Environ Monit Assess
DOI 10.1007/s10661-014-3797-3

Visually determined stream mesohabitats influence benthic
macroinvertebrate assessments in headwater streams
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Abstract Mesohabitat components such as substrate
and surface flow types are intimately related to benthic
macroinvertebrate assemblages in streams. Visual as-
sessments of the distribution of these components pro-
vide a means of evaluating physical habitat heterogeneity
and aid biodiversity surveys and monitoring. We deter-
mined the degree to which stream site and visually
assessed mesohabitat variables explain variability (i.e.,
beta-diversity) in the relative abundance and presence-
absence of all macroinvertebrate families and of
Ephemeroptera, Plecoptera, and Trichoptera (EPT) gen-
era. We systematically sampled a wide variety of
mesohabitat arrangements as they occured in stream
sites. We also estimated how much of the explanation
given by mesohabitat was associated with substrate or
surface flow types. We performed variation partitioning
to determine fractions of explained variance through use
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of partial redundancy analysis (pRDA). Mesohabitats
and stream sites explained together from 23 to 32 % of
the variation in the four analyses. Stream site explained
8-11 % of that variation, and mesohabitat variables
explained 13-20 %. Surface flow types accounted for
>60 % of the variation provided by the mesohabitat
component. These patterns are in accordance with those
obtained in previous studies that showed the predomi-
nance of environmental variables over spatial location in
explaining macroinvertebrate distribution. We conclude
that visually assessed mesohabitat components are im-
portant predictors of assemblage composition,
explaining significant amounts of beta-diversity.
Therefore, they are critical to consider in ecological and
biodiversity assessments involving macroinvertebrates.

Keywords Substrate types - Surface flow types - Beta-
diversity - Variation partitioning

Introduction

Stream systems are arranged in a hierarchical spatial
structure in which fluvial patterns and processes can be
evaluated (Frissel et al. 1986; Allan 2004). We can
assess physical habitat and the associated biological
assemblages at multiple spatial scales, ranging from
microhabitat (centimeters) to catchment (kilometers)
(Wiens 2002; Carbonneau et al. 2012). In this hierarchi-
cal arrangement, studies at the mesohabitat scale are of
fundamental importance for understanding the distribu-
tion of aquatic organisms (Beisel et al. 2000). Such
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studies range between microhabitats (organic and inor-
ganic substrates) and habitat types (riffles and pools)
(Armitage et al. 1995; Armitage and Pardo 1995; Kemp
et al. 2000). Mesohabitats are defined subjectively as
apparently uniform and visually distinct habitat units
(Armitage et al. 1995; Armitage and Pardo 1995) pro-
moted by interaction between hydrological and geomor-
phological forces (Tickner et al. 2000; Jéhnig et al.
2009). Visual assessments of the distribution of
mesohabitats provide a means of evaluating the physical
habitat heterogeneity of stream reaches and are impor-
tant components in biodiversity and bioassessments
(Boyero 2003; Kubikova et al. 2012).

Previous authors have demonstrated the usefulness of
mesohabitats as ecological study units in streams (Pardo
and Armitage 1997; Beisel et al. 2000; Tickner et al.
2000). Armitage and Cannan (1998) identified a number
of mesohabitat types characterized by particular macro-
invertebrate assemblages. Organic (roots, macrophytes,
marginal plants) and inorganic (silt, sand, gravel, cob-
bles) substrates are considered key mesohabitat compo-
nents. In addition to substrates, surface flows (riffles,
glides, pools) are important mesohabitat elements in
characterizing benthic macroinvertebrate assemblages
(Buss et al. 2004; Reid and Thoms 2008). Rigorous
biomonitoring protocols account for these characteris-
tics when assessing stream conditions using macroin-
vertebrates (Barbour et al. 1999; Hering et al. 2004;
Hughes and Peck 2008).

