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Abstract: The use of ecoregions to classify stream and river environments has been extensively tested in North
America and Europe, but few such studies have been conducted in South America. In this study we tested whether
taxonomic richness, composition, and organism abundance within benthic macroinvertebrate assemblages were
associated with ecoregions in northwestern Argentina at the genus and family levels. We included 3 ecoregions
and their respective subecoregions in this study: the Yungas subtropical cloud forest, the Western Chaco subtrop-
ical dry forest, and the Monte xeric shrublands. We used nonmetric multidimensional scaling, analysis of similar-
ity, and rank–abundance curves to assess how assemblages varied among ecoregions and subecoregions. We used
principal components analysis to describe how environmental factors varied among sites and regions. Most aspects
of invertebrate assemblages were associated with both ecoregions and subecoregions. The structure of the macro-
invertebrate assemblages was generally concordant with ecoregional classification at the genus level, although con-
cordance was not evident at the subecoregion level of resolution, especially for family-level data. The segregation of
assemblages was most strongly related to environmental variables associated with topography and less strongly
related to physiochemical variables. Our results confirm that ecoregions may effectively predict the invertebrate
biota inhabiting streams in northwestern Argentina, but it was difficult to delineate discrete assemblages. Future
work should assess the effectiveness of modeling approaches that would better account for the gradual changes in
assemblage composition that occur along environmental gradients and test how well both classification and mod-
eling approaches partition biotic variation in other parts of South America.
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In recent decades, there has been an increasing interest in
classifying freshwater ecosystems into water body types.
Ideally, these classification schemes would allow research-
ers and managers to infer the environmental conditions
and biota expected at specific individual water bodies based
on their type. This type of classification is a prerequisite for
assessing whether human activity has altered ecosystems,
because assemblages can exhibit marked natural variability
(Gibson et al. 1996). Some bioassessment methods do not
depend on a classification approach but instead model how
biota naturally vary across continuous environmental gradi-
ents (e.g., Hawkins et al. 2010, Bailey et al. 2014, Chessman
2014, Reynoldson et al. 2014). However, landscape and river
type classifications are still being tested in different regions.
For example, in Europe there has been a renewed interest

in the regionalization of aquatic ecosystems after the publica-
tion of the Water Framework Directive (WDF) (WFD2000/
60/EC; European Commission 2000). Accordingly, many
classifications have been used to test the concordance be-
tween landscape attributes and the structural and functional
aspects of biological communities in Europe (Verdonschot
and Nijboer 2004, Ferréol et al. 2005, Verdonschot 2006).
The approach proposed by the WFD recognizes 2 systems
for river classification for water bodies in Europe, based on
the ecoregions proposed by Illies and Botosaneanu (1963)
and Illies (1978). Furthermore, a recent conceptual frame-
work posits that biomes (ecoregions) provide a meaningful
way of understanding how lotic ecosystem structure and
function vary across macrospatial scales (Dodds et al. 2015).
Ecoregions are contiguous landforms that have similar ge-
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ology, soil, vegetation cover, and climate within their bound-
aries, and they are therefore expected to contain similar
communities (Omernik 1987, Omernik and Griffith 1991).

It is especially important that we develop effective classi-
fication systems for macroinvertebrate assemblages, given
their ecological importance. Aquatic macroinvertebrates are
widely used to understand distributional patterns across spa-
tial scales (Johnson et al. 2007) and are also used extensively
as indicators of the biological quality of freshwater ecosys-
tems (Resh et al. 1995). Further, macroinvertebrates play
an important role in freshwater ecosystem functioning by
cycling nutrients, processing organic matter, and providing
food to higher trophic levels.

Many stream classification schemes based on ecoregions
have been tested, but these tests have primarily been con-
ducted in North America and Europe (e.g., Gerritsen et al.
2000, Johnson 2000, Oswood et al. 2000, Pan et al. 2000,
Sandin and Johnson 2000, Van Sickle and Hughes 2000).
Some studies have detected concordance between benthic
macroinvertebrate assemblages and ecoregions in different
states of the United States (Feminella 2000, Rabeni andDoisy
2000,Waite et al. 2000).Marchant et al. (2000) obtained sim-
ilar results in Victoria, Australia. In a synthesis paper, Haw-
kins et al. (2000) concluded that significant biotic variation
among stream sites can be associated with ecoregions, espe-

cially where they differ markedly in topography (e.g., moun-
tains vs lowlands or plains). However, some studies have
found no significant concordance between ecoregions and
benthic invertebrates (e.g., the United States: Hawkins and
Vinson 2000, Sweden: Sandin and Johnson 2000). It is impor-
tant to understand why the associations among ecoregions
and macroinvertebrates are strong in some places and weak
in others. In some situations, measures of local habitat fea-
tures may be necessary to allow accurate predictions of
freshwater fauna composition (Hawkins et al. 2000). More
generally, recent evidence has shown that modeling can
outperform discrete classifications in terms of the accuracy
and precision of predicting taxonomic composition (Haw-
kins et al. 2010, Johnson and Hallstan 2018). Importantly,
associations between freshwater communities and land-
scape units are still poorly studied in South America, and
these landscapes may provide additional insights into the
conditions under which regional classification schemes are
useful.

To date, a variety of stream classification systems have
been evaluated in SouthAmerica.Most of these studies have
been done in Brazil. One study found that ecoregions had
higher classification strengths for fish assemblages in the
Paraíba do Sul River than did other classification systems
(Pinto et al. 2009). In contrast, another study observed higher

Figure 1. Study area and sampling site locations.
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classification strength values for macroinvertebrate assem-
blages and for a classification derived from a select set of
local environmental variables than for fish assemblages
and other classifications, such as ecoregions and hydro-
ecoregions in Rio Grande do Sul (Vasconcelos et al. 2013).
In a recent study,macroinvertebrate assemblages were shown
to vary among 3 landscape units defined by geomorpho-
logic features within the Brazilian Cerrado ecoregion (Mar-
tins et al. 2017). In northwestern Argentina, the only stud-
ies of associations between biota and ecoregions have been
conducted on terrestrial plant assemblages (Cabrera 1976,
Burkart et al. 1999, Brown and Pacheco 2006). In this study,
we tested how strongly benthic macroinvertebrate assem-
blageswere associatedwith ecoregions and stream environ-
mental features in northwestern Argentina. We addressed
4 questions: How do the taxonomic richness, composition,
and organism abundance of benthic macroinvertebrate as-
semblages vary among streams that flow through different
ecoregions and subecoregions?Domacroinvertebrate assem-
blages segregate into discrete groups by ecoregions? How do
local environmental features vary among ecoregions and sub-
ecoregions? Which local abiotic features are most strongly
associated with biotic variation?

METHODS
Study area

Northwestern Argentina (lat 227–307S, long 687–627W)
covers a wide area of heterogeneous landscape that contains
diverse ecosystems including deserts, xeric shrublands, moun-
tain rain forests, dry forests, and grasslands. This region is
made up of 5 ecoregions: Puna, High Andes grassland and
tundra, Monte xeric shrublands, Yungas subtropical cloud
forest, and Western Chaco subtropical dry forest (Brown
and Pacheco 2006). In this study, we sampled streams in
3 of those ecoregions: Monte, Yungas forest, and Western
Chaco (Fig. 1). Our study areas occur in 3 provinces (Cata-
marca, Santiago del Estero, andTucumán) and span 27 of lat-
itude and longitude (lat 267–287S, long 667–647W) (Fig. 1).

TheMonte ecoregion is a desert that includes xeric shrub-
lands and extends north to south across sub-Andean dry
valleys of central and northwestern Argentina. The mean
annual temperature is 17.57C, and annual rainfall varies be-
tween 100 and 400mm, with only summer thundershowers
and scarce winter precipitation (Burkart et al. 1999). The
dominant plants are bushes and small trees. TheMonte eco-
region contains 2 subecoregions: Monte valleys and Monte
plains (Brown and Pacheco 2006). Only the Monte valleys
subecoregion is located in northwestern Argentina, and it
occurs between 500 and 3500 m asl.

The Yungas subtropical cloud forest (Yungas forest) is a
narrow belt of mountain rainforest that ranges from 400 to
>3000 m asl (Brown 2000). The Yungas forest is part of a
long chain of mountain cloud forests that extends along
the east side of the Andes Mountains of South America

from Venezuela to northwestern Argentina. The climate is
warm and humid, with mean annual temperatures ranging
from 14 to 267C and rainfall from 1000 to 2500 mm (Hueck
1978). The Yungas forest is stratified into 3 vegetation floors,
or bands. In general, Yungas altitudinalfloors are not consid-
ered subecoregion units, but in this study we evaluated them
as differentiated units within the Yungas forest. The high
montane forest (1500–3000 m asl) contains monospecific
tree stands that are usually either Alnus acuminata or Podo-
carpus parlatorei. Rainfall reaches 1000 mm. The low mon-
tane forest (700–1500masl) has themost diverse vegetation,
with many evergreen species, and is dominated by Cin-
namomum porphyrium and Blepharocalyx salicifolius. The
low montane forest also has the highest precipitation
(2000 mm annually) and the least seasonal hydrological
regime. The foothill forest (400–700 m asl) contains de-
ciduous trees and is dominated by Tipuana tipu and En-
terolobium contortisiliquum. The annual rainfall varies be-
tween 1000 and 1500 mm during the wet season, and the
6-month dry season (≤50mm of rainfall) extends from June
to November (Brown et al. 2001).

