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Abstract.

Areas with minimal anthropogenic influences are frequently used as reference sites and represent the best

ecological state available in a region. Streams in such conditions are necessary for evaluating the conservation status of
aquatic ecosystems of a region and to monitor them, taking natural environmental variability into consideration.
Therefore, the aim of the present study was to analyse whether hydrological units are reliable regional units for
aggregating reference sites. To this end, reference sites were studied in three different landscape units of the same
hydrological unit. The study tested the hypothesis that water quality, physical habitat structure and the composition and
structure of macroinvertebrate assemblages will be more similar for sites in the same landscape unit than for sites located in
different landscape units in the same hydrological unit. The study showed that taxonomic richness and composition of the
macroinvertebrate assemblages were negatively affected by site slope and positively affected by the presence of leaf packs
on the streambed. The three landscape units supported significantly different macroinvertebrate assemblages and indicator
taxa. Therefore, a hydrological unit does not constitute a homogeneous entity in terms of environmental variables and
biological composition if it incorporates high landscape heterogeneity. These results should improve and facilitate the
selection of reference sites for biomonitoring programs and for managing tropical headwater streams.
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Introduction

Water is an essential resource for life, and rivers and streams are
the major sources of water for many human uses globally.
However, aquatic ecosystems are threatened by anthropogenic
activities such as urbanisation, industrialisation and changes in
land use and coverage, as well as dam construction (von Sperling
2012). A gradient of anthropogenic disturbances produces
streams close to the natural state, some under intermediate con-
ditions and others severely affected by human activities (Hughes
et al. 1986; Davies and Jackson 2006; Ligeiro et al. 2013). Areas
with minimal or low anthropogenic influences are known as
reference sites and represent the best ecological state possible in a
region (Hughes et al. 1986; Feio et al. 2007). Depending on the
intensity and extent of human influences in the region being
evaluated, it may be necessary to identify the least-disturbed sites
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available as opposed to minimally disturbed sites (Stoddard et al.
2006; Whittier et al. 2007; Herlihy ez al. 2008). Therefore, among
the different classifications of reference conditions, the most
commonly used is the least-disturbed condition (LDC), which
considers the least-altered biological, chemical and physical
conditions taking into account the current state of the landscape
(Hughes et al. 1986; Stoddard ef al. 2006). Typically, minimally
disturbed and least-disturbed reference sites occur in small
headwater streams, which represent between 60 and 80% of total
stream length in any hydrological unit or river basin (Benda et al.
2005).

Reference sites are required to evaluate the conservation
status of aquatic ecosystems in a region and to monitor them,
considering the natural environmental variability present in
each region (US Environmental Protection Agency 2016). In

www.publish.csiro.au/journals/mfr



Regionalisation of reference savanna streams

-
s __| Geodynamic
2 factors
€ \.
g !
S
° T Anthropogenic |
§ © pressures
(2} b 3
£ s ~\
©
& o - Habitat metrics
«
3
2 |
) e N
Aquatic biota -«
Fig. 1.

Marine and Freshwater Research 83

~
o | Geodynamic
§ factors
ot .
c
(4]
£ g
o) <
» ©
kS| e et o T
53 ™
(2] . .
o —> Habitat metrics
©
3
e +
=
Aquatic biota
b

In the absence of anthropic pressures, the geodynamic factors directly influence the metrics of

local habitat, which is reflected in the structure and composition of the aquatic biota (adapted from

Macedo et al. 2014).

several areas around the world, there are examples of large-scale
biomonitoring programs that rely on the use of regional refer-
ence sites (Buss et al. 2015), including the Canadian Aquatic
Biomonitoring Network (CABIN; Bailey ef al. 2004) and the
Australian biomonitoring program (AUSRIVAS; Davies et al.
2010). In Europe, the search for reliable reference sites is
intensive and challenging (Nijboer ef al. 2004; Sanchez-Montoya
et al. 2009; Pardo et al. 2012). In the US, government agencies
have developed multimetric indices and predictive models at
regional and national scales by using regional reference condi-
tions (US Environmental Protection Agency 2016).

In several nations, biomonitoring studies are conducted
taking into consideration the importance of the regional distinc-
tions when comparing sites (Buss ef al. 2015). For example,
Montgomery et al. (1995), Omernik (1995), Bailey (1980, 1995)
and the US Environmental Protection Agency (2016) have
argued that bioassessments must be calibrated by physiographic
regions or ecoregions. An ecological region (or ecoregion) is a
relatively homogeneous area that differs from other areas in its
large-scale characteristics, including climate, geology, physiog-
raphy, soil and vegetation types (Hughes et al. 1986). Ecor-
egions were developed to identify areas with similar
geographical features that cause and reflect regional differences
in ecosystem quality (Bailey 1995; Omernik 1995; Omernik and
Griffith 2014). Because of their multivariate and multiscale
nature, the delimitations of ecoregions are independent of the
limits of hydrological units and river basins (Omernik and
Bailey 1997; Omernik et al. 2017). However, in Brazil, hydro-
logical units and river basins are used as templates for water
resources management and ecological studies, in accordance
with the Brazilian federal law number 9,433/1997, which
establishes the National Water Resources Policy. The geody-
namic factors that are used to define ecoregions, including
climate, geology, physiography and soils (Omernik and Griffith
2014; Feio et al. 2015), drive land use and cover (Whittier et al.
2007; Macedo et al. 2014), and both affect habitat metrics
(fluvial physical habitats and water chemistry; Allan 2004).
Considering that all scales affect the composition and structure
oflocal biological communities (Poff 1997; Elias et al. 2016), it
is necessary to remove land use to evaluate natural influences on

biota (Fig. 1). Therefore, the environmental and biological
variability of reference sites in a region must be well charac-
terised (Stoddard er al. 2006) to allow rigorous comparisons
with other sites found in the same region (Bailey et al. 2004;
Bowman and Somers 2005; Silva et al. 2017). In this context,
biomonitoring programs and biological indicators that incorpo-
rate the effects of natural variability provide more precise and
effective responses (Moya et al. 2007, 2011; Chen et al. 2014;
Macedo et al. 2016; Pereira et al. 2016; US Environmental
Protection Agency 2016).

Considering the importance of regionalisation for establishing
reference sites, the aim of the present study was to evaluate
whether hydrological units are valid regional units for this
purpose. We studied reference sites sampled in different land-
scape units of a single hydrographic basin. We tested the
hypothesis that the water quality, physical habitat structure and
the composition and structure of macroinvertebrate assemblages
in sites in the same landscape unit are more similar to each other
than to those of sites located in different landscape units in the
same hydrological unit. The degree of internal heterogeneity of
hydrological units may indicate whether they can be regarded as
efficient regional units in the selection of reference sites, with
direct consequences for the management and biomonitoring of
water bodies in tropical regions (Omernik ez al. 2017).

Materials and methods
Study area

Headwater streams (first to third orders at 1:100000 scale,
according to Strahler 1957) in the Nova Ponte hydrologic unit
inthe Araguari River Basin were sampled. The Araguari River
Basin is located in southwestern Minas Gerais state (Brazil),
within the Neotropical savanna (known as the Cerrado biome).
The Araguari River Basin has an area of 21 856 km” and has
been intensely altered by anthropogenic activities, leaving only
remnants of the natural Cerrado vegetation (Fig. 2). Among
these activities, deforestation, mining, irrigated agriculture
(occupying ~50% of the basin area), livestock grazing and
hydroelectric projects are prominent (Ligeiro ez al. 2013). The
headwaters of this basin are located in the plateaus of the
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Fig.2. Locations of the reference sites sampled in the Nova Ponte Hydrologic Unit. Circles, Canastra unit; rectangles, Quebra-Anzol

unit; triangles, Salitre unit.

Canastra Mountain Range at an altitude of ~1440 m above sea
level. Sixty locations were initially selected as potential refer-
ence sites based on the land cover interpretation of a combina-
tion of fine-resolution images (0.6- to 5-m spatial resolution;
Google Earth images, see https://www.google.com/earth/,
accessed April 2014), together with Landsat Thematic Mapper
(TM) multispectral satellite images (Macedo et al. 2014). Of
those 60 locations, 29 were selected after field reconnaissance
and verification of the criteria suggested by Hughes et al. (1986)
and Bailey et al. (2004), including minimal anthropogenic
catchment disturbance, absence of a direct effect of anthropo-
genic changes at the sites and the presence of native riparian
vegetation at the sites. Eight of the 29 sites are located in the
Serra da Canastra National Park (see Table S3, available as
Supplementary material to this paper).

Landscape units criteria

Landscape units were defined through map overlay of geo-
dynamic variables by geographic information system (GIS)
procedures. Annual temperature and precipitation data (~50
years climate baseline) were defined from the wordclim
dataset (Hijmans et al. 2005). Geological data were extracted
from the Brazilian geological map (1:250000 scale; http://
www.visualizador.inde.gov.br, accessed April 2014). Phys-
iographic data were extracted from Shuttle Radar Topography
Mission (SRTM) data (1 arc-sec; US Geological Survey
2015). Elevation was extracted directly from SRTM imagery,

slope was calculated from the maximum rate of change in
elevation in every grid cell and local relief was calculated
using the Riley index (Riley ez al. 1999), which determines the
difference between the mean elevation value of a cell and the
mean elevation of eight neighbouring cells. The information
for these three SRTM-derived parameters were combined into
a red, green and blue (RGB) additive colour model composi-
tion to identify physiographic boundaries. Geodynamic
information was interpreted by GIS overlay and homogeneous
areas were defined through screen digitising of homogeneous
areas (see Fig. S1, available as Supplementary material to this
paper). Five landscape units were identified: Sao Gotardo,
Araguari, Salitre, Quebra-Anzol and Canastra. However, sites
were only located in the latter three landscape units (Fig. 2).
To confirm our classification, we ran a multidimensional
scaling (MDS) ordination using the value of all geodynamic
variables in each site catchment (after standardising
variables and applying the Euclidian distance between pair of
sites; Fig. S2).

Field data collection

Sites were sampled in April and May 2014, 13 of which were in
the Salitre landscape unit, 6 in the Quebra-Anzol landscape unit
and 10 in the Canastra landscape unit. Sites were 25 m long and
subdivided into six equidistant transects (Agra 2014). Physical
habitat characteristics were measured based on the protocol
developed by the US Environmental Protection Agency (Peck
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Table 1. Correlations between disturbance metrics (from Kaufmann ef al. 1999) and biological and habitat variables
WI1_HALL, riparian human disturbance index

Habitat metrics Description Percentage catchment agriculture Percentage catchment pasture WI1_HALL
- Richness 0.18 0.14 0.07
- Abundance —0.15 —0.23 —0.26
FLOW_2 Discharge (m® s~ ') 0.15 —0.11 0.10
XVEL Mean water velocity (m s~ ') 0.10 —0.06 0.14
PCT_RA Percentage rapids 0.07 0.34 —0.03
SEQ_FLO_1 Flow heterogeneity —0.33 0.29 —0.21
XDEPTH_T Thalweg mean depth (cm) 0.27 —0.19 —0.08
SDDEPTH_T Thalweg s.d. of depth (cm) 0.09 —0.19 —0.17
XSLOPE_% Mean channel slope (%) —0.29 —0.24 —0.28
PCT_GC Percentage substrate large gravel and cobble 0.16 —0.04 0.37
PCT_BIGR Percentage sbstrate >16-mm diameter —0.06 —0.30 —0.12
PCT_SA Percentage substrate sand 0.08 0.12 0.02
XCDENMID Canopy cover midstream (%) 0.13 0.21 —0.06
XC Riparian woody canopy cover (%) —0.02 0.18 —0.04
XM Riparian woody mid-layer cover (%) 0.04 0.23 0.13
XPCAN Percentage riparian canopy in site —0.06 0.11 —0.02
XFC_ALG Filamentous algae areal cover (%) —0.19 —0.20 —0.15
XFC_LWD Large wood areal cover (%) —0.03 0.12 —0.09
XFC_LEB Leaf pack areal cover (%) —0.11 0.10 —0.04
NITRO Total nitrogen (mg L™ ") —0.10 0.08 0.27
ALC Total alkalinity (uEq L™" CO,) —0.00 0.51 0.00
TDS Total dissolved solids (mg L") 0.00 0.49 0.01

et al. 2006), adapted and validated for streams of the Brazilian
Cerrado and mountaintop grasslands (Agra 2014; Callisto et al.
2014). The characteristics evaluated included channel slope,
habitat type (riffle, glide, pool), substrate size, depth, embedd-
edness (percentage of substrate buried by sand and fines), bank
full height and width, bank angle, riparian canopy coverage,
thalweg depth, discharge, macroinvertebrate cover, riparian
condition and human disturbance on the river bank and riparian
zone.

At each site in situ measurements of temperature (°C), electri-
cal conductivity (uS cm ™, pH, total dissolved solids (mg LY,
and turbidity (nephelometric turbidity units, NTU) were made. In
the laboratory, dissolved oxygen (mg L") was determined by the
Winkler (1888) method and total alkalinity (uWEq L™' CO,) was
determined using the Gran method (Carmouze 1994). Total
nitrogen (mg L") and total phosphorus (ug L") were measured
according to the methods of Golterman er al. (1978) and
Mackereth et al. (1978) respectively. Nitrite and nitrate concen-
trations were also measured (American Public Health Association
1998).

Macroinvertebrates were collected from all six transects
using a D-frame kick-net (opening 30 cm, 500-pum mesh, area
0.09 m?), following a systematic zig-zag pattern along the
transects. The six samples collected were individually stored
in plastic bags and fixed with 10% formalin. In the laboratory,
the samples were washed on a 500 um-mesh sieve and sorted on
light boxes, and combined into a single sample for each site.
Organisms were classified by Family using a stereoscopic
microscope (32x magnification) and taxonomic keys (Pérez
1988; Merritt and Cummins 1996; Fernandez and Dominguez
2001; Costa et al. 2006; Mugnai et al. 2010; Hamada et al.
2014). The organisms were stored in 70% ethanol and deposited

in the Benthic Macroinvertebrates Reference Collection of the
Institute of Biological Sciences, Universidade Federal de Minas
Gerais (UFMG).

Data analyses

First, we ensured that anthropogenic disturbance gradients did
not affect our interpretations of reference site stream habitats,
water quality and biological characteristics. To this end, we used
a Pearson correlation matrix between the response variables that
would be evaluated later (taxonomic richness, abundance of
individuals, physical habitat measures) v. a local disturbance
metric (W1_Hall) representing total human impact in the
riparian zone, and catchment anthropogenic disturbance (per-
centage agriculture, percentage grazing land). The biological
and habitat variables did not correlate with any disturbance
metric (Table 1), supporting no disturbance gradient acting on
the reference sites used in the study.

Selection of habitat metrics

The physical habitat metrics were calculated according to
Kaufmann et al. (1999). Metrics with a frequency of null
values >80% were disregarded, as were those with a CV
(s.d. =~ mean) <0.2.

The physical habitat metrics were assembled into six
groups: channel morphology, substrate, habitat type, riparian
vegetation, macroinvertebrate cover and water quality. To
assess collinearity among metrics, a Pearson correlation matrix
was calculated between the metrics of each group. For highly
correlated variables (|r] > 0.80), we chose those with the
highest ecological relevance for the macroinvertebrate assem-
blages and those that are more intuitively understood (Little
et al. 1999).
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Finally, we performed a principal component analysis (PCA)
for each block with the remaining metrics to determine which
were responsible for generating the most variation among the
sites. Metrics with loadings >0.7 on the first or on the second
PCA axis were selected; in this way, metrics were selected that
mostly contributed to distinguishing the sites. PCA was per-
formed using standardised data (mean = 0, s.d. = 1) through a
correlation matrix.

Comparison between habitats in the three landscape
units

To verify whether the three landscape units differed with
regard to physical habitat metrics, we initially performed one-
way analyses of variance (ANOVA) with each metric selected.
The ANOVA assumptions were tested using Shapiro’s test
(normality) and Levene’s test (homogeneity of variances). We
applied Bonferroni’s correction to avoid inflating Type I statis-
tical error. After correction, o was set to 0.0025. Subsequently,
we conducted a PCA using all habitat metrics selected in the
previous steps. We sought to verify whether the sites were
grouped together in the first two generated axes according to
the different landscape units, and which variables were respon-
sible for those groupings.

Analysis of indicator taxa

Indicator taxa were analysed to identify which taxa were
significantly associated with the three landscape units (Dufrene
and Legendre 1997). The indicator value (IndVal) considers the
relative abundance (specificity) and the relative frequency
(fidelity) of each of the taxa in the groups defined a priori.
The IndVal ranges from 0 to 100, where 100 represents occur-
rence and maximum relative abundance in all sites of a group,
but absence and minimum relative abundance in sites of other
groups. A 0 represents the opposite: occurrences and similar
relative abundances in all sites in all groups (Dufrene and
Legendre 1997). The equalised version of this index was used
in order to account for the unequal number of sites between
groups (De Caceres and Legendre 2009). To test the significance
of IndVal, the Monte Carlo test was used with 10 000 randomi-
sations (o« = 0.05).

Comparison among assemblages in the three landscape
units

One-way ANOVA was used to evaluate the taxonomic
richness and abundance (log(x + 1)) between the three land-
scape units. The ANOVA assumptions were tested as described
above for landscape units. To evaluate whether the three
landscape units differed in taxonomic composition of the
macroinvertebrate assemblages, a permutational multivariate
analysis of variance (PERMANOVA) was performed. A princi-
pal coordinate analysis (PCoA) was employed to visually assess
whether taxa were grouped together in the first two axes as a
function of the landscape units. The three analyses described
above were performed on the Jaccard (taxa presence or absence)
and Gower (taxa relative abundance; as modified by Anderson
et al. 2006) dissimilarity measures.

1. Martins et al.

Effects of habitat metrics on taxonomic richness and
composition

To determine the metrics that best explained variation in
taxonomic richness within the macroinvertebrate assemblages,
multiple linear regressions (MLRs) were performed. Models
were generated using the best-subsets procedure (Harrell 2001).
The best models were chosen based on the corrected Akaike
information criterion (AICc; Burnham and Anderson 2002).
According to the parsimony principle, when choosing between
models with an AICc variation (AAICc) =2, one should opt for
the model with the fewest variables. A maximum number of three
predictors, representing 10% of the total number of sites, was
adopted to avoid inflating model explanation (Gotelli and Ellison
2004). To evaluate the metrics that best explained the variation in
assemblage composition, the values obtained by the sites in the
first axis of the two PCoAs (with the Jaccard and modified Gower
dissimilarities) were inserted as dependent variables in the MLRs
following the same steps. Each model was validated by spatial
autocorrelation of MLR residuals (Diniz-Filho et al. 2003;
Rangel et al. 2010). In addition, spatial autocorrelation for
macroinvertebrate richness was evaluated by the Moran I-test
(Anselin and Bera 1998) and assemblage composition was
evaluated using the Mantel test (Legendre and Legendre 1998).

Results
Habitat comparison among landscape units

Twenty physical habitat and water quality metrics were selected
for the subsequent analyses, with half differing significantly
among the three landscape units of the Nova Ponte hydrologic
unit (Table 2).

The first two axes retained for PCA interpretation explained
49% of stream physical habitat variability (Fig. 3; Table S1).
The first axis explained 31.25% of the data variation and was
positively affected by the percentage of substrates >16 mm in
diameter, thalweg mean depth and the percentage of filamentous
algae areal cover; it was negatively affected by the percentage of
riparian woody mid-layer cover, the percentage of canopy cover
midstream and total dissolved solids. The second axis explained
17.8% of the data variation and was positively affected by mean
water velocity, discharge and the percentage of substrate com-
posed of large gravel and cobble, and negatively affected by
mean channel slope, flow heterogeneity and total nitrogen.

The three landscape units differed in site habitat characteristics.
Salitre landscape unit sites had higher average velocities and
discharges, and more coarse gravel. The Quebra-Anzol landscape
unit sites had more rapids, flow type heterogeneity, canopy cover
in the riparian zone and over the channel, and higher total
dissolved solids and total alkalinity. The Canastra landscape unit
sites had greater algal cover, average variation in thalweg depth,
slope and coarse substrates. Conversely, the percentage of sand
and mid-layer woody vegetation in the riparian zone was signifi-
cantly lower in the Canastra landscape unit sites.

Benthic macroinvertebrates and indicator taxa

In all, 27 861 individuals and 70 families were identified. In the
Salitre landscape unit sites, 8922 individuals and 61 taxa
were found, compared with 3993 individuals and 54 taxa in the
Quebra-Anzol unit sites and 14 946 organisms and 59 taxa in the
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Canastra landscape unit sites (see Table S2). The most abundant
families were Chironomidae (36% of total individuals), Simu-
liidae (14%), Elmidae (11%) and Bactidae (6%). Seventeen
statistically significant indicator taxa were found for the three
landscape units: four for the Salitre unit sites, seven for the
Quebra-Anzol unit sites and six for the Canastra unit sites, all
with IndVal =30 (Table 3).

Table 2.
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Comparison between assemblages in the three landscape
units

There were no significant differences in taxonomic richness
(ANOVA, F,56 = 1.34, P = 0.28) or abundance (ANOVA,
Fr56 = 2.10, P = 0.14) between the three landscape units.
However, the taxonomic composition of macroinvertebrates,

Selected physical habitat and water quality metrics by landscape unit

Unless indicated otherwise, data are given as the mean =+ s.d. Probabilities are significant at *, o < 0.0025

Metric Salitre Quebra-Anzol Canastra F-value P-value
Water chemistry
Alkalinity (uEq L™" CO,) 80.66 + 65.67 479.15+146.38 81.06£101.42 39.02 <0.0001*
Total nitrogen (mg L) 0.04 £0.02 0.04+0.01 0.05+0.01 1.25 0.30
Total dissolved solids (g L") 0.88£0.55 2.07+1.02 0.00 £ 0.00 23.49 <0.0001*
Channel morphology
Mean channel slope (%) 0.01+0.00 0.0240.01 0.07 40,06 9.40 0.0008*
Thalweg mean depth (cm) 28.3+16.71 16.56 +2.61 39.44+22.84 321 0.05
Thalweg s.d. depth (cm) 9.21£6.50 9.774+2.90 18.90 +6.58 8.32 0.001*
Flow
Percentage rapids 11.42£12.74 26.14+13.43 6.30£9.05 5.48 0.01
Flow heterogeneity 0.12+£0.08 0.394+0.12 0.24+0.14 11.30 0.0002*
Discharge (m® s~ ) 0.29+£0.33 0.02£0.02 0.04+0.07 4.60 0.02
Mean water velocity (ms™") 0.40+0.19 0.124+0.11 0.04+0.02 18.75 <0.0001*
Bed substrate
Percentage substrate sand 19.39+£19.22 33.33+11.96 2.46 £4.39 9.22 0.0009*
Percentage substrate coarse gravel 17.73 +£12.77 7.57+5.33 9.84 +10.50 2.38 0.11
Percentage substrate >16-mm diameter 53.174+22.87 7.57+533 80.59 £28.30 8.69 0.0001*
Riparian vegetation
Riparian woody canopy cover 3.524+3.54 20.24 £14.59 8.70+12.87 5.50 0.01
Riparian woody mid-layer cover 122.72 £20.04 147.43 £20.40 45.64 £44.09 26.48 <0.0001%*
Canopy cover midstream 37.21£9.89 49.50£1.90 26.65+£20.12 5.33 0.01
Percentage riparian canopy in site 0.53+0.34 0.93+0.17 0.431+0.45 3.63 0.04
Shelter
Filamentous algae areal cover 0.45+£1.25 0.00 £ 0.00 3.04£3,16 5.92 0.0007*
Leaf pack areal cover 6.50+7.58 22.23+£13.33 9.25+17.59 3.12 0.06
Large wood areal cover 10.33 £8.18 14.12+7.11 7.79£10.42 0.96 0.39
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Fig.3. (a)PCA performed with the physical habitat and water quality metrics. (b) The same PCA depicting sites by landscape units. Circles, Canastra unit;

rectangles, Quebra-Anzol unit; triangles, Salitre unit.
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considering only taxa presence, was significantly different
among the three units (PERMANOVA (Jaccard), F 56 = 2.38,
P < 0.001; Fig. 4a). Pairwise comparison showed that the three
types were different from each other. Similarly, taxonomic
composition based on relative abundance was significantly
different among the three units (PERMANOVA (Gower),
Fy27=2.35,P <0.001; Fig. 4b). Pairwise comparisons showed
that the Quebra-Anzol and Salitre unit sites did not differ from
each other, whereas the Canastra unit differed from both the
others.

Effects of habitat metrics on assemblage richness and
composition

The model that best explained the variation in macro-
invertebrate taxonomic richness had two predictive metrics:

Table 3. Indicator taxa by landscape unit
The indicator value (IndVal) considers the relative abundance (specificity)
and the relative frequency (fidelity) of each of the taxa in the groups, defined
a priori. IndVal ranges from 0 to 100, with higher values indicating better
indication. Probabilities are significant at *, P < 0.05

Landscape unit Family or Order IndVal P-value
Salitre Corydalidae 55 0.01*
Glossosomatidae 58 0.01%*
Odontoceridae 66 0.03*
Psephenidae 73 0.003*
Quebra-Anzol Veliidae 41 0.03*
Aeshnidae 45 0.01%*
Dicteriadidae 45 0.01%*
Gerridae 50 0.01*
Calamoceratidae 51 0.02*
Gomphidae 53 0.02*
Hirundinea 59 0.02%*
Canastra Notonectidae 30 0.04*
Hydracarina 39 0.03*
Chironomidae 53 0.04*
Hydroptilidae 55 0.04*
Pyralidae 68 0.02%*
Baetidae 80 0.03*
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average channel slope, which negatively affected richness, and
leaf pack cover, which positively affected richness (Table 4).
The multiple regression model considering the first PCoA axis
(Jaccard) as the dependent variable contained the same two
variables. The multiple regression model considering the first
PCoA axis (Gower) as the dependent variable had only one
variable, namely percentage of sand on the streambed, affecting
the relative abundance of macroinvertebrate taxa (Table 4). The
MLRs had no spatially autocorrelated residuals. Richness was
not spatially autocorrelated either; however, assemblage com-
position showed autocorrelation through the Mantel test results
(Tables S4-S6).

Discussion

The characterisation of reference sites in the Nova Ponte
hydrologic unit indicates that there were differences among the
three landscape units regarding physical habitat, water quality
and the taxonomic composition of macroinvertebrate assem-
blages. Therefore, classification of the hydrological unit into
landscape units enabled improved classification of the biotic and
abiotic characteristics of the reference sites. This approach
was also used in other studies (Sanchez-Montoya et al. 2009;
Villamarin et al. 2013), in which the analysed streams had
distinct morphological characteristics. The results of the present

Table 4. Multiple linear regressions of benthic macroinvertebrate
taxonomic richness and composition v. physical habitat and water
quality
XSLOPE_%, mean channel slope; XFC_LEB, leaf pack areal cover;
PCT_SA, percentage substrate sand. Probabilities are significant at *,
P <0.05

F-value P-value R*> Metric

B Bs.d

0.22 XSLOPE_% —0.32 0.18

XFC_LEB 0.43 0.18
<0.0001* 0.50 XSLOPE_% —0.57 0.14
XFC_LEB 0.58 0.14

Richness 3.66 0.04*

Composition Jaccard 13.31

Composition Gower 5.53 0.03* 0.17 PCT_SA 0.41 0.18
(b) 1.0
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Fig. 4. PCoA indicating the similarity in taxonomic composition of the macroinvertebrate assemblages among sites in the three landscape
units considering (a) Jaccard index (taxa presence or absence) and (b) Gower distance (taxa relative abundances).
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study corroborate our initial hypothesis that a hydrological unit
does not constitute an appropriate regional unit to define refer-
ence sites, if the internal heterogeneity in biological and envi-
ronmental variables is high. This is the rationale for using
ecoregions v. (or in addition to) basins and hydrologic units as
geographic classification units, regardless of the spatial scale
being analysed (Hughes et al. 1986; Bailey 1995; Omernik
1995; Omernik and Bailey 1997; Stoddard et al. 2008; Omernik
and Griffith 2014; Omernik et al. 2017).

Environmental characterisation of the reference sites

In the Salitre landscape unit, located in the northern part of the
basin, the flow velocities and discharges were higher, and
consequently the predominant channel substrate was coarse
gravel. In the Quebra-Anzol unit, the high frequency of rapids
and several flow types were associated with high faunal diver-
sity, as discussed by Barbour ez al. (1999). Several other studies
also reported a correlation between flow type and macro-
invertebrate assemblage composition (e.g. Heino et al. 2007;
Ferreira et al. 2014; Silva et al. 2014; Graga et al. 2015). In the
Canastra unit, streams were deeper and steeper; Ribeiro and
Freitas (2010) reported similar results from this landscape unit.
The percentage of sand and understorey coverage of riparian
vegetation were also significantly lower in the Canastra unit. In
addition, in the Canastra Mountain Range of the Canastra unit,
riparian vegetation was reduced and there was little allochtho-
nous organic matter input; however, there was abundant light
penetration, explaining the greater amount of algae in those
sites. The riparian zone has a crucial role in protecting springs
and headwater streams (Boyero et al. 2015). Therefore, streams
in the Canastra Mountain Range with little riparian vegetation
are particularly susceptible to anthropogenic alterations,
becoming priority regions for conservation.

Effects of physical habitat on macroinvertebrate
assemblages

Areas with similar environmental characteristics rarely corre-
spond to the limits of watersheds or hydrological units (Omernik
and Bailey 1997; Omernik et al. 2017). As seen in the present
study, hydrological units are not homogeneous for abiotic
characteristics and biotic assemblages. In our case, the same
hydrological unit embraced landscape units with different
macroinvertebrate assemblages. According to Omernik and
Bailey (1997), factors such as physical habitat, water chemistry
and biota are directly associated with aggregate factors operat-
ing at larger scales (climate, geology, physiography, soils and
land cover characteristics, including vegetation). Environmental
characteristics such as climate, geology and physiography vary
spatially in any large hydrological unit, affecting the character-
istics of local fluvial habitats, such as the presence and type of
riparian vegetation, and the type and granulometry of streambed
substrates (Petts 2000). These characteristics directly affect local
macroinvertebrate assemblages (Reynoldson ez al. 2001; Chess-
man 2004; Feio et al. 2009). In the present study, the large dif-
ferences in habitats among the three landscape units affected the
biological dissimilarity observed among them.

The variables that best explained macroinvertebrate assem-
blage richness were channel slope, percentage of leaf pack cover
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and percentage of streambed sand (Table 4). The geology and
physiography of the region directly affects stream slope, which, in
turn, determines current velocity and flow types, and consequently
the types of habitats and shelters available for macroinvertebrates
(Feioetal. 2015; Heino et al. 2015). The amount of sand present in
streams is also associated with geology and soils, and usually
negatively correlated with the richness and abundance of macro-
invertebrates, because an increase in the amount of fine sediments
reduces the area available for shelter and rearing (Peck et al. 2006;
Bryce et al. 2010). Macedo et al. (2014) observed this negative
correlation in two basins in the Brazilian Cerrado of Minas Gerais,
including the one evaluated in the present study. However, Agra
(2014) found opposite results with headwater streams in another
Cerrado basin. A few biological groups are favoured by an
increase in fine sediments, such as some Chironomidae and
Coleoptera (de Castro Vasconcelos and Melo 2008), as well as
taxa with integumentary respiration and those classified as col-
lectors and filterers (Agra 2014). The percentage of leaf packs
indicates the amount of leaves available in the streambed for use
by macroinvertebrates as shelter, substrate and food (Ferreira ez al.
2015). In forested headwater streams, there is low light penetration
and autochthonous primary production is reduced (Vannote ef al.
1980). Therefore, leaf debris, originating from the riparian vege-
tation, is the main energy source for these systems (Cummins et al.
1973; Franca et al. 2009; Gongalves and Callisto 2013; Graga et al.
2015).

Macroinvertebrates associated with each landscape unit

Differences in landscape units were associated with differences
in macroinvertebrates. Organisms that are indicators of good
water quality, such as the Glossosomatidae and Odontoceridae,
were found in the Salitre unit sites. Those organisms live in
streams with clear and shaded waters (Pescador ef al. 2004).
Furthermore, Psephenidae, also an indicator in the Salitre unit,
are typically found in streams with high-quality environmental
conditions and high current velocities (Jerez and Moroni 2006;
Hamada et al. 2014). In Quebra-Anzol unit sites, the more
pronounced riparian vegetation and canopy coverage help
explain the presence of the Calamoceratidae, because they
depend on leaves for food and case construction (Moretti ef al.
2009; Ferreira et al. 2015). Dicteriadidae, also indicators of the
Quebra-Anzol unit, depend on forest cover, being susceptible to
the fragmentation and reduction of riparian vegetation (Hamada
et al. 2014). This is because these damselflies have limited
dispersal ability (Corbet 1999), related to their dependence on
ambient temperature to regulate body temperature (de Oliveira-
Junior et al. 2015). Some Zygoptera, like Dicteriadidae, are
indicators of preserved environments with high heterogeneity
because they have smaller bodies and greater ecophysiological
restrictions (de Oliveira-Junior ez al. 2015). The Hydroptilidae
show a preference for habitats with higher water velocities and
discharge. Their larvae are also associated with algal substrates,
typically found in the open canopies of Canastra unit streams
(Pescador et al. 2004). It is no surprise that the Mantel test
showed positive values for assemblage composition. The first
geographic law states that ‘everything is related to everything
else, but near things are more related than distant things’ (Tobler
1970). Therefore, sites located in the same landscape unit, closer
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to each other, have more similar physical habitat and water
chemistry, which influence aquatic biota. However, the other
spatial autocorrelation tests showed non-significant values. Like
ecoregions, our landscape units identified areas with similarities
in the combination of geodynamic factors that cause and reflect
differences in instream habitats (Bailey 1995; Omernik 1995;
Omernik and Griffith 2014).

Differences observed within the hydrological unit

In a hydrological unit and in its landscape units, geophysical
factors affect the structure and composition of riparian zones,
the predominant substrate and flow types, as well as potential
nutrient inputs, thereby indirectly affecting the availability and
quality of local habitats for aquatic communities (Allan 2004;
Wang et al. 2008). Climate, hydrological regime and geology
and physiography may determine the type of plants in the
riparian vegetation, as well as sediment and flow characteristics
(Cooper et al. 2003; Kaufmann and Hughes 2006), possibly
explaining the differences in environmental metrics found
among the three landscape units analysed in the present study.
Similarly, ecoregions were found useful for distinguishing
geographic patterns in stream assemblages of fish (Hughes et al.
1994; Abell et al. 2008; Pinto et al. 2009) and macro-
invertebrates (Whittier ef al. 1988; Feminella 2000; Rabeni and
Doisy 2000; Stoddard ef al. 2008). Nonetheless, the greater
assemblage similarity between the Salitre and Quebra-Anzol
units sites (Fig. 4b) is likely a consequence of the greater spatial
proximity of those sites, as reported by Van Sickle and Hughes
(2000). In global studies, Hawkins et al. (2000) and Heino et al.
(2015) observed that the structure of aquatic insect assemblages
have low predictability and that many environmental variables
affect their structure and composition. Therefore, there is no
global pattern in the environmental metrics that could explain
the organisation of aquatic insect assemblages, which necessi-
tates smaller-scale studies.

The results of the present study corroborate those of previous
studies showing that streams in the same basin may have very
distinct characteristics, governed by ecoregional differences
(e.g. Whittier ef al. 1988; Bailey ef al. 2004; Sanchez-Montoya
et al. 2007). In places where the limitations of basins are
biologically relevant, considering both ecoregions and basins
is required to establish regional reference sites that facilitate a
clear understanding of the quality, integrity and health of the
ecosystems and their components (Omernik and Bailey 1997).
Even though the National Water Resources Policy in Brazil
defines river basins as the political units for water management,
we suggest, similar to what already takes place in other countries
(Omernik and Bailey 1997), that smaller-scale patterns and
characteristics also should be considered to better monitor the
conservation status and trends of waterbodies (Wasson et al.
2002). For similar reasons, the metrics of biological indices are
often calibrated by natural environmental gradients, and metrics
based on guilds, traits, and richness (v. specific taxa) are
increasingly used in biomonitoring and bioassessment programs
(Moya et al. 2007; 2011; Chen et al. 2014; Pereira et al. 2016;
US Environmental Protection Agency 2016).

Reference streams may indicate the structure and behaviour
of communities and ecosystems under conditions closest to
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natural, including information on the dominant species, suscep-
tible to pollution, potential species diversity and expected
physical and chemical habitat conditions. In addition, an appro-
priate set of metrics representing each region is essential to the
success of the environmental assessment (Muxika et al. 2007).
Together, these characteristics may serve as parameters to be
used as aims in future restoration programs of streams belonging
to the same region (Hughes ef al. 1986; Bouchard et al. 2016;
Silva et al. 2017). The present study revealed that to define
reference sites, the regional heterogeneity within hydrologic
units and river basins must be considered, because those hydro-
logic units do not constitute homogeneous units in terms of
environmental structure and biological composition. For future
assessments of environmental quality in Cerrado basins, we
recommend the use of a reference site approach incorporating
local geographic features. Finally, we expect that the present
study can be used as a baseline for understanding the effective-
ness of reference sites when facing ongoing changes in land use,
to support freshwater conservation in the Neotropical savanna
biome and to implement effective water management practices.
Such information is necessary for improving the conservation
status of aquatic biota and for maintaining ecosystem services for
humans.
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