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Abstract Population growth and increasing pro-
duction demands threaten the highly diverse Andean
freshwater ecosystems. Biological indicators con-
stitute a valuable tool for evaluating the ecological
quality of freshwater ecosystems under different pres-
sures. Diatom and macroinvertebrate assemblages
are the most used bioindicators to assess water pol-
lution, whereby these biotic groups occupy the first
and second trophic levels and respond to habitat pol-
lution. Several studies have explored the response
of these communities to water pollution in other
regions, but no studies have examined their perfor-
mance in Andean rivers. In this context, this research
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aimed to evaluate the responses and relationships
of both groups of bioindicators in the Upper Guayl-
labamba basin. We collected macroinvertebrate and
diatom samples from nine sites in this basin during
the dry and wet seasons, calculated trophic indices
for both groups, and related them to environmental
characteristics. The results indicated that both bioin-
dicators were sensitive to changes in land use and
nutrients. Epilithic diatoms were more sensitive to
changes in water chemistry and macroinvertebrates
to changes in fluvial habitat and land use. The index
based on macroinvertebrates better-detected changes
in quality classes between sites and seasons. There-
fore, both indices gave complementary information,
and their joint use seems suitable in Andean streams.
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Introduction

The Tropical Andes provide significant freshwa-
ter resources to South America, supplying water to
the Amazon, Pacific, and tropical Atlantic basins
(Buytaert et al., 2006; Vergara, 2007). These high-
altitude ecosystems are characterized by large diel
temperature variations and high ultraviolet radia-
tion and solar energy inputs (Luteyn, 1999). These
environmental conditions and the area’s diverse
geology and geomorphology promote high spe-
ciation rates and endemism (Buytaert et al., 2006;
Madrifian et al., 2013). Also, Andean mountain
streams are heterogeneous, with changes in physi-
cal, chemical, and hydromorphological characteris-
tics along an altitudinal gradient (Villamarin et al.,
2014). Human populations in the Andes rely heavily
on paramo and mountain river systems for multiple
ecosystem services, including tourism, hydropower,
and water supply for urban, industrial, agricultural,
and livestock activities (Buytaert et al., 2006). The
paramo directly provides water resources to about
40 million people in the Andes (Josse et al., 2009),
providing 85% of the water supply to Quito, the
capital of Ecuador (Buytaert et al., 2006).

Increasing human pressures in the Andes have
produced high afforestation rates, land use changes,
water pollution, and flow reduction (Anderson
& Maldonado-Ocampo, 2011), influencing the
physical and chemical and biological attributes in
Andean streams. Urban, industrial, and agricultural
activities contribute to the input of nutrients (Car-
penter et al., 1998; Smith et al., 2006; Rios-Touma
et al., 2022), pesticides (Stone et al., 2014), and
sediments (Trimble, 1997) into streams. In addition,
many Andean cities discharge untreated wastewater
directly into these freshwater systems (Walteros &
Ramirez, 2020). These activities contribute to many
disturbances, including the eutrophication of sur-
face waters, consequently producing harmful algal
blooms and oxygen depletion in these environments
(Carpenter et al., 1998; Smith et al., 2006). Stream
pollution can affect the ecological integrity of fresh-
water habitats and have adverse public health effects
on Andean and downstream populations in Ecuador,
making water quality monitoring and assessment
imperative (Acosta et al., 2009; Guerrero-Latorre
et al., 2018; Vinueza et al., 2021; Rios-Touma et al.,
2022).
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Developing monitoring tools and programs to
set management plans and restoration goals remain
important for Andean streams. Many biotic indices
have been developed for various regions and included
in technical standards for monitoring water quality,
such as the European Water Framework Directive
(2000/60/EC) (European Commission, 2000). Bioin-
dicators, such as macroinvertebrates and diatoms,
remain a widely used tool (Hodkinson & Jackson,
2005; Carter et al., 2006; Rios-Touma et al., 2014;
Lobo et al., 2016). These organisms are considered
sensitive to habitat changes, in which different taxa
have different responses to pollution, and are widely
distributed in freshwater habitats (Boothroyd & Stark,
2000; Hodkinson & Jackson, 2005; Chang et al.,
2014; Lobo et al., 2015). They show water quality
conditions through changes in the proportion of sen-
sitive taxa and community composition and struc-
ture shifts (Kaesler et al., 1978; Lobo et al., 2016).
In Latin America, the use of diatoms in water quality
assessment started in the 1990s. Based on studies by
Frenguelli (1947), Argentina developed the Pampean
Diatom Index (Goémez et al., 2001). In Brazil, Wetzel
et al. (2002) published the first description of a Bra-
zilian saprobic system, characterizing three differen-
tial diatom groups: highly pollution-tolerant species,
pollution-tolerant species, and less pollution-tolerant
species. In Ecuador, Castillejo et al. (2018) tested this
index for Ecuadorian Andean rivers, concluding that
species’ tolerances are not always a suitable way of
diagnosing water quality. The use of macroinverte-
brates as bioindicators in Latin America started in the
1970s with the first adaptations in Colombia (Roldan
et al., 1973), followed by adaptations of the BMWP
(Biological Monitoring Working Party, Armitage
et al., 1983) from the United Kingdom during the
early 2000s with considerable success in the applica-
tion (e.g., Dominguez & Fernandez, 1998; Figueroa
et al., 2003). Moreover, this index uses family-level
identifications, which have shown consistent toler-
ance to pollution values worldwide (Chang et al,
2014) in streams located at over 2,000 m.a.s.l.; the
Andean Biotic Index is widely used in Peruvian,
Ecuadorian, and Colombian streams.

However, the relationship between the responses
of both bioindicators to human pressures on Andean
streams has yet to be evaluated. Diatom assemblages
are typically closely associated with chemical vari-
ables (Hering et al., 2006), and macroinvertebrates
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are more sensitive to organic pollution (Wang et al.,
2007) and alterations in physical habitat structure
(Voss et al., 2012). Differences in responses to stress-
ors of multiple assemblages make them complemen-
tary in standard ecological assessments or freshwater
monitoring programs. Thus, changes in the composi-
tion and abundance of macroinvertebrate and diatom
assemblages are expected in the face of all the human
pressures placed upon aquatic ecosystems (Silva
et al., 2017; Gonzalez-Paz et al., 2020). Due to the
importance of the biodiversity and ecosystem services
that Andean streams provide (Encalada et al., 2019)
and the increasing human pressures on these ecosys-
tems, we aimed to evaluate how Andean diatoms and
macroinvertebrate assemblages respond to the multi-
ple stressors present in high-altitude Andean streams.
Finally, we assessed the benefits of using diatoms and

macroinvertebrates to determine the ecological status
of the Upper Guayllabamba River basin.

Materials and methods
Study area

The Upper Guayllabamba River basin is in the
southern part of Pichincha Province, serving Quito
(Fig. 1). Nine sampling sites were selected along
the basin (Table 1), including the Pita and Santa
Clara sub-basins. The headwaters of Pita begin
between Sincholagua (4899 m.a.s.l.) and Cotopaxi
(5890 m.a.s.l) volcanoes and form a tributary of the
San Pedro River (2415 m.a.s.l) (MAE, 2012). The
Pita River flows in a south-north direction, covering 1
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Fig. 1 Sampling sites in the sub-basins of the Pita River (1.1PI, 1.3PI, 1.4PL, 2.1PI, 3.2PI, and 3.4 PI) and Santa Clara River (SClara
1, SC1; SClara2, SC2) on the Upper Guayllabamba River basin in Pichincha, Ecuador
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Table 1 Location and elevation of sampling sites

Code Locality name basin Province Country Coordinates Elevation

1.1 PI Quebrada Potrerillo Pita Pichincha Ecuador —0,60,843°S, — 78.40933°W 3818 ma.s.l
1.3 PI Quebrada Chiriyacu Pita Pichincha Ecuador — 0.59606°S, — 78.45235°W 3781 ma.s.l
1.4 PL Pita affluent Pita Pichincha Ecuador —0.56525°S, — 78.43898°W 3684 m a.s.l
2.1 PI Quebrada Taxohuaycu Pita Pichincha Ecuador — 0.44802°S, — 78.39790°W 3331 ma.s.l
3.2PI Quebrada Cariacu Pita Pichincha Ecuador — 0.40063°S, — 78.38384°W 2865 m a.s.l
34PIL Pita Pita Pichincha Ecuador —0.41641°S, — 78.40765°W 2865 m a.s.l
SC1 Santa Clara Santa Clara Pichincha Ecuador —0.34893°S, — 78.42595°W 2550 m a.s.1
SC2 Santa Clara Santa Clara Pichincha Ecuador —0.33203°S, — 78.44158°W 2520 m a.s.1
SP3 Pita Pita Pichincha Ecuador —0.29624°, — 78.45976°W 2454 m a.s.l

km? (Castillejo et al., 2018). The river basin supplies
2200 L/s of drinking water to the Metropolitan Dis-
trict of Quito (FONAG, 2012) and is mainly impacted
by livestock, agriculture, industrial activities, and
urbanization (FONAG, 2012). Two sites were located
within the Santa Clara River basin (Table 1; Fig. 1).
The headwaters of this basin begin at an altitude
of 4110 m.a.s.l in Rumifiahui Canton in southeast
Pichincha and cover an area of 0.4 kmz, flowing into
the San Pedro River at 2440 m.a.s. (Masabanda
et al., 2016). The main land uses in the Santa Clara
River basin include livestock, agricultural, industrial,
and urban activities (GAD Cantén Rumifiahui, 2015).