TheWestern Chaco ecoregion is a vast sedimentary flu-
vial plain formed by the streams or rivers that run north-
west to southeast, and it includes parts of northwestern
Argentina, southeastern Bolivia, northwestern Paraguay,
and southwestern Brazil. The headwaters are located in
the mountains, outside of the region, and transport great
quantities of sediments into the region. Mean annual tem-
peratures range between 19 and 247C. Mean annual rain-
fall varies between 400 and 900 mm, with most precipita-
tion falling in the summer and little falling in the winter
(Minetti 1999). The vegetation is composed of dry forests
and segregated grasslands. This ecoregion is made up of
3 subecoregions: Arid Chaco, Semiarid Chaco, and Chaco
Serrano (Brown and Pacheco 2006). Only the latter 2 are
represented in the study area. The Chaco Serrano is part
of the western limit of the ecoregion and is characterized
by low mountain topography. It is bordered in some places
by the Yungas forest or Monte ecoregions. The Semiarid
Chaco occupies the greater portion of the ecoregion and
is a continuous xerophytic and semideciduous forest. A
wide transition zone occurs between the Western Chaco
and the Yungas forest, which includes species common
in both ecoregions.

Survey design and methods
We studied 20 sites (Fig. 1, Table S1). Sites were distrib-

uted across ecoregions and subecoregions as follows: 4 in
the Monte (M), 10 in the Yungas subtropical cloud forest
(3 in high montane [HM], 4 in low montane [LM], and
3 in foothill forests [FH]), and 6 in the Western Chaco
(2 in Chaco Serrano [CS] and 4 in Semiarid Chaco [SC]).
Each site consisted of a stream reach ∼100 m long. We
chose sites that were minimally disturbed, without indus-
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trial impact, and with native riparian vegetation at least
100 m wide.

Data from 10 of the 20 sites (HM3, LM3, FH1, FH2,
CS1, CS2, SC1, SC2, SC3, and SC4) were collected between
2014 and 2016 by the authors. Data for the 10 other sites
(HM1, HM2, LM1, LM2, LM4, FH3, M1, M2, M3, and
M4) were obtained from the IBN (Neotropical Biodiversity
Institute, National Council of Technological and Scientific
Research, National University of Tucumán) database. The
IBN sites were sampled between 2005 and 2007 following
the same collection procedures. Climate conditions were
similar during these 2 periods according to local climate
databases, and both periods corresponded to the Southern
Oscillation phase of El Niño according to the Oceanic
Niño Index (http://www.cpc.noaa.gov/products/analysis
_monitoring/ensostuff/ensoyears.shtml). In addition, pre-
vious studies in the region observed that the macroinver-
tebrate assemblage composition and structure change sea-
sonally rather than annually (Mesa et al. 2009, Mesa 2012).
All sites were sampled once at the end of the low-water pe-
riod (October–December) and once at the end of the high-
water period (March–June), with the exception of 4 sites that
were sampled only during the low-water period (LM4, FH3,
SC3, and SC4).

Benthic macroinvertebrates. At each site we col-
lected quantitative and qualitative samples. Three quantita-
tive samples were collected with a Surber net (0.09-m2 area
with a 300-lm mesh) and were subsequently pooled into
a single composite sample. We took these samples in fast-
water habitat units (riffles or runs, sensu Hawkins et al. 1993)
that were separated by 50 m along a longitudinal transect.
The qualitative samples consisted of samples collected with
a D-frame net (300-lm mesh) or with a kick-net (500-lm
mesh) or by manual sampling. Manual sampling included
directly picking specimens from boulders, cobbles, leaves,
and algae. The qualitative sampling took ∼30 min to cover
all habitats. Riffles, pools, and marginal vegetation habitats
weremost common.We did not collect quantitative data in
sites SC3 and SC4 and did not use these sites in abundance
analyses. However, we used these sites in the presence–
absence analyses because they included qualitative data col-
lected from all habitats. Quantitative data were used to an-
alyze abundance patterns, and the combined quantitative
and qualitative data were used to analyze presence–absence
data.Webrought all samples to the lab after collection,where
we processed and identified each entire sample. Macroin-
vertebrates from all samples were identified by the same
group of taxonomists.

Environmental variables. We characterized the en-
vironmental setting at each site to determine whether sites
differed in habitat features within and among ecoregions
and subecoregions. We recorded altitude (m asl) with a

Garmin eTrex 20™ global positioning system (Olathe, Kan-
sas). Channel width (m), discharge (m3/s), sediment size
(mean diameter, cm), stream power (W/m), water temper-
ature (7C), pH, conductivity (lS/cm), turbidity (NTU), and
dissolved oxygen (mg/L) were recorded at every visit. We
estimated discharge by measuring cross-sectional area, tak-
ing depth measurements every 25 cm (for streams ≤11 m
wide) or 1 m (for rivers ≥11 m wide) along 1 cross-sectional
transect across the channel, and measuring velocity with a
velocity meter at 2/3 the depth at each point (Global Water
Flow Probe FP111, College Station, Texas). To estimate av-
erage sediment grain size at each site, we measured 20–
130 clasts that were >2 mm in diameter in a cross section
of the fluvial bar close to the channel where we took the in-
vertebrate samples. The sediment grain size deposited at a
mid-central fluvial bar is related to the slope and discharge
and hence stream power (Bridge and Demicco 2008). Stream
power was estimated from the formula given by Gordon
et al. (2004): W 5 pgQS, where W is power in Watts, Q is
discharge (m3/s), S is the stream slope (m/m) obtained from
a digital elevation map (ASTER DEM 30 � 30 m resolu-
tion), p is the density of water (kg/m3), and g is the acceler-
ation due to gravity (m/s2). Physiochemical variables were
measured with a Horiba™multiprobe water quality checker
U-50 series (Kyoto, Japan).

Data analysis
Taxonomic richness (TR) and resolution. We con-

ducted the analyses at 2 target taxonomic levels of resolution:
genus and family (see Table S2 for a list of all taxa). We iden-
tified individuals based on the regional keys of Domínguez
and Fernández (2009). When possible, individuals of Ephe-
meroptera, Plecoptera, Trichoptera, Megaloptera, Lepidop-
tera, Coleoptera (Elmidae), and Mollusca were identified
to genus level. Individuals of Crustacea, Odonata, Diptera,
and the rest of Coleoptera were identified at family level.
The latter groups were used in family-level analyses but not
genus-level analyses. Representative individuals of Hydraca-
rina, Nematoda, Platyhelminthes, and Annelida were not in-
cluded in the analyses because they could not be identified
to family.

We used the quantitative data to estimate the mean and
95% confidence intervals (CIs) for genus and family richness
at each sampled site, subecoregion, and ecoregion. We ac-
counted for multiple comparisons with Bonferroni correc-
tions (Scheiner and Gurevitch 1993). Nonoverlapping CIs
were considered to represent statistically significant differ-
ences among treatments (Cumming et al. 2007, MacGregor-
Fors and Payton 2013). Prior to these tests, however, we en-
sured that our samples had the same coverage (Chao and Jost
2012), because this is necessary to make ecologically appro-
priate comparisons of TR. Same coverage is ameasure of sam-
ple completeness that indicates sampling coverage relative to
the estimatedTR at the site (Chao and Jost 2012).Weused the
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R package iNEXT (version 2.0.12; Hsieh et al. 2016) (R ver-
sion 3.3.0; R Foundation for Statistical Computing, Vienna,
Austria) to evaluate the completeness of same coverage for
each site within ecoregions and subecoregions, following
the protocol for comparison of multiple samples proposed
by Chao and Jost (2012). The rarefaction curve used by this
method is 1 2 f1

N= , where f1 is the number of singletons and
N is the total number of individuals in the sample. Thus, the
completeness is given by the number of individuals that oc-
cur in the sample as singletons, and sample coverage can be
reduced so the coverage between samples is equivalent.

Dissimilarity. We used the Sørensen index and the
positive matching index (PMI, Dos Santos and Deutsch
2010) to analyze the presence–absence data. We used the
Bray–Curtis and Dissim indices (Nieto et al. 2017) to esti-
mate compositional dissimilarity betweenmacroinvertebrate
assemblages based on our abundance data. The PMI can vary
between 0 and 1 and represents the mean proportion of pos-
itive matches relative to the complete list of taxa that could
occur at a site. The PMI covers the range of richness encom-
passed by the 2 lists, i.e., the smaller and longer ones (Dos
Santos andDeutsch 2010).Hence, if 2 lists of different lengths
are compared, e.g., of 10 and 100 specimens, and the PMI is
0.3, that result indicates that the 2 lists share 30% of taxa, on
average, given that the list sizes range from the smaller one to
the longer one (Dos Santos and Deutsch 2010). In contrast,
Euclidean and Bray–Curtis distances are 2 dissimilarity indi-
ces that are frequently used in ecological analyses (Nollet and
De Gelder 2014). However, both of these indices are strongly
influenced by dominant species and are only weakly affected
by rare species (Valentin 2012), and they are therefore not as
useful when there are gradual changes in composition along a
gradient. The Dissim index can be used when the observed
taxa are assumed to have been sampled from a common re-
gional pool of species. The Dissim index assesses whether as-
semblages are similar based on both the taxa present and
their abundance. Thus, 2 sites would be considered more
similar if they grouped consistently near each other after suc-
cessive orderings of sites by increasing values of consecutive
taxa abundances (Nieto et al. 2017).

We used analysis of similarities (ANOSIM) (Legendre and
Legendre 1998) to determine whether site taxonomic com-
position differed statistically among ecoregional and sub-
ecoregional classifications based on genus-level resolution,
family-level resolution, presence–absence data, and abun-
dance data. We also used multivariate analyses to determine
whether differences in assemblage composition among sites
were associated with regional classifications. We used non-
metric multidimensional scaling (NMDS) based on dissimi-
larity values obtained from presence–absence and abundance
data to visualize whether the positions of sites in taxa space
were concordant with ecoregional and subecoregional classi-
fications. We interpreted how discrete the ecoregions and

subecoregions were by drawing a convex polygon around
each group of subecoregion on theNMDS plot. These poly-
gons were based on whichever classification method had
the highest ANOSIM value. We considered NMDS and
ANOSIM to be complementary analyses.

It is well known that benthic macroinvertebrate assem-
blages can vary markedly with season (Minshall 1988, Poff
and Ward 1989). We, therefore, separated the data by low-
and high-water periods to verify that the differences among
ecoregions and subecoregions were greater than the seasonal
differences within each site. In addition, to test whether
ecoregional and subecoregional differences in the fauna ap-
ply to both large and small streams, we assigned sites to 1 of
2 groups, small streams (<11-m mean width) and large
streams (>11-m mean width), and we analyzed each group
separately.

Composition and structure of benthic macroinver-
tebrate assemblages. We used rank–abundance (RA)
curves (also known as dominance–diversity curves) to com-
pare how assemblage structure varied across the different
ecoregions and subecoregions. RA curves, in combination
with species identity, can provide insight into specific pat-
terns of species diversity, dominance, rarity, and composition
(e.g., Feinsinger 2001, Andresen 2005, Vidaurre et al. 2006,
Cultid-Medina and Escobar 2016). We used these analyses
to complement the multivariate analyses and allow more
detailed observations of compositional and structural dif-
ferences among assemblages. Groups of dominant taxa and
taxa that occurred exclusively in each ecoregion and sub-
ecoregion were identified. The 3 most abundant taxa at each
site were considered the dominant taxa for each ecoregion
and subecoregion (note that some regions could have more
than 3 dominant taxa).

Environmental variables. We used principal com-
ponents analysis (PCA) to describe how physiochemical fac-
tors varied within and across ecoregions and subecoregions.
We used the function dudi.pca in the ade4 R package (ver-
sion 1.7–8, Dray et al. 2017) to perform these analyses. The
PCA was based on the average values of each variable across
all sampling points at each site. In addition, we determined
whether site positions along theNMDS axes were correlated
(Pearson correlation coefficients) with environmental PCA
axes, and we accounted for multiple comparisons with a
Bonferroni correction (Scheiner and Gurevitch 1993).

RESULTS
Biological classification of ecoregions

Taxonomic richness. After the Bonferroni adjust-
ments for multiple comparisons, our adjusted significance
values were p < 0.01 for genus richness (GR) and p < 0.003
for family richness (FR) comparisons. GR and FR in Yungas

68 | Macroinvertebrates and ecoregions in Argentina E. J. I. Pero et al.



were the highest (GR5 51 ± 2.1, FR5 46 ± 4.8). In addition,
TR was high in Western Chaco (GR 5 39 ± 2.0, FR 5 38 ±
4.0) compared with Monte (GR5 19 ± 0.4, FR5 24 ± 1.4).
At the subecoregional level, TR was highest in the foothill
forest (GR 5 42 ± 2.5, FR 5 36 ± 4.4), followed by Chaco
Serrano (GR5 39 ± 2.9, FR5 38 ± 2.7), lowmontane forest
(GR 5 37 ± 4.1, FR 5 34 ± 4.2), and high montane forest
(GR5 34 ± 1.8, FR5 30 ± 3.6). In contrast, TR in the Semi-
arid Chaco (GR 5 25 ± 2.3, FR5 30 ± 3.9) and Monte val-
leys (GR5 19 ± 0.4, FR5 24 ± 1.4) were substantially lower
than in the above-mentioned subecoregions.

Dissimilarity. ANOSIM results (p 5 0.001) showed
that assemblages were significantly associated with regions
at both genus and family levels. However, the family-level
data set calculatedwith the Bray–Curtis index had anR value
close to 0 (Table 1), indicating that therewas little distinction
among ecoregion assemblages at the family level. The genus-
level analyses tended to have higher positive R values. The
overall structure of the macroinvertebrate assemblages was
concordant with ecoregion classification at the genus level
based on either presence–absence data sets (PMI index) or
abundance data sets (Dissim index) (Fig. 2). At the genus
level, NMDS axis 1 segregated 2 groups: one composed of
the Yungas andChaco Serrano sites and the other composed
of the Semiarid Chaco and Monte sites. NMDS axis 2 sepa-
rated the Western Chaco sites from the Yungas and Monte
sites. However, macroinvertebrate assemblages were less
strongly associated with the subecoregion level. The seasonal
differences among sitesweremuch lower than the ecoregional
and subecoregional dissimilarities. Nevertheless, the assem-
blages from streams in the Chaco Serrano at high-water pe-
riods and from foothill forest at low-water periods were
more similar to each other than to assemblages of their re-
spective subecoregion collected at different water levels
(Fig. 2). This result was especially strong at the genus level.
Results based on separate analyses of small and large streams
were similar to the results from the combined data (results
not shown).

Composition and structure of benthic macroinver-
tebrate assemblages. The most abundant taxa were rel-
atively consistent across the cloud forest. At the genus level,
Baetodes was among the most abundant taxa in all Yungas
regions (Fig. 3).Austrelmis, Simulium,Camelobaetidius, Lep-
tohyphes, Thraulodes, and Andesiops were also abundant
in the high montane forest (Yungas subecoregion), whereas
Leptohyphes, Nanomis, Smicridea, Austrelmis, Simulium,
and Farrodes were among the dominant taxa in the low
montane forest (Yungas subecoregion). In the foothill forest
(Yungas subecoregion),Austrelmis, Smicridea, Leptohyphes,
and Simulium were also abundant (Fig. 3). Twelve genera,
mainly Ephemeroptera, were observed exclusively in the
Yungas ecoregion (Table S4).

The dominant taxa varied across the 3 arid regions (Chaco
Serrano, SemiaridChaco, andMonte) (Fig. 4). In theWestern
Chaco subecoregions, Americabaetis was dominant at 3 of
4 sites. Within the Chaco Serrano, Leptohyphes, Smicridea,
and Simuliumwere also dominant, whereas in the Semiarid
Chaco, immature Austrelmis, Smicridea, Heleobia, and Os-
tracoda sp. were themost abundant taxa.We observed 8 gen-
era, 4 of which were mollusks, exclusively in the Western
Chaco (Table S4). Within the Monte, Austrelmis, Andesiops,
and Hydroptila were among the most abundant genera.
Simulium and Bezzia were also abundant in site M3. One
genus, Massartellopsis, occurred exclusively in the Monte
ecoregion (Table S4).

Some genera were widely distributed and occurred across
all or most ecoregions and subecoregions (Figs 3, 4). Am-
ericabaetis, Baetodes, Caenis, Camelobaetidius, Anacroneu-
ria, Austrelmis, Bezzia, Simulium, and Limnocoris occurred
in all regions. Leptohyphes, Thraulodes, and Smicridea oc-
curred in both the Yungas and Western Chaco ecoregions
and were absent from only the most arid region (Monte).
An intermediate area that included the Yungas foothill forest
and Chaco Serrano subecoregions occurred between the
Yungas and Western Chaco ecoregions. This area appeared
to be transitional, as it was inhabited bydistinctmixed assem-
blages. These assemblages were composed of taxa found only
in this transitional area, such asGuajirolus andOxyethira, as

Table 1. Analysis of similarity (ANOSIM) statistics (R and p) for the test of association between taxonomic composition and
site groupings (ecoregion, subecoregion, and water period) for both genus and family levels. Dissimilarity values are based
on presence–absence (Sørensen, positive matching index [PMI]) or abundance (Bray–Curtis, Dissim) data.

Index

Ecoregion Subecoregion Water period

Genus Family Genus Family Genus Family

R p R p R p R p R p R p

Sørensen 0.61 0.001 0.56 0.001 0.34 0.001 0.28 0.001 0.00 0.403 0.01 0.259

PMI 0.70 0.001 0.58 0.001 0.55 0.001 0.50 0.001 20.01 0.441 0.01 0.284

Bray–Curtis 0.50 0.001 0.23 0.004 0.18 0.001 0.03 0.235 0.08 0.016 0.09 0.010

Dissim 0.75 0.001 0.58 0.001 0.56 0.001 0.45 0.001 0.02 0.263 0.08 0.033
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well as others typical in either bordering ecoregion (Figs 3, 4).
Many species that occurred in the Yungas were also found in
the Chaco Serrano but not in the Semiarid Chaco.

At the family level (Figs 3, 4, Tables S4–S6), Chironomidae,
Elmidae, and Baetidae were among the most abundant fam-
ilies in all ecoregions and subecoregions. Leptohyphidae and
Hydropsychidae were abundant in Western Chaco, and
Hydroptilidaewas abundant in someMonte sites. Eight fam-
ilies occurred exclusively in the Yungas, 1 exclusively in the
Western Chaco, and 3 exclusively in the Monte (Table S4).

Environmental characteristics of ecoregions
Three principal components accounted for most (69.7%)

of the variation among sites in physiochemical features stud-
ied (Fig. 5A, Table S2). PC1 accounted for 31.5% of total var-
iation and was most strongly correlated with factors asso-
ciated with stream size (discharge, channel width, sediment
size, and altitude; Fig. 5). PC2 accounted for 24.9% of total
variation and was strongly correlated with water tempera-
ture, turbidity, pH, dissolved oxygen, and stream power.
PC3 accounted for 13.3% of total variation and was correlated
with conductivity.

The PCA ordination revealed that sites from the same
ecoregion and subecoregion were closely associated in prin-
cipal component space and well segregated from one another
(Fig. 5B, C). The Yungas sites had low values of water tem-
perature, turbidity, pH, and conductivity but high values of
sediment size, stream power, and dissolved oxygen.Western
Chaco sites had low values for sediment size, stream power,
and dissolved oxygen but high values for water temperature,
turbidity, pH, and conductivity. Differences were also appar-
ent at the subecoregional level. For example, in the Yungas
high montane forest, streams had larger sediment size and
higher stream power than streams in lowmontane and foot-
hill forest. Conversely, foothill forest streams had higher tur-
bidity and water temperature than high and low montane
forest streams. Consequently, the Yungas altitudinal gradient
was apparent in the PCA ordination. Chaco Serrano sites oc-
cupied an intermediate position between the Semiarid Chaco
sites and the Yungas sites. Finally, the sites from the Monte
ecoregion were clearly distinct from the other ecoregions.
All theMonte sites are part of the same subecoregion (Monte
valleys), but there was a great distance among them in PC
space. Sites M1 and M2 were located at lower altitude and
registered higher water temperature and turbidity, whereas

Figure 2. Nonmetric multidimensional scaling (NMDS) analyses of dissimilarity of sampling sites at the genus and family levels.
A.—Genus abundance data (Dissim index), stress 5 16.7. B.—Genus presence–absence data (positive matching index [PMI]), stress 5
16.4. C.—Family abundance data (Dissim index), stress 5 19.5. D.—Family presence–absence data (PMI), stress 5 18.9.
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sites M3 and M4 were situated at higher altitude and showed
higher values of sediment size and stream power. Thus, there
was an apparent altitudinal gradient within this arid ecoregion.

Concordance of biological and environmental
classifications

No significant correlations existed between genus TR and
individual environmental variables, following adjustments
for multiple comparisons (adjusted significance: p < 0.006).
Genus-based NMDS axes were significantly correlated with
some PCA axes after they were adjusted for multiple com-
parisons (adjusted significance: p < 0.001). For presence–
absence data used with the Sørensen index, NMDS-2 was
most strongly correlated with PC1 (–), but NMDS-1 based
on the PMI index was strongly correlated with PC2 (–), and
NMDS-2 was correlated with PC1 (1). For abundance data
used with the Bray–Curtis index, NMDS-1wasmost strongly
correlated with PC2 (1), whereas with the Dissim index,
NMDS-1 was strongly correlated with PC2 (–), and NMDS-2

was correlated with PC1 (–) (Table 2). Similar patterns oc-
curred at the family level (Table 2). The correlations among
axes showed that the segregation between the Yungas and
Monte assemblages fromWestern Chaco was most strongly
related to PC1 (discharge, channel width, sediment size,
and altitude), whereas the separation of Yungas and Chaco
Serrano from Semiarid Chaco and Monte was related to
PC2 (water temperature, turbidity, pH, dissolved oxygen,
and stream power).

DISCUSSION
We found that taxonomic richness, composition, and

organism abundance in stream benthic macroinvertebrate
assemblages varied across the Argentinian ecoregions and
subecoregions studied. The ecoregions were environmen-
tally distinct, and our results show that differences in biotic
distribution across these regions are related to their envi-
ronmental dissimilarities. The overall structure of the macro-
invertebrate assemblages was concordant with ecoregional

Figure 3. Rank–abundance curves for the Yungas assemblages (HM 5 high montane, LM 5 low montane, FH 5 foothill forest) at
genus level (left panels) and family level (right panels). Abundance is expressed as log10(pi) (pi 5 ni/N, where ni 5 number of individ-
uals of the taxa and N 5 total number of individuals found in the assemblage). See taxa abbreviation in Table S3.
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classifications at the genus level, although discrete assem-
blages were not always apparent at the subecoregion level.

Our results show that segregation of assemblages among
regions was most strongly related to topography and asso-
ciated physiochemical variables. Many previous studies have
also found this hierarchical pattern. For example, biotic var-
iation among stream sites is higher when ecoregions have
marked differences in topography (Hawkins et al. 2000). An-
other study analyzed macroinvertebrate data sets in relation
to environmental and biogeographical variables from Eu-
rope and found 3major stream types that correspondedwith
3 major landscape types: mountains, lowlands, and Medi-
terranean (Sandin and Verdonschot 2006). Another study
used a top-down approach to develop a stream typology
based on abiotic variables in Luxembourg and determined
that stream dimension, elevation, and geology were themain
typological descriptors, whereas mineral and nutrient con-
centrations were the main variables that characterized sites
within groups (Ferréol et al. 2005). Thus, in combination

with previous studies, our results provide support for land-
scape topography as a key component in classifying assem-
blage structure. In addition, our results suggest that this
framework,whichhas primarily been applied inNorthAmer-
ica and Europe, may extend to macroinvertebrates in South
America.