Biological variations among sites are often described
in terms of their beta-diversity, as initially proposed by
Whittaker (1960). Beta-diversity contrasts with the anal-
ysis of alpha-diversity, which is the amount of diversity
(e.g., taxonomic richness) at a site (Jurasinski et al. 2009;
Anderson et al. 2011). Despite the preponderance of
studies describing patterns of local aquatic diversity
(Clarke et al. 2010), beta-diversity is an important com-
ponent characterizing diversity distribution across
riverscapes (Wiens 2002; Stendera and Johnson 2005;
Ligeiro et al. 2010). Because of differences in physical
habitat characteristics, water quality, colonization histo-
1y, and frequency and magnitude of disturbances, differ-
ent stream sites may have different biological assem-
blages (Melo and Froelich 2001; Hughes et al. 2010;
Ligeiro et al. 2010; Kovalenko et al. 2012). Actually,
stream macroinvertebrate assemblages are driven by fac-
tors acting at multiple spatial scales (Bonada et al. 2008;
Heino 2011). The metacommunity concept explicitly
recognizes the importance of the regional context for
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explaining local assemblages and the variation among
them (Leibold et al. 2004; Thompson and Townsend
2006; Brown et al. 2011). Therefore, in addition to
mesohabitat differences, differences in site location help
us to understand assemblage variation (Legendre et al.
2005; Landeiro et al. 2012). Some multivariate analyses
decompose the relative influence of environmental (e.g.,
mesohabitat characteristics) and spatial factors (e.g., site
location) (Legendre et al. 2005; Costa and Melo 2008),
which help us define what is important in structuring
assemblages. Such analyses, when based on partial ca-
nonical correspondence analysis (CCA) or partial redun-
dancy analyses (pRDAs), are referred as the “raw data
approach” (Legendre et al. 2005) and are concerned with
the explanation of variation in assemblage composition
among sites (“explaining beta-diversity,” as defined by
Tuomisto and Ruokolainen (2006)).

To improve and implement monitoring programs
focused on rehabilitating and protecting water bodies,
it is necessary to understand which factors influence
benthic macroinvertebrate assemblages at different spa-
tial scales (Roque et al. 2010; Siqueira et al. 2012).
Understanding the associations between benthic macro-
invertebrate assemblages and the different mesohabitat
units that comprise stream sites is essential for
predicting and evaluating the effects of human pressures
on aquatic ecosystems (Principe et al. 2007; Moya et al.
2011). The visual assessment of mesohabitat compo-
nents is a common practice in ecological assessments
and biomonitoring programs. These qualitative methods
are described in many field protocols (e.g., Hering et al.
2004; Peck et al. 2006), and they are important for
assessing habitat characteristics in a reasonable amount
of time (Hughes and Peck 2008). Although several
studies have demonstrated that different substrate or
surface flow types result in different assemblage com-
positions (Wang et al. 2006; Duan et al. 2008; Reid and
Thoms 2008), most studies do not analyze both compo-
nents together or do not consider a wide range of sub-
strate and surface flow types, thereby poorly
representing natural patterns. Therefore, the objective
of this study was to evaluate how visually assessed
mesohabitat components explain variation in the com-
position (i.e., beta-diversity) of macroinvertebrate as-
semblages using a dataset covering a wide range of
mesohabitat typologies (i.e., substrate and surface flow
types). We hypothesized that mesohabitat variation
strongly influences macroinvertebrate composition, in-
dependent of the stream site location.
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Methods
Study area

We studied stream sites in the upper Sdo Francisco Basin,
southeastern Brazil (Minas Gerais state) (44° 30’ 0" W—
46° 00", 17° 0" 0" S-19° 30’ 0" S). The study area is in
the Cerrado biome, the second most extensive biome of
the Neotropics, covering originally almost 20 % of Brazil
(Wantzen 2003). The constant anthropogenic threat to
this biome, together with its high biodiversity and num-
ber of endemic species, makes the Cerrado a global
biodiversity “hotspot” (Myers et al. 2000). The Cerrado
climate is defined by a rainy season (October to March)
and a dry season (April to September) with annual pre-
cipitation of 1,200 to 1,800 mm and mean daily temper-
ature ranging from 22 to 27 °C.

Field sampling and laboratory procedures

We sampled sites in September 2010, during the end of
the dry season, when discharge is constant, habitats are
more exposed, and macroinvertebrate abundances are
usually high (Bispo et al. 2001). We randomly selected
12 wadeable stream sites belonging to different
microbasins in the upper S@o Francisco Basin. The
catchments of these stream sites were good to slightly
altered by agriculture and pasture, and there was no
evidence of major anthropogenic alterations in the
stream beds, banks, or riparian zones.

