hydrographic basins, but their aquatic
ecosystems are threatened by habitat fragmentation, sedimentation,
flow regulation and water pollution (Callisto et al., 2019; Castro et al.,
2018; Strassburg et al., 2017), impairing human well-being and eco-
system services.

This study was designed to assess how the taxonomic and functional
composition of stream insect assemblages are distributed among mul-
tiple spatial scales (i.e., habitat, stream sites and hydrological units)
using a hierarchical series of four diversity components in Cerrado

streams: stream transect ( ), among transects ( 1), among stream sites
( 2), and among hydrologic units ( 3). Our aim was to identify the
scales at which variation in aquatic insect structure was greatest and
whether species replacement (turnover) or changes in species richness
(nestedness) mainly explain the patterns of -diversity. Our hypothesis
is that -diversity is not evenly distributed among spatial scales because
environmental variables differ greatly at the local scale (e.g., substrate
type, current velocity, width and water depth) greatly influence bio-
logical communities (Hepp et al., 2012; Ligeiro et al., 2010). Therefore,
we expected that taxonomic composition would show greater varia-
bility among transects than among streams or hydrologic units. We also
expected that the taxonomic -diversity would be explained mainly by
the turnover component because of high habitat variability that allows
more species to coexist. We predicted that functional -diversity would
be mainly driven by the nestedness component because of strong en-
vironmental filtering and because species can display similar traits over
different sites despite substantial variation in species composition
among streams.

2. Material and methods

2.1. Study sites and survey design

We conducted our study in streams located in the neotropical sa-
vanna (Cerrado biome) of southeastern Brazil. A total of 148 stream
sites (1st- to 3rd-order streams sensu Strahler (1957), defined at a
1:100,000 scale) were selected and sampled in four hydrological units
(defined as the contributing drainage areas within 35 km upstream of
each of four major hydropower reservoirs). The hydrologic units (Três
Marias, Volta Grande, São Simão, Nova Ponte) comprised a total geo-
graphic area of 45,180 km2 and were geographically isolated from each
other (Fig. 1). Sampling was conducted in September from 2011 to
2014, one year for each of the aforementioned hydrological units, en-
suring that samples were all taken in the low flow season. Site selection
followed a generalized random tessellation stratified design (Olsen and
Peck, 2008) via a hierarchical, spatially weighted criterion (Stevens and
Olsen, 2004). This procedure ensures a balanced selection of sites
across the range of stream orders, geographic location, and along dif-
ferent disturbance levels. Lastly, 19 additional sites representing least
disturbed conditions (LDC) were also sampled. All sampled sites were
treated together. Thus, we analyzed a total of 167 sites at different le-
vels of impact, ranked from least- to most-disturbed, in a well-defined
disturbance gradient (see details in Castro et al., 2018).

Each site was a minimum of 150 m long. Randomly selected sites
were divided into 11 equally spaced transects and LDC sites were
subdivided into six equidistant transects. We employed a standardized
multihabitat sampling as described in Hughes and Peck (2008). This
method consists in taking one aquatic invertebrate sample unit per
transect following a systematic zyg-zag pattern (right-mid-left). For
each of these sample units we used a D-frame kick net (30 cm mouth
aperture, 500 µm mesh size) in 30 × 30 cm per sample unit (0.09 m2).
This method ensures that most of the available habitats, such as sub-
strates and flow profiles, are sampled at each site. Samples were placed
in individual plastic buckets and were fixed in 4% formalin. In the la-
boratory, samples were rinsed on a 500 µm mesh sieve, then sorted.
Ephemeroptera, Plecoptera, and Trichoptera (EPT) specimens were
identified to genus by using taxonomic keys (Dominguez et al., 2006;
Mugnai et al., 2010; Pes et al., 2014). Therefore, we had a set of 1837
samples (1837 transects in 167 streams sites in 4 hydrological units).