Our sampling design aimed to capture the varia-
tion between the different reaches of the basin that are
strongly influenced by an elevational and anthropo-
genic gradient. Sampling sites 1.1PI, 1.3PI, and 1.4PI
are surrounded by paramo vegetation. Meanwhile,
2.1PI, 3.2PI, and 3.4PI are in pastureland but with
well-preserved riparian areas. SC1, SC2, and SP3 are
in urban areas.

Sampling

Macroinvertebrate, epilithic diatom, and water sam-
ples were collected at each site (Table 1). Sampling
was performed in August 2020 and May 2021 to
include dry and wet conditions. Riparian and stream
habitats were assessed using the Andean Riparian
Habitat Quality Index (QBR-And) (Acosta et al.,
2009) and the Fluvial Habitat Index (IHF) (Pardo
et al.,, 2002; Acosta et al., 2009). The QBR-And
index assesses vegetation cover, structure, quality,
and channel alteration, while the IHF index evaluates
physical channel quality, focusing on heterogeneity
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factors related to benthic community diversity (Pardo
et al., 2002). A QBR-And score of 96 or higher sug-
gests undisturbed riparian habitat, and a score of 50
or below indicates a highly impacted habitat (Acosta
et al., 2009). An IHF score of 40 or less indicates
poor habitat quality for aquatic invertebrates, while a
score of 75 or more suggests optimal habitat quality
(Pardo et al., 2002).

We measured in situ environmental parameters—
pH, specific conductance, total dissolved solids
(TDS), temperature, barometric pressure, and dis-
solved oxygen saturation and concentration—using
the YSI Prol1030 and ProODO instruments (YSI,
USA). We measured water velocity using the FP111
Global Water Flow Probe (Xylem, USA), as well as
depth and length along a transect to calculate channel
discharge. Additionally, we collected water samples
for laboratory analysis. These samples were stored at
4 °C until their arrival at the laboratory in less than
S5h.

Water samples

In the laboratory, we determined color, turbidity,
alkalinity, concentrations of chloride, sulfate, nitrite,
nitrate, ammonium, and phosphate, Biochemical
Oxygen Demand (BOD), Chemical Oxygen Demand
(COD), and oil and fats (Table 2). Furthermore, we
contrasted our measured environmental values with
the parameter limits set by the Ecuadorian Envi-
ronment Ministry’s legislation on water quality for
aquatic life preservation or agricultural and livestock
use (Ministerio del Ambiente de Ecuador, MAE,
2015).
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Table 2 Methods used for determining water physical and
chemical parameters

Parameters Method used

Color Analogous to 2120 B. Visual Comparison *

Turbidity Analogous to EN ISO 7027°

Alkalinity 2320 B. Titration Method °

Chloride 4500-Cl- B. Argentometric Method®

Sulfate 4500-SO4- E. Turbidimetric Method®

Nitrite 500-NO2- B. Colorimetric Method®

Nitrate 4500-NO3- B. Ultraviolet Spectrophotometric
Screening Method®

Ammonium 4500-NH3- A. Phenate Method®

Phosphate A4500-P E. Ascorbic Acid Method®

BOD;4 5210 B. 5-Day BOD Test

COD 5220 D. Closed Reflux, Colorimetric Method®

Oil and fats 5520 B. Partition-Gravimetric Method®

aSpectroquant® Move 100 (Merck, Germany) instrument’s
methodologies (Merck, 2018)

®The Standard Methods for the Examination of Water and
Wastewater (APHA, 2005)

Diatom sampling

Epilithic diatoms were collected at each site. The
samples were scrubbed from the upper surface of
three stones 10-20 cm in diameter using a tooth-
brush following the method described by Kobayasi &
Mayama (1982). The samples were cleaned with sul-
furic and hydrochloric acids and mounted on perma-
nent slides with Naphrax®. To calculate the relative
abundances of the species, all organisms found along
random transects on the prepared permanent slides
were identified and counted, with a minimum of
400 valves, using a Leica DM750 light microscope.
Species with above-average numbers of individuals
(number of species divided by the total number of
individuals) were considered abundant, following the
criterion proposed by Lobo & Leighton (1986). For
species identification, the following taxonomic refer-
ences were used: Lobo et al. (2014; 2016b), Metzel-
tin & Lange-Bertalot (1998; 2007), Rumrich et al.
(2000), Metzeltin & Garcia-Rodriguez (2003), and
Metzeltin et al. (2005).

Scanning Electron Microscope (SEM) images
were taken using an ultra-high-resolution Tescan
MIRA3 analytical field emission scanning elec-
tron microscope operated at 10 kV to differentiate
Nitzschia soratensis E.Morales and M.L.Vis from

Nitzschia inconspicua Grunow. As suggested by Lobo
et al. (1990), the percentage of N. soratensis vs. N.
inconspicua found under the SEM was extrapolated
in order to be counted under a light microscope.

Macroinvertebrate sampling

At each site, we collected benthic macroinvertebrates
with a 250 p D-net (Rios-Touma et al., 2014) in all
habitat types for 3 min (Acosta et al., 2009). We also
collected three 0.09 m? Surber samples from rif-
fles in each sampling transect to obtain quantitative
samples for biodiversity analysis (Rios-Touma et al.,
2022). We preserved the samples in 96% alcohol and
sorted them with an Olympus SZ61 stereomicroscope
(Olympus, Japan). Then, we identified macroinver-
tebrates to order and family levels to calculate the
Andean Biotic Index (Rios-Touma et al., 2014) and to
genus or morphospecies levels related to abundances
for biodiversity analysis. We used Dominguez & Fer-
nandez (2009) and Hamada et al. (2019) to identify
macroinvertebrates.

Data analysis

We used the Trophic Water Quality Index (TWQI)
for subtropical and temperate Brazilian lotic systems
developed by Lobo et al. (2014, 2015) to diagnose
water quality using the composition of epilithic dia-
toms. This method assigned trophic values (TV) of 1,
2.5, and 4 to species, corresponding to low, medium,
and high tolerance to eutrophication, respectively.
The trophic values (tv) assigned to each species were
taken from the OMNIDIA software (www.omnidia.
fr).

We calculated the Andean Biotic Index (ABI,
Rios-Touma, et al., 2014), which is an adaptation
of the BMWP Index (Armitage et al., 1983). This
index uses macroinvertebrate tolerance values from
1 (more tolerant) to 10 (more sensitive). This adap-
tion provides tolerance values for families of mac-
roinvertebrates present in lotic environments above
2,000 m.a.s.l in Ecuador and Peru. For this basin, if
the sum of the tolerance values of the families present
is higher than 96, it means excellent quality. If the
sum is between 59 and 96, the site’s quality is marked
as very good; between 35 and 58 means fair; between
14 and 34 means poor, and below 14 denotes very
poor quality (Rios-Touma et al., 2014).
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The environmental similarity between sites and
seasons was evaluated with normalized variables
using Euclidean distances with an average cluster.
Then, the site’s environmental data were analyzed
with a Principal Component Analysis (PCA) of mean
values for both seasons for each site. We initially per-
formed Spearman’s Rank Correlation on the environ-
mental variables to choose a subset of variables to
reduce collinearity in the analysis. Then, the variables
were normalized before the PCA analysis. Both qual-
ity indices, TWQI and ABI, were related to Axis 1
of the PCA that best explained the pollution gradient,
using JAMOVI statistical software (Jamovi, 2021).

Diatom and macroinvertebrate assemblages were
evaluated using cluster and Non-Metric Multidimen-
sional Scaling (NMDS) analyses. The taxon den-
sity (macroinvertebrates) or proportion (diatoms)
were converted to square root prior to the analy-
sis. First, we performed an average cluster analy-
sis using Bray—Curtis species similarity (macroin-
vertebrates and diatoms independently) among the
sites. We assessed the significance of the clustering
using the Similarity Profile routine (SIMPROF) that
tests the data against the null hypothesis of no struc-
ture (Clarke et al., 2008). Second, we performed an
NMDS with the average densities/proportions of the
two sampling seasons. We performed a RELATE
procedure in the NMDS in which the previously
selected environmental variables were related to the
composition of taxa to assess the main environmental
variables that determine species composition (> 0.65
Spearman correlations). All these ordination analyses
were performed using PRIMER 6 statistical software
(Clarke & Gorley, 2006). We calculated richness,
abundance, and Shannon diversity (measured as the
effective number of species) for each group (diatoms
and macroinvertebrates at each site). For this analysis,
we used the package iNEXT in R statistical software
(Hsieh et al., 2016). We assessed differences in these
metrics between sites using a Kruskall-Wallis analy-
sis of variance and between seasons using Jamovi sta-
tistical software (Jamovi, 2021).
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Results
Environmental gradients