Some ecoregions may be more likely to harbor distinct
macroinvertebrate assemblages than others. Our results in-
dicate that distinct macroinvertebrate assemblages are
most likely when ecoregions are delineated based on biome
and when ecoregions differ in terms of a strong environ-
mental gradient such as elevation. On one hand, differences
in richness among ecoregions could be more pronounced
when ecoregions correspond with different biomes, given
we observed a higher richness in rain forest in comparison
with more arid regions. Analysis of several biomes has con-
sistently suggested that, in general, forests have the highest
freshwater vertebrate and invertebrate richness and ende-
mism, followed by grasslands and then deserts (Vinson

Figure 4. Rank–abundance curves of the Western Chaco (CS 5 Chaco Serrano, SC 5 Semiarid Chaco) and Monte assemblages at
genus level (left panel) and family level (right panel). Abundance is expressed as log10(pi) (pi 5 ni/N, where ni 5 number of individu-
als of the taxa and N 5 total number of individuals found in the assemblage). See taxa abbreviations in Table S3.
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and Hawkins 2003, Dodds et al. 2015). On the other hand,
ecoregions could have distinct assemblages if they contain
distinct habitats, which would foster unique assemblages.

In our study area, topography varied throughout the South
American biogeographical transition zone (Morrone 2014).
Thus, both drivers of assemblage composition could act syn-
ergistically. Besides the environmental differences that occur
among ecoregions, ecoregions also can have different bio-
geographical histories that could explain some biotic varia-
tion (Morrone 2014). Biogeographically, some taxa could be
associatedwith thehighAndean regions (including theMonte
ecoregion), whereas some taxa are probably associated with
the Amazon regions (including the Chaco and the Yungas).
Ecologically, temperature often appears to structure fresh-
water taxa distributions (e.g., Ephemeroptera assemblages,

Dos Santos et al. 2018), although these distributional patterns
are likely a consequence ofmultiple constraints. Based on our
study results, the environmental variables influenced by to-
pography, such as hydrology or sediment size, could be im-
portant related factors. The structure of macroinvertebrate
assemblages will probably be strongly associated with eco-
regionwhen the topographical and biogeographical contrasts
occur together. Such joint effects may be the case for land-
scapes all along the Andean mountains and their contiguous
lowlands in South America.

We note that ecoregions and subecoregions did not al-
ways clearly define discrete assemblages in our study. In-
stead, some taxa occurred in multiple subecoregions lo-
cated in boundary zones (Tables S6–S8). Other studies
have also identified boundary zones where taxonomic com-

Figure 5. Principal components analysis (PCA) ordination of environmental variables measured at the 20 sampling sites. A.—PCA
biplot of environmental variables and sampled sites, with the inset showing the bar plot of eigenvalues. The 95% confidence ellipses
are shown for ecoregions (B) and subecoregions (C).
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position is not distinctly different from adjacent ecoregions
or streamtypes, primarily inmountainous areas (Rabeni and
Doisy 2000, Verdonschot and Nijboer 2004). These fuzzy
ecoregional boundaries make it difficult to assign the taxa
that occur in these boundary areas to any ecoregion. How-
ever, differences in overall assemblage structure, such as in
taxa dominance and the presence of some taxa exclusively
in 1 ecoregion, can be sufficiently large that ecoregion parti-
tions a measurable amount of biotic variation. The recently
developed dissimilarity indices (PMI and Dissim) that we
used take assemblage structural attributes, such as gradual
abundance variations and shared presence of rare species,
into account. These indices may better show the gradual
and continuous changes that probably occur across regions.

Our results also showed that seasonal variation could in-
fluence similarities among assemblages in transitional areas.
Seasonal variations in both environmental and biological fea-
tures have generally not been considered when classifying
water body types (Hawkins et al. 2000, 2010, Verdonschot
and Nijboer 2004). However, we found that seasonal varia-
tion in low- and high-water periods was strongly associated
with variation in assemblage structure in transitional areas,
making it more difficult to detect ecoregion associations.
We observed transitional and gradual patterns of changes
in assemblage compositionmost clearly between the contig-
uous Yungas and Chaco regions. In our study, the Monte
ecoregion was distant and separated by grassland from the

Yungas and Chaco. Future work should examine whether
there are transitional or distinct assemblage changes across
the Monte–grassland–Yungas/Chaco interface.

Weak associations between macroinvertebrate assem-
blages and ecoregionsmaybe a result of assemblages chang-
ing gradually along environmental gradients (e.g., Hawkins
andVinson2000, Sandin and Johnson 2000). Consequently,
gradient modeling, where site assemblages are predicted
based on site-specific differences in environmental condi-
tions (e.g., River Invertebrate Prediction and Classification
System–typemodels,Moss et al. 1987,Wright 1995), gener-
ally accounts formorevariation thanparsingassemblagesby
region (Davy-Bowker et al. 2006, Sandin and Verdonschot
2006,Hawkinset al. 2010, JohnsonandHallstan2018).How-
ever, freshwater ecosystems from some regions are still
poorly studied in South America, especially those in arid,
semiarid, and highland areas. More extensive survey data
are needed to develop such predictive models and compare
the performance of different approaches (regionalizations,
typologies, or modeling) to partitioning biotic variation in
South American streams and rivers.
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