2.2. Functional traits

In this study, a trait was defined as a measurable aspect of an or-
ganism that affects its performance and interaction with the environ-
ment (McGill et al., 2006). We used a trait database recently developed
for Cerrado aquatic insects fully described in Castro et al. (2017). This
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database contains seven biological traits and their respective 28 trait
categories describing EPT genus profiles in terms of morphology, life
cycle, resilience or resistance ability to natural disturbance or human
disturbance, and feeding behavior. Seven functional traits were con-
sidered: maximum body length (mm), voltinism, feeding habits, loco-
motion, body flexibility, body form, and relation to substrate. The af-
finity of EPT genera to each trait category was quantified via fuzzy
coding (Chevenet et al., 1994) by assigning a score varying from 0 (no
affinity) to 3 (strongest affinity). Affinity scores were standardized so
that their sum for a given taxon and a given trait equaled 1. We sum-
marized the trait structure of EPT genera in the samples by computing
the proportion of each trait category in the invertebrate assemblages at
each of the four scales. We performed a Fuzzy Correspondence Analysis
(FCA; Chevenet et al., 1994) on the trait table to create synthetic traits
based on the FCA axes. The first four FCA axes were then used to cal-
culate the minimum convex hull volume measured in multidimensional
space that encompasses all taxa at each scale. The number of dimen-
sions (i.e., FCA axes) was chosen based on the quality of the functional
space, i.e., the extent to which it accurately represents the initial
functional distances between species pairs, quantified by the mean
squared-deviation index (Maire et al., 2015). We kept the minimum
number of axes (i.e., four axes) that provides a high-quality functional
space to minimize the number of sites we had to exclude to attain
computation requirements (i.e., higher number of taxa than FCA axes)

(Villéger et al., 2008). Difference in quality between four and more
dimensional spaces was relatively low, allowing us to construct a
faithful representation of the initial functional trait values (Fig. 2).

2.3. Data analyses

2.3.1. Diversity partitioning
We used the multiplicative partitioning of diversity (Whittaker,

1972, 1960) to assess the relationships among components of diversity
(α, β, γ) at multiple spatial scales only for taxonomic composition. In
partitioning analysis, -diversity is defined as the number of taxa per
sample unit, γ-diversity as the total number of taxa found in the entire
study, and -diversity consists of dissimilarities of taxonomic compo-
sition among samples.

In this hierarchical study, one value of -diversity is associated with
each spatial level. Accordingly, the first -diversity is associated with
variation in taxonomic composition among transect sample units and is
defined as 1-among_transects hereafter. This first component can be in-
terpreted as the ratio in mean taxon richness among transect sample
units within a stream. Similarly, 2-among_streams is the ratio in mean
taxon richness among stream sites, and 3-among_hydrological_units the ratio
among hydrological units. We calculated multiplicative -diversity for
each scale because it is a measure of the effective number of distinct
assemblages or samples in a unit, also not being mathematically

Fig. 1. Location of stream sites in four hydrological units in the Cerrado biome (left) and details of in-stream sample design carried out in each stream site (right).

D.M.P. Castro, et al. Ecological Indicators 118 (2020) 106769

3



affected by the number of taxa in each assemblage (Jost, 2007). We
organized our data according to the following hierarchical scheme: 1-

transect as the number of species (genera) per transect, 2-stream as the
total number of species per stream, and 3-hydrological_unit as the total
number of species per hydrological unit. (regional_diversity) was the total
number of species in all hydrological units. Thus, the diversity model
evaluated was: (regional_diversity) = 1-transect × 1-amog_transects × 2-

among_streams × 3-among_hydrological_units. We calculated all values for each
spatial scale separately, and used multiplicative partitioning as a
measure of the magnitude of differentiation, independent of -diversity
(and therefore of taxon loss), thus indicating the amount by which di-
versity (e.g., taxonomic richness) increased across scales. We computed
diversity values using both genus richness (Hill numbers of order 0) and
the exponent of Shannon entropy (Hill numbers of order 1). Whereas
simple genus richness includes all genera irrespective of their fre-
quency, the exponential of Shannon entropy weights genera by their
frequencies, thereby reducing the influence of rare species (Chao et al.,
2014).

Before performing all analyses, we removed transects having no
individuals; therefore, sample sizes differed for different spatial scales.
This could lead to biased results for analyses of β-diversity that may be
sensitive to sample size. Therefore, we resampled the data to obtain
comparable values of -diversity (Baselga, 2010). To calculate 1-

among_transects, we randomly sampled without replacement three trans-
ects within each stream 5000 times. To calculate 2-among_streams, we
randomly sampled without replacement three streams (all transect data
per stream were pooled) within each hydrological unit 5000 times
(Fig. 2). Diversity partitioning analysis was conducted using the vegan R
package (Oksanen et al., 2019).