At each stream site, we established a longitudinal
reach equal to 40 times the mean wetted width (or a
minimum length of 150 m) and collected 11 equidistant
benthic macroinvertebrate samples via a systematic zig-
zag pattern along the site (Peck et al. 2006; Hughes and
Peck 2008). The samples were kept separate for subse-
quent identifications and analyses. We used a D-frame
kick net (30-cm mouth width, 0.09-m> sampled area,
500-um mesh) to collect the samples, taking care to
clean the net between samples, in this way avoiding
collection contamination.

We fixed the samples with 10 % formalin and took
them to the laboratory, where the macroinvertebrates
were sorted by eye and identified. The identification
was primarily done to family level using identification
keys (Pérez 1988; Merritt and Cummins 1996;
Fernandez and Dominguez 2001; Costa et al. 2006;
Mugnai et al. 2010). Hydracarina, Oligochaeta,
Bivalvia, Nematoda, and Hirudinea were not identified

to family. Those groups represented together <5 % of
the total number of individuals and were considered in
the analyses together with the families. Therefore, we
will call hereafter the whole set of taxa found as fami-
lies. Organisms of the insect orders Ephemeroptera,
Plecoptera, and Trichoptera (EPT) were identified to
genus with the help of the same identification keys.
This allowed us to interpret results at two taxonomic
levels: total families and EPT genera.

At each of the 11 benthic sampling stations, we
measured current velocity and visually classified the
mesohabitats according to substrate and surface flow
types following Peck et al. (2006). The predominant
substrate was classified as fine (silt and clay), sand,
gravel, cobble, boulder, or leaf pack. The surface flow
type was classified as pool, slow glide, fast glide, riffle,
or rapid (Tables 1 and 2).

Data analysis

The variation-partitioning method proposed by Borcard
et al. (1992) decomposes the variation of taxonomic
composition data into independent components: pure
spatial, pure environmental, shared by spatial and
environmental, and undetermined. According to
Borcard et al. (1992), the environmental component
can be represented by any habitat variable able to deter-
mine changes in the biological assemblage (Borcard
et al. 1992; Legendre et al. 2005). The spatial compo-
nent, based on geographic coordinates or site location,
estimates the contribution of spatial variation in struc-
turing assemblages, filtering out the effects of spatial
correlation on the environmental variables (Peres-Neto
and Legendre 2010).

In our study, the environmental component was rep-
resented by the categorical mesohabitat variables (the

Table 1 Description of substrates sampled (adapted from Peck
et al. 20006)

Substrates Size range Description

Fines <0.06 Silt and clay

Sand >0.06 to 2 mm Smaller than ladybug size but
visible as particles

Gravel >2 to 64 mm Ladybug to tennis ball size

Cobble >64 to 250 mm Tennis ball to basketball size

Boulder >250 mm Basketball to car size

Leaf pack
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Table 2 Description of surface

flow types sampled (adapted from ~ Surface low types Description Current velocity m s~ (+SD)
Peck et al. 2006). Mean current

velocity (m s ') and standard de- Pool Surface form appears stationary, 0

viation (£SD) of each surface smooth surface, usually deep

flow type obtained through field Glide Very little surface turbulence, Slow 0.02 (+0.04)

measurements (slow and fast)

water moving slowly,
unbroken surface
Riffle Water moving, with small ripples,
waves and eddies, waves
not breaking
Rapid Water movement rapid and turbulent,
surface with intermittent white
water and breaking waves

Fast 0.21 (£0.16)
0.43 (+0.26)

0.69 (£0.38)

various substrate and surface flow types determined
visually). We treated the mesohabitat components (sub-
strates and surface flows) as independent variables be-
cause we did not observe a dependent relation between
them in the field (i.e., a variety of substrate types were
found in different flow types). Because nearby streams
in Cerrado microbasins can harbor very dissimilar mac-
roinvertebrate assemblages (Ligeiro et al. 2010), we
were more interested in the among-site variation than
in the variation in geographic distances among sites.
Therefore, the spatial component was represented by
the site identities and treated as a categorical variable
in the analyses (site 1 to site 12) (following Costa and
Melo 2008). The macroinvertebrate abundance data
were Hellinger transformed (Legendre and Gallagher
2001) and treated as relative abundances. This transfor-
mation provides unbiased and accurate estimates of the
explained fraction of variance through use of pRDA
(Peres-Neto et al. 2006).

A first variation partitioning yielded four fractions of
explained total variation: (i) variation due only to envi-
ronmental factors, (ii) variation due only to spatial fac-
tors, (iii) variation shared between environmental and
spatial factors, and (iv) the variation that remained unex-
plained. The fractions were expressed as the percentage
of explanation of the total variation. A second variation
partitioning was conducted with only the environmental
factors and produced three fractions: (i) variation ex-
plained purely by substrate variables, (ii) variation ex-
plained purely by surface flow type variables, and (iii)
the variation shared between them. These fractions were
expressed as the percentage of explanation given by the
environmental variation fraction in the first partition.

We assessed benthic macroinvertebrate assemblage
composition in two ways: relative abundance and
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presence-absence. Presence-absence data concerns only
the incidence of taxa in the sites, being particularly
valuable in biodiversity assessments and conservation
studies. On the other hand, relative abundance data
details aspects of dominance among taxa. The two dif-
ferent measures of composition are important for under-
standing biological patterns (Anderson et al. 2011).
Taxonomic resolution was evaluated as total assemblage
families and EPT genera. These different assessments
resulted in four separate analyses for both total variation
and environmental variation alone. In both partitions,
the explained fractions were interpreted via adjusted R,
Given the influence of the number of variables and
sample sizes in the analyses, the adjusted R* provides
an unbiased estimation of the explained fractions (Peres-
Neto et al. 2006). We performed significance tests of the
fractions (spatial and environmental fractions in the first
set of partitions, surface flow and substrate types in the
second set of partitions) with 1,000 permutations at a
significance level of 0.05, to test if each fraction con-
tributed significantly to explaining assemblage distribu-
tion. The analyses were all performed in R (R
Development Core Team 2013), through the vegan
(Oksanen et al. 2013) and dummies (Brown 2011)
packages.

Results

In the 12 sites, we collected a total of 27,333
organisms distributed in 65 families; 8,493 indi-
viduals were EPT, represented by 58 genera. The
most abundant families were Chironomidae (32 %
of the total families), Simuliidae (20 %), and Bactidae
(10 %). Of the total EPT identified, 23 % were
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Traveryphes (Ephemeroptera), 12 % were Americabaetis
(Ephemeroptera), and 9 % were Chimarra (Trichoptera).

Total variation explained

The total explained variation (sum of environmental and
spatial fractions) was 32 % for family relative abun-
dances and 23 % for family presence-absence data.
Similar values were found when considering only EPT
genera: 30 and 24 %, respectively, for relative abun-
dance and presence-absence data (Fig. 1). All fractions
of explained variation (spatial and environmental in the
first partitioning, surface flow and substrate types in the
second partitioning) were significant (p<0.001).

The environmental component explained 20 % of the
total variation of the relative abundances of families and
13 % of their presence-absence. Regarding EPT genera,
environmental data explained 17 % of relative abun-
dances and 14 % of presence-absence variation
(Fig. 1). The fraction explained purely by the spatial
component was lower than that explained by the envi-
ronmental component: 11 and 8 % for relative abun-
dances and presence-absence data, respectively, when
considering both families and EPT genera analyses.

Spatial and environmental components shared low
percentages of explained variation. In all cases (families
and EPT genera relative abundances and presence-
absence data), approximately 2 % of the shared variation
was explained (Fig. 1). The unexplained percentage was
68 and 77 % for the relative abundance and presence-
absence of families, respectively, and 70 and 76 % for

Fig. 1 Fractions of variation

explaining variability of a 100 -
abundance and b presence-
absence of families and EPT
genera, expressed in percentages
(%). [S] indicates the fraction of
variation explained by the spatial
factor, stream site identities; /E] is
the fraction of variation explained
purely by the environmental
factor, mesohabitat components;
[S+E] is the fraction shared
between environmental and 20 -
spatial factors; and /R] is the

residual fraction that is not

explained by any factor evaluated 0-

80 -

(o2}
o
1

Variation (%)
D
o

Families

the relative abundance and presence-absence of EPT
genera, respectively.