According to the Ecuadorian legislation of quality
for aquatic life preservation or agricultural and live-
stock use (MAE, 2015), all sampling sites except
for 1.3PI, 2.1PI, and 3.4PI during the dry season
and 2.1PI during the wet season exceed the chlo-
ride limit. Oxygen saturation at all sites during the
dry season does not meet the indicated limit. SP3
during the wet season is the only site whose ammo-
nium concentration is over the legal limit (Table 3).

Sites SC1, SC2, and SP3 showed higher turbidity,
COD, temperature, discharge, and levels of ammo-
nium, nitrites, nitrates, oil, and fats. In contrast,
sites 1.1PI, 1.3PI, 1.4PI, 2.1PI, 3.2PI, and 3.4PI
had higher DO concentration, specific conductance,
sulfate, chloride, and QBR values. All sites for both
seasons had IHF scores within or above the thresh-
old for suitable habitats (>60). The less polluted
sites (1.1PI, 1.3PI, 1.4PI, 2.1PI, 3.2PI, and 3.4PI)
in both seasons have QBR-And scores of “good” or
“excellent.” In contrast, the most polluted sites in
both seasons have QBR-And scores of “poor.”

The average cluster analysis with environmental
variables (Fig. 2a) found five significant groups.
The first was composed of SP3 in both seasons and
SC2 in the wet season. The second group contained
1.1PT and 1.4PI during the wet season, and the third
group SC1 and SC2 in the dry season. The fourth
group included 2.1PI, 3.2PI, 3.4PI, and 1.3PI dur-
ing both seasons and SC1 during the wet season.
The fifth group consisted of 1.1PI and 1.4PI during
the dry season. According to the SIMPROF clus-
ter analysis test, only SC1, SC2, 1.1PI, and 1.4PI
showed significant seasonal differences in environ-
mental characteristics.

The PCA with nine previously selected variables
(Fig. 2b) discriminated between our nine sampling
sites. The first two components explain a cumula-
tive variance of 57.1% (PC1: 35.2% EV=3.17; PC2:
21.9% EV=1.97). The first component (PC1) dif-
ferentiates sites based on ammonium and phosphate
concentrations, contrasting more polluted sites (SC1,
SC2, and SP3) with those containing healthier con-
centrations. Furthermore, less polluted sites (1.1PIL,
3.2PI, 1.4PI, 2.1P1, and 1.3PI) were distinguished by
better riparian areas (QBR-And) and higher oxygen
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saturation (DO_sat). On the other hand, PC2 sepa-
rates sites 3.4PI, SC1, and SC2 by having higher dis-
charge and percentage of agricultural land use than
the other sites, and separates SP3, 2.1PI, and 1.4PI for
their higher pH values.

Bioindicator assemblages and environmental
variables

We identified 85 diatom species and 29 genera.
Twenty-seven taxa were considered abundant spe-
cies (Appendix 1— Supplementary Material.), with
Nitzschia Hassall and Gomphonema Ehrenberg being
the most representative genera with 17 (20%) and
11 (12.9%) species, respectively. In both seasons,
Achnanthidium minutissimum (Kiitzing) Czarnecki
and Planothidium frequentissimum (Lange-Bertalot)
Lange-Bertalot were abundant exclusively in non-
urban sites (1.1PI, 1.3PI, 1.4PI, 2.1PI, 3.2PI, and
3.4PI). Nitzschia soratensis was abundant in every
sample except for the upper stations: 1.1PI and 1.3PL.
Abundant species in the most eutrophic sample (SP3)
were described in the literature as meso-tolerant or
tolerant to eutrophication. Tolerant species include
Nitzschia palea (Kiitzing) W.Smith, Nitzschia clausii
Hantzsch, Sellaphora saugerresii (Desm.) C.E. Wet-
zel et D.G. Mann, Navicula gregaria Donkin, Navic-
ula lanceolata Ehrenberg, and Eolimna minima, and
meso-tolerant species include Sellaphora seminu-
lum (Grunow) D.G.Mann, Gomphonema pumilum
(Grunow) Reichardt & Lange-Bertalot, and Navicula
cryptotenella Lange-Bertalot. In particular, Eolimna
minima was previously classified as a pollution-
tolerant species in an Ecuadorian study. The sites in
middle reaches (2.1PI, 3.2PI, and 3.4PI) contained
abundant species with oligotrophic and mesotrophic
preferences. Reimeria sinuata (W.Gregory) Kociolek
& Stoermer, an abundant species in our samples,
has an oligo-mesotrophic preference (Carayon et al.,
2019).