2.3.2. Decomposition of -diversity
Taxonomic -diversity measures the number of taxa in common and

unique among assemblages where functional -diversity uses convex

hull volume to measure the volume shared and unique among assem-
blages (Baselga, 2012; Baselga et al., 2018; Villéger et al., 2013). We
decomposed taxonomic and functional 1-among_transects, 2-among_streams,
and 3-among_hydrological_units diversities into two components: the dis-
similarity resulting from genera gain/loss (nestedness) and from genera
replacement (turnover) by calculating, respectively, nestedness ( NES)
and Simpson ( SIM) indices (Baselga, 2012, 2010). To do this, we used
the Sørensen coefficient of dissimilarity (i.e., -diversity). Differences
between Sørensen and Simpson values are representative of the nest-
edness component of -diversity: NES = SOR – SIM (Baselga, 2012,
2010). Multi-site -diversity calculations based on the Sørensen coef-
ficient are sensitive to sample size, so we calculated -values using a
resampling procedure. We took 5000 random samples from the total
number of stream sites and from the total number of transects in the
same way that we did for each scale of -diversity partitioning to have
comparable measures of SOR and SIM diversities. Similarly, the func-
tional.beta.multi function in the betapart R package modified by Krynak
et al. (2019) was used to partition functional -diversity into its turn-
over and nestedness components of functional -diversity. Multi-site
functional -diversity requires computing the intersection of convex
hulls, which is a demanding computational task, and the time required
increases with increased number of sites and trait axes. Therefore, we
used a resampling procedure as described for the taxonomic approach,
whereby we took 100 random samples at each spatial scale. -diversity
calculations were performed using the betapart R package (Baselga
et al., 2018) or modified functions (Krynak et al., 2019) (Fig. 2). All
data analyses were completed using R version 3.4.3 (R Core
Development Team, 2015).

3. Results

A total of 57,672 organisms were collected, distributed across 83
EPT genera, being 42 genera of Ephemeroptera, 5 genera of Plecoptera,

Fig. 2. Schematic diagram presenting the methodological design of statistical analyses used in this study.
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and 36 genera of Trichoptera. Ephemeroptera was the most abundant
order with 44,074 individuals (76.4% relative abundance), followed by
Trichoptera with 12,038 (20.9%) and Plecoptera with 1560 individuals
(2.7%).

3.1. Diversity partitioning

EPT genera richness varied among spatial scales. Mean taxonomic
richness by transects ( 1-transect) was 5.33 genera, by streams ( 2-stream)
was 10.9 genera, and by hydrological units ( 3-hydrological_unit) 52.4
genera. The multiplicative partitioning showed that the richness ob-
served at the smallest scale was those who most contributed to the total
γ-diversity, where 1-transect represented 39.1% of total richness. The
observed -diversity component of the first scale, 1-among_transects, ac-
counted for 15.5%, 2-among_streams accounted for 35.2% and 3-amon-

g_hydrological_units represented 10.2% of total diversity (Fig. 3A). We ob-
served similar patterns for Shannon entropy diversity (Fig. 3B).

The full hierarchical taxonomic diversity partitioning showed that
-diversity is higher among streams ( 2-among_streams = 4.8 (30%), fol-
lowed by among transects ( 1-among_transects = 2.1, 28%). The lowest
value of -diversity was observed among hydrologic units
( 3-among_hydrological_units = 1.4, representing 2%) (Fig. 4A). For Shannon
entropy, we observed a slightly different pattern, whereby
1-among_transects was higher, accounting for 27%, followed by
2-among_streams, accounting 25% and 3-among_hydrological_units re-
presenting for only 3.5% of the total Shannon entropy -diversity
(Fig. 4B).

3.2. Decomposition of -diversity

When we partitioned taxonomic and functional -diversity into
their respective turnover and nestedness components, we verified that
for taxonomic -diversity, the turnover contribution was high for all
scales, and highest at stream scale (Table 1, Fig. 5A). This means that
species turnover mainly occurs across streams. We observed a similar
pattern for functional -diversity among transects, where the turnover

component was higher. On the other hand, nestedness was the higher
component of functional -diversity at stream and hydrological unit
scales (Table 1, Fig. 5B). This means that functional nestedness mainly
occurs across streams and hydrological units.