Decomposition of the environmental variation

The second partition was performed to evaluate the
separate effects of substrate and surface flow types on
the total explanation given by the environmental frac-
tion (Fig. 2). Surface flow types explained most of the
environmental variation in family composition: 61 % for
relative abundances and 48 % for presence-absence
versus 22 and 31 % given by substrate types, respec-
tively. Likewise, for EPT genera, surface flow types
explained 68 % of the relative abundance variation and
61 % of the presence-absence variation versus 14 and
21 % for the substrate types, respectively (Fig. 2).
Percentages of shared explanation between surface flow
and substrate types for the relative abundances and the
presence-absence were 21 and 17 % for families, re-
spectively, compared tol8 % for both relative abun-
dance and presence-absence of EPT genera.

Discussion
Total variation explained

Our analyses allowed us to evaluate the percentage of
variation explained by environmental variables
(mesohabitat) and the spatial component (stream site
identities) and to distinguish the amount of environmen-
tal variation explained purely by substrate, purely by

(a) Abundance (b) Presence-absence

EPT genera Families
E[S] m[S+E] “[E] [R]

EPT genera
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Fig. 2 Fractions of the pure

environmental factor explaining 100
the variation of a abundance and —_
b presence-absence of families =
and EPT genera, expressed in g 80+
percentages (%) of the total s
mesohabitat variation § 60 -
©
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g 40
£
c
[=}
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> 20+
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surface flow type, and that shared between the two. We
observed that environmental and spatial factors together
explained 23 to 32 % of the variation in the four anal-
yses. The percentage of variance explained when ana-
lyzing relative abundance was usually greater than that
of presence-absence data. In comparison with presence-
absence data, abundance data provide more complete
information regarding taxonomic composition, assem-
blage size, and relative abundances of taxa (Beisner
et al. 20006). Similar results were observed in studies of
fish assemblages (Saly et al. 2011), bird assemblages
(Cushman and McGarigal 2004), and fish, zooplankton,
phytoplankton, and bacteria assemblages (Beisner et al.
20006).

We consider the total explanation given by the
models substantial, given that we only analyzed sub-
strate and surface flow variables. Actually, several po-
tential explanatory environmental variables were inten-
tionally not included in our analyses so that we could
focus on the explanation provided by the mesohabitat
variables that are easily assessed visually. Others have
shown the importance of additional environmental var-
iables on structuring macroinvertebrate assemblages
such as stream size and microhabitat features (Ligeiro
et al. 2013), depth, channel width (Mykra et al. 2007;
Jiang et al. 2010; Moya et al. 2011), riparian vegetation
structure (Rios and Bailey 2006), coarse particulate
organic matter (Hepp et al. 2012), and periphyton
(Schneck et al. 2011). Still, even when considering a
great number and variety of explanatory variables, the
amounts of explanation might not be high due to un-
measured controlling variables, complex spatial
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(b) Presence-absence

(a) Abundance

EPT genera
B[Flow] O[Substrate]

Families EPT genera
B [Subs.+Flow]

interactions, and stochastic and nondeterministic fluctu-
ations in the assemblages (Borcard et al. 1992; Heino
2005). Many studies using the variation-partitioning
approach have found amounts of explanation less than
30 % (Johnson and Goedkoop 2002; Beisner et al. 2006;
Mykré et al. 2007; Landeiro et al. 2012; Gronroos et al.
2013).

The visual assessment of mesohabitat explained
more of the variation than stream site identities, corrob-
orating our initial hypothesis. The different macroinver-
tebrate taxa usually occur in particular mesohabitats
partly because food availability, habitat heterogeneity,
and refuge are driven by the interaction of substrate and
surface flow (Principe et al. 2007). The importance of
these environmental factors for explaining variation in
macroinvertebrate assemblages has been reported in
other studies in streams (Johnson et al. 2004; Ligeiro
etal. 2010; Moyaetal. 2011; Hepp et al. 2012; Landeiro
et al. 2012; Ligeiro et al. 2013), rivers (Angradi et al.
2006; Jiang et al. 2010), and lakes (Johnson and
Goedkoop 2002; Johnson et al. 2004).