According to our TWQI, the only site with an
oligotrophic pollution level for both seasons was
1.1PI. There was a positive pollution gradient
from 1.3PI to 3.4PI, with all sites showing mean
trophic values within the f-mesotrophic range. The
most polluted sites (SC1, SC2, and SP3) showed
mean tv values within the a-mesotrophic range
(Table 4). The cluster formed with diatom assem-
blages (Fig. 3a) had smaller discernible differences
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compared to the environmental cluster (Fig. 2a). In
general, sites clustered together (dry and wet sea-
sons). The first two clusters are upstream sites with
better water quality (1.1PI and 1.3PI). Then, one set
is composed of a cluster of SP3 (both seasons) and
SC1 (dry season), both sites with strong environ-
mental impacts, and another set of SC2 and 3.4PI
(in both seasons) along with 3.2PI during the wet
season, which could be explained by considering
a mix of strong to medium environmental affected
streams. Finally, we have a cluster of 2.1PI and
1.4PI (during both seasons) together with 3.2PI dur-
ing the dry season, sites with fewer environmental
impacts than the previous group.

We found 64 macroinvertebrate taxa at all sites
during both samplings. Oligochaeta and Chironomi-
dae were present in all sites (Appendix 2— Supple-
mentary Material.). Hydracarina, Ceratopogonidae,
Simuliidae, Baetidae, Hydroptilidae, and Hyalelli-
dae were also present in most sites (90-100%). Aus-
trelmis, Paltostoma, Mortoniella, Atopsyche, Anom-
alocosmoecus Tanitarisini  (Chironomidae), and
Tanypodinae (Chironomidae) were absent from most
polluted sites (SC1, SC2, and SP3). The group aver-
age cluster (Fig. 3b) showed 4 significant groups. The
first cluster contained two branches: one composed of
paramo sites (1.1PI and 1.4PI in both seasons), and
the other included 1.3PI during both seasons. The
second cluster comprised all of the low and middle
elevation sites (2.1PI and 3.2P1 in both seasons along
with 3.4PI in the dry season). The third cluster was
composed of the most polluted sites (SC1, SC2, and
SP3 in both seasons) and 3.4PI in the wet season.

The Andean Biotic Index (ABI, Table 4) showed
sites ranging from ‘“excellent” to “bad” water qual-
ity. Overall, biological quality was better in the dry
season. On average, only 3.2PI had “excellent” bio-
logical quality, while four upstream and middle sites
had “very good” quality (1.1PI, 1.3PI, 2.1PI, and
3.4PI). Three highly polluted sites (SC1, SC2, and
SP3) belonged to the “bad” biological quality cat-
egory. Only SP3 had “very poor” quality during the
wet season.

Both indices relate to PC1 (35% of environmen-
tal variation explained, Fig. 2b), which discrimi-
nates more polluted from less polluted sites. TWQI
had a direct relationship with this PC, and the ABI
had an inverse relationship (Fig. 4). ABI and TWQI
indices showed a significant negative correlation
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QBR: Riparian Quality Index; DO_Sat: oxygen saturation;
IHF: Fluvial Habitat Index; Discharge; and &_Agro: percent-
age of agricultural use in a drainage area in nine sampling sta-
tions (1.3PI, 1.3PI, 1.4PI, 2.1PIL, 3.2PL 3.4PIL SCI, SC2, and
SP3) in the Upper Guayllabamba basin, Ecuador

Table 4 ABI and TWQI scores for the dry and wet seasons and average ABI and TWQI scores per sampling site (Average)

SITES ABL 1 pBI Wet | ABIX | SMac H(N1) Twal wal wal . s P.”Nl)
Dry Mac Dry Wet X Diatoms Diatoms
1.1PI 86.0 62.0 74.0 15 31 1.2 13 0.9 145 4
1.3Pl | 104.0 86.0 90.0 27.5 8.09 1.8 13 1.5 20.5 8.26
1.4P | 440 71.0 575 15.5 2.94 1.7 1.4 15 20.5 7.37
2.1PI | 99.0 38.0 68.5 12 4.11 22 1.6 1.9 18.5 8.93
3.2P1 | 121.0 88.0 104.5 20 5.89 1.4 23 1.9 14 5.11
3.4Pl 70.0 59.0 64.5 135 5.47 2.0 2.9 21 17 7.25
SC1 49.0 16.0 325 225 2.79 2.2 3.4 2.9 245 7.77
SC2 48.0 12.0 30.0 13 2.6 2.9 83 31 24.5 8.81
SP3 16.0 21.0 18.5 11 4.02 2.6 3.0 2.9 28 11.51

Five biological quality classes for ABI were used: excellent (blue), very good (green), fair (yellow), poor (orange), and very
poor (red). Three biological quality classes for TWQI were used: blue =oligotrophic water quality, green=p-mesotrophic, and
orange = a-mesotrophic. S =Richness; H (N1)=Shannon Diversity Index expressed as equivalent number of species. X = Average

(Spearman rho=-— 0.71; P<0.5) as TWQI values
increase with pollution and ABI decrease. TWQI
correlated with land uses (%Agro=0.81, P<0.01;
%Urban=0.91, P<0.01) and nutrient concentration
(Ammonia=0.91, P<0.01; Nitrite=0.91, P<0.01;
Nitrate=0.88, P<0.01). ABI correlated positively

with oxygen and negatively with chemical oxy-
gen demand (DO=0.75, P<0.05; COD=- 0.83,
P<0.01), and both indices correlated with QBR
(ABI=0.81, P<0.01; TWQI=- 0.73, P<0.05).
(Appendix 3). The non-parametric Kruskal-Wallis
test did not show significant differences in diversity
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Fig.3 a Average cluster analysis (with SIMPROF test)
based on diatom species abundance from the nine sampling
sites during two seasons (May: wet; and August: dry) in the
Upper Guayllabamba basin. b Average Cluster analysis (with

measurements between sites (Shannon diversity and
Richness, Table 4).

Community composition and environmental variables

Our NMDS with diatom assemblages were clearly
related to environmental variables (Fig. 5a). Ammo-
nium (Spearman rho: — 0.93 with NMDS 1), agricul-
tural land use (Spearman rho: -0.77 with NMDS 1),
and discharge (Spearman rho: — 0.67 with NMDS 1)
were strongly related to polluted sites (SP3, SC1, and
SC2). At the same time, better riparian quality (QBR-
And Spearman correlation: 0.71 with NMDS 1) and
oxygen saturation (DO_sat, Spearman rho: 0.62 with
NMDS2) were related to sites 1.1PI, 1.3PI, 1.4PI,
2.1P1, and 3.2PL

Macroinvertebrate assemblages showed paramo
streams (1.1PI, 1.3PI, and 1.4PI) to be clearly sepa-
rate from the rest of the sites (Fig. 5b) on the nega-
tive side of MDS1. The percentage of agricultural
land use (Spearman rho: 0.67 with MDS1) discrimi-
nated the paramo sites (with less agricultural or non-
agricultural land use) from the rest of the sites. Phos-
phates (Spearman rho: 0.83 with MDS2), discharge,
and ammonium (both with Spearman rho: 0.62 with
MDS?2) were related to the polluted sites— SP3, SC1,
and SC2. At the same time, 1.3PI, 2.1PI, and 3.2PI
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SIMPROF test) based on macroinvertebrate taxa abundance
from nine sampling sites during two seasons (May=wet and
August=dry) in the upper Guayllabamba basin, Ecuador

showed lower concentrations of these pollutants and
lower discharge.

Discussion

Ecuadorian environmental laws do not establish the
use of biological indicators for the analysis of water
resources, despite the abundance of research on the
subject in the country (e.g., Acosta et al., 2009; Rios-
Touma et al., 2014; Castillejo et al., 2018; Rosero-
Loépez et al., 2020). In this study, we compared the
performance of two different bioindicators to detect
the impacts of anthropogenic pressures. Our results
showed that the biological quality indices of the two
biological communities used (diatoms and macroin-
vertebrates) were significantly correlated (Spearman
rho=- 0.71; P<0.05), and, at the same time, were
also correlated to changes in the environmental and
anthropogenic gradient studied.

The vast majority of our sampling sites are
affected by mixed sources of pollution, e.g., waste-
water effluents, agricultural land uses, and nutrient
concentrations (e.g., ammonia), which are highly
correlated (Spearman rho=>0.65) with diatom
and macroinvertebrate assemblages. This shows that
both assemblages respond to these environmental
pressures (Fig. 5a). Moreover, the TWQI and ABI
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Fig. 4 TWQI and ABI regressions with the scores of the first axis of the Principal Component Analysis. The shaded areas are the
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were significantly correlated with stressor variation
among the sites (PC1), and between them, showing
that the indices were also sensitive to the degradation
of environmental quality in these streams (Fig. 2b).
However, this is not always the case: other biologi-
cal quality indices based on diatoms and macroinver-
tebrates were reported to be uncorrelated in South
Africa (De la Rey et al., 2004) and highly correlated
in Mediterranean countries (Torrisi et al., 2010). In
Portugal, both indices showed a similarity of 76% in
their responses to water quality assessments but with
complementary responses to environmental pressures
(Feio et al., 2007). Neither in our work did the TWQI
and ABI responses to anthropic pressures completely
overlap. We showed that diatoms responded to vari-
ations of water quality, such as nutrient concentra-
tions and riparian forest quality, while macroinver-
tebrates responded to decreased oxygen saturation,
increased chemical oxygen demand, and land use
change, as reported in the literature (e.g.,Soininen &
Kononen, 2004; Hering et al., 2006; Blanco et al.,
2007; Karaouzas et al., 2018). Compared to mac-
roinvertebrates, diatoms have rapid growth rates that
allow them to react faster to chemical changes, espe-
cially nutrient enrichment (e.g., Morin et al, 2016),
detecting thus the first steps of degradation (Schnei-
der et al., 2012), as opposed to macroinvertebrates
(Karaouzas et al., 2018). Hence, the latter are more

sensitive to changes affecting structural parameters,
e.g., microhabitat composition, flow regime, etc.
(Soininen and Kononen, 2004; Hering et al., 2006;
Blanco et al., 2007). Our results suggest that in par-
amo streams, where cattle and agriculture are signifi-
cant pressures, epilithic diatoms show more specific-
ity for pristine and less impacted sites. In contrast,
macroinvertebrates responded and discriminated bet-
ter in sites in the lower inter-Andean reaches, where
multiple stressors occur, such as increasing urbaniza-
tion, agriculture, and intensive cattle farming.

Both indices showed worse water quality in the
wet season in urban sites. Nonetheless, previous stud-
ies have suggested the relevance of seasonality in
macroinvertebrates but not in diatoms (Almeida et al.,
2014), giving diatoms an advantage when assessing
water quality over a wide time frame. This inconsist-
ency can be explained by the decrease in water qual-
ity in Ecuadorian Andean rivers in the wet season due
to increased runoff from agriculture and urban areas,
especially in places with a lack of adequate riparian
vegetation cover and of wastewater treatment (Jacob-
sen, 1998; Rios-Touma et al., 2022). Thus, the TWQI
varies depending on chemical variables that affect
water quality, as described for other diatom-based
quality indices (Schneider et al., 2012; Morin et al.,
2016). Our work shows that both biological groups
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Fig. 5 a Non-Metric
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are complementary, and their use is suitable for
Andean freshwater ecosystems.

We found no differences in the classic biodiversity
metrics between the sites and the environmental gra-
dient. Biological indicators and community composi-
tion were more informative regarding the degradation
of environmental conditions. Moreover, the study of
the community through the NMDS and its relation-
ship with the environmental variables contributed to
a better understanding of how assemblages change
and respond to changes in nutrients, land use, and

@ Springer

oxygen availability. This is a powerful tool for com-
prehending ecological drivers of change and better
adapting trophic scores of tolerance values for bioin-
dicators. We used general trophic values for diatoms
(OMNIDIA) and adapted tolerance values for Andean
streams (Rios-Touma et al., 2014). However, our data
showed that some taxonomic groups might respond
differently to the multiple stressors of these streams,
as observed in macroinvertebrates in urban areas in
this same basin (e.g., Psychodidae in Rios-Touma
et al., 2022).
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Feio et al. (2021) indicate the importance of select-
ing appropriate bioindicators for monitoring pro-
grams to assess the ecological status of rivers. The
expertise of local technicians is essential to correctly
identify the taxa present in the samples. New molecu-
lar techniques, such as the genetic barcode approach
(Ballesteros et al., 2020), can help overcome limi-
tations and increase the quality of stream assess-
ments. Both indices, employed in temperate areas and
adapted to the location, responded to human pres-
sures in streams. Nevertheless, our dataset is limited
to two seasons in the Upper Guayllabamba basin.
Strong monitoring data relies on long-term studies
that are still lacking in most Andean countries. There-
fore, filling the knowledge gap on how these streams
and their communities respond is essential in order
to improve the monitoring tools and the information
they provide.
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