4. Discussion

Streams are highly heterogeneous habitats and this condition is
reflected in the variation of their taxonomic species composition (Hepp
and Melo, 2013). We were able to show that this heterogeneity also
affects both within- and among-streams functional diversity. We found
that -diversity among streams is higher and contributes most to the
total richness (γ-diversity) of aquatic insects in Cerrado streams in
comparison to dissimilarity among habitats and among hydrologic
units. Contrary to our expectation, we observed that -diversity among
transects had the lowest contribution to total insect richness (γ-di-
versity). On the other hand, corroborating our expectations, we found
that the turnover component of taxonomic -diversity was high for all
scales, being higher at stream scale. Conversely, nestedness was the
main component of functional -diversity at stream scale, i.e., func-
tionally poorer assemblages are only subsets of the richer ones.

Taxonomic -diversity was mainly driven by the turnover compo-
nent across all scales, whereas the contribution of the nestedness
component was minor. This pattern is consistent with the results of a
recent meta-analysis showing that the taxonomic turnover component
is around 6 times larger than the nestedness component for different
biological groups and geographical areas (Soininen et al., 2018). On the
other hand, the nestedness component contributed more to functional
-diversity among streams than the turnover component. This is similar
to results observed in other studies (e.g., Perez Rocha et al., 2019;
Villéger et al., 2013). Because of environmental filtering, some traits
are presumably more common than others, resulting in low functionally
diverse assemblages being subsets of high functionally diverse assem-
blages (Heino and Tolonen, 2017).

The high turnover component of -diversity among transects and
streams can be explained by the high habitat variability at the within-

Fig 3. The contribution of 1, 1, 2, and 3 to taxonomic diversity (A) and Shannon entropy diversity (B) to -diversity.

Fig. 4. Proportional contribution of 1, 2, 3, 1, 2, and 3 of taxonomic diversity (A) and Shannon entropy diversity (B) for each scale evaluated.
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and between-stream scales (e.g., depth, water flow, substrates, and
physical habitats). Species differ in their environmental and micro-
habitats requirements and, thus, assemblage compositional differences
are likely related to heterogeneity within streams (Libório and Tanaka,
2016; Soininen et al., 2007). High habitat variability within a stream
allows more species to coexist locally and it is a key structuring factor of
aquatic communities (Boyero, 2003). Previous studies have shown that
stream biodiversity patterns are related to local-scale variables, such as
current velocity, substratum, physical and chemical water parameters
(e.g., Ferreira et al., 2017; Firmiano et al., 2017; Heino et al., 2007;
Perez Rocha et al., 2018). The high turnover components of -diversity
among transects and streams shows the strong linkage between local
habitat features and changes in aquatic insect assemblages over short
spatial distances. At fine spatial scales, dispersal limitation is expected
to have minor effects and increases with increasing geographic dis-
tances among sites and the spatial extents surveyed (Soininen, 2012;
Heino et al., 2015b).

The observed low values of both taxonomic and functional -di-
versity among hydrological units show that aquatic insects are

widespread among basins, a pattern that also has been observed by
other studies (Maasri et al., 2018; Zbinden and Matthews, 2017). Heino
et al. (2015b) showed that species composition in streams changes
mostly because of among-site environmental differences, whereas spa-
tial distances are generally less important in accounting for composi-
tional changes. Our study suggests that sorting resulting from hetero-
geneity of in-stream habitats (environmental filter) is the main reason
of the high taxonomic turnover component of aquatic insects in neo-
tropical savanna streams. In addition, there are other mechanisms, such
as dispersal ability, that can also be a strong factor influencing assem-
blage composition, but has not been evaluated in this study (Cañedo-
Argüelles et al., 2015; Kärnä et al., 2015).

Despite the high turnover of aquatic insects occurring among
streams, the nestedness component of functional -diversity among
streams was higher than the turnover component. Nestedness can be a
result of different dispersal limitations (McAbendroth et al., 2005) and
environmental tolerances among species (Driscoll, 2008). Factors such
as habitat heterogeneity (Hylander et al., 2005) or isolation (Patterson,
1990) also cause nested patterns. One reason for this pattern in Cerrado
streams may be the strong anthropogenic environmental filtering,
where low trait-diversity assemblages are subsets of high trait-diversity
assemblages. Although it was not assessed in our analyses, there is a
gradient of human disturbance across stream sites (Ligeiro et al., 2013),
ranging from low to high disturbed sites, which directly influences
habitat heterogeneity. This heterogeneity in the physical habitats,
substrate, and hydromorphology between streams are key factors con-
trolling taxonomic and functional composition of stream insect assem-
blages (Castro et al., 2017; Ligeiro et al., 2020). Thus, assemblages
having a small set of traits would occur in the low heterogeneity sites
and assemblages with a large variety of traits would occur in the high
heterogeneity sites (Perez Rocha et al., 2019).

The low values of functional -diversity observed among hydrological
units may result from functional convergence (i.e., adaptation of different
species to similar habitat conditions; Villéger et al., 2013), which was ex-
pected. Even though each hydrological unit is geographically separated,
they occur in the same Cerrado biome and suffer similar anthropogenic
threats (e.g., agriculture, livestock) to varying degrees (Macedo et al., 2018;
Silva et al., 2018). Taxonomic -diversity observed among hydrological
units was low when compared to other spatial scales, but accounted for
almost 27% of dissimilarity, mainly due to species replacement (66%).
Thus, distinct species found in different streams share similar traits within
hydrological units, leading to low functional differentiation between them
(Heino and Tolonen, 2017). However, this pattern changes greatly when
functional β-diversity is evaluated within and between streams. This topic
has not been studied extensively from the functional perspective
(Hill et al., 2019) and generalized patterns are not yet possible as for
taxonomic -diversity components (Soininen et al., 2018).

We did not evaluate the effects of disturbance as drivers of dis-
similarity in aquatic assemblages, but we aimed to simply understand at
which scale variation in aquatic insect assemblages is most important.

Table 1
Multi-site taxonomic and functional dissimilarities among spatial scales and their components (i.e., total ( SOR), turnover ( SIM), and nestedness ( NES)). For transects
and streams, the values are means of 5000 resampled calculations. SD = standard deviation.

Among transects ( 1) Among streams ( 2) Among hydrological units ( 3)

Taxonomic SOR SIM NES SOR SIM NES SOR SIM NES

Min 0.000 0.000 0.000 0.333 0.095 0.000
Max 1.000 1.000 0.875 0.939 0.905 0.612
Mean 0.674 0.508 0.166 0.732 0.612 0.120 0.271 0.179 0.092
SD 0.181 0.250 0.132 0.089 0.113 0.057
Functional SOR SIM NES SOR SIM NES SOR SIM NES

Min 0.113 0.000 0.000 0.149 0.002 0.028
Max 1.000 1.000 0.996 0.983 0.832 0.941
Mean 0.845 0.498 0.348 0.640 0.230 0.410 0.024 0.011 0.014
SD 0.159 0.306 0.254 0.187 0.168 0.198

Fig. 5. Contribution of turnover and nestedness to taxonomic (A) and func-
tional (B) -diversity for each spatial scale.
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Nonetheless, understanding how biodiversity changes from local to
regional scales is a first step to disentangle the mechanisms governing
the variation or dissimilarity in species and trait composition across
space (Socolar et al., 2016). As suggested by Jost et al. (2010), to ef-
fectively conserve regional biodiversity, it is essential to know how
diversity is distributed geographically within a region, how homo-
geneous and how much each assemblage contributes to regional di-
versity. We found that the spatial scales that most contribute to taxo-
nomic and functional -diversity of aquatic insects in the Cerrado
biome differ. This highlights the value of diversity decomposition as a
tool to support the adoption of different management and conservation
strategies, which are particularly relevant for ecological indicators and
biomonitoring programs. For example, we show that most of the re-
gional diversity of aquatic insects in Cerrado results from high dissim-
ilarity among streams, even over relatively short geographic distances.
This indicates that sampling at a few stream sites is not enough for an
efficient assessment of diversity in a region. Moreover, even though
species change greatly among streams, which contributes to regional
diversity, low functionally diverse assemblages are subsets of high
functionally diverse assemblages. Our results emphasize the importance
of considering spatial planning in conserving Cerrado headwater
streams, which are key to water supply for multiple human uses by
millions of people. Also, these systems are home to several species,
including endemics, and marked stream alterations will result in a loss
of diversity and ecosystem functions.
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