The relative importance of mesohabitat and spatial
factors for explaining macroinvertebrate variation can
be translated in terms of beta-diversity. We found that
mesohabitat factors were of greater importance in gener-
ating beta-diversity in macroinvertebrate assemblages
than stream site identities. This means that assemblages
occupying the same habitat types in different sites are
likely to be more similar to each other than to
assemblages occupying different habitat types in the
same site. Costa and Melo (2008) obtained similar results
when analyzing beta-diversity of macroinvertebrates in
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Neotropical streams. Although they reported greater total
explanation (sum of environmental + spatial fractions),
the proportional amounts of variation explained by envi-
ronmental and spatial components were similar between
their study and ours. The differences in the total amounts
of explanation likely result from different study designs.
They used a sample-balanced study on four microhabitats
in three Neotropical stream sites. We used a greater
combination of factors (substrate and surface flow types)
sampled in a systematic manner at 12 randomly selected
sites. Our methodology aims to better represent natural
patterns but also generates more noise in the analysis.

Although providing less explanation, the spatial
component (among-site variation) significantly in-
creased the explanation of macroinvertebrate assem-
blage composition. Saly et al. (2011) also observed that
addition of a spatial factor increased the explanation of
fish assemblage composition. The percentage of shared
fractions between environmental and spatial factors was
low (~2 % in the four analyses). This can be attributed to
the low structuring effect of the site with respect to
environmental descriptors in our study (Borcard et al.
1992), i.e., the different types of substrate and surface
flow were not associated with particular sites. It also
indicates that environmental and spatial factors may act
separately in structuring benthic assemblages (Hepp
etal. 2012).

Environmental variation explained

In the second partition, surface flow type explained
>60 % of the variation in the environmental component
in most cases. The response of EPT assemblages was
slightly more sensitive than families to surface flow type
(61 and 68 % for relative abundances and presence-
absence data, respectively). Surface flow types are of
fundamental importance to biota, modifying physical
habitat, setting levels of hydraulic stress, and influenc-
ing concentrations of dissolved gases and nutrients
(Reid and Thoms 2008). Pastuchova et al. (2008), study-
ing only EPT assemblages, concluded that surface flow
types were the most important variable affecting the
distribution of EPT genera. Duan et al. (2008) also
found that surface flow types discriminated
macroinvertebrate assemblages. According to Newson
and Newson (2000), surface flow types represent the
hydraulic conditions of the riverbed, making them im-
portant components for ecological studies. Actually,
many macroinvertebrate assessments target sampling

to a particular surface flow type (e.g., riffle) to reduce
the effects of interhabitat variation so that they can better
assess water quality degradation (Wang et al. 2006;
Gerth and Herlihy 2006).

The proportion explained by substrate types was
smaller but still important in explaining variation in
macroinvertebrate assemblages. Many other variation-
partitioning studies have indicated the importance of
substrates as a predictor of benthic macroinvertebrate
composition in different ecosystems (Rempel et al.
2000; Johnson and Goedkoop 2002; Johnson et al.
2004; Mykri et al. 2007; Jiang et al. 2010). Substrate
types regulate habitat complexity, food availability, and
refuge against predators and flow disturbance (Vinson
and Hawkins 1998; Verdonschot 2001; Allan and
Castillo 2007). The different substrate types also affect
periphyton colonization and the amount of organic mat-
ter that accumulates in the streambed (Graga et al. 2004;
Hepp et al. 2012). Minshall (1984) considered substrate
as the primary factor driving the abundance and
distribution of aquatic insects. However, he
emphasized the need to investigate the interaction of
substrate with other abiotic factors, such as hydraulic
components. Principe et al. (2007) also concluded that,
more than each factor separately, the mutual consider-
ation of mesoscale geomorphological and hydrological
conditions explains benthic macroinvertebrate assem-
blage structure.

Conclusions

The variation of mesohabitat factors within a given site
was more important in generating beta-diversity in as-
semblages than the variation among sites. The relative
importance of visually assessed substrate and surface
flow variables explaining macroinvertebrate composi-
tion has been rarely evaluated in previous studies.
Although surface flow explained a greater proportion
of this variation, substrate also contributed significantly.
Consequently, mesohabitat heterogeneity is of key im-
portance for sustaining biological diversity and
hydrogeomorphological integrity in headwater streams.
We demonstrated through our analyses that beta-
diversity can be maximized when sampling designs
incorporate the widest possible combination of
mesohabitat types (versus focusing on a single
mesohabitat type), in this way enhancing macroinverte-
brate assessments.
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