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Abstract: In the tropical high mountains, human activities have strongly intensified in recent decades.
Agricultural frontier movement toward higher elevations, river channel modifications, mining, and
urban waste discharge threaten river ecosystem health, which is even more alarming when drinking
water supply comes from surface water. The aim of the current study was to evaluate the ecological
status of high mountain fluvial networks of tropical Andean catchments based on the definition of
different river types. Physical–chemical variables and macroinvertebrate communities were sampled
in 90 stations of seven tropical high mountain catchments. River habitat and riparian vegetation
quality were further evaluated. K-means classification, using physical and hydro-morphological
characteristics, identified six different river types. This classification was further refined to five
river types by the analyses of macroinvertebrate communities through multidimensional scaling
and analysis of similarity. The anthropogenic pressure gradients, present in the different river types,
were inorganic (i.e., conductivity, turbidity), organic (i.e., fecal coliforms), river habitat, and riparian
vegetation quality. Macroinvertebrate communities responded to different environmental variables in
the páramo, mountain forest with humid shrub, urban, and Tarqui river types. Heterogeneous fluvial
habitats and high altitude favored taxa such as Atanatolica, Mortoniella, Helicopsyche, Anacroneuria,
Paltostoma, Helicopsyche, Paltostoma, Atopsyche, Pheneps, and Maruina. Chironomidae and Psychoda
dipteran were associated with higher biochemical oxygen demand, lower oxygen concentration, high
fecal coliforms, and total dissolved solids, while Haitia was linked to elevated nitrate concentrations.
Integrated watershed management could benefit from a well-established biomonitoring network,
considering different river types, which represents the natural variability of the ecosystems, as well
as anthropogenic pressure gradients.

Keywords: tropical Andean rivers; river typology; anthropogenic pressure gradient; macroinvertebrates

1. Introduction

Mountain regions provide water resources to downstream populations for agriculture,
industrial activities, and human consumption [1,2]. In tropical mountain regions, water is
mainly taken from surface and subsurface ecosystems. In mountain watersheds, water can
be stored and released by a combination of different hydrological components including
snowpack, glaciers, groundwater, and lakes [3,4]. Further, in the tropical high mountains,
the páramo ecosystems [5] are characterized by having special properties for storage and
regulation of the hydrological cycle, since they have a high content of organic matter, high
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porosity, and low apparent density, which allows most of the water to be retained in the
soil and slowly be delivered to the watercourses [6], becoming the main regulator of the
hydrological cycle in this type of ecosystems [7].

In the tropical high mountains, human activities have strongly intensified in recent
decades. Agricultural activities have moved upward to higher elevations, modifying
forested areas into pasture and agricultural lands, resulting in a severe loss of biodiver-
sity [8] and increasing contamination by fertilizers and pesticides, which affect river water
quality [9]. The lack of sanitation systems in most tropical high mountain settlements
contributes to the release of a high number of diverse contaminants, such as pathogens of
fecal origin [10].

In addition to the increasing contamination of tropical high mountain rivers, the
modification of their channels also represents an alarming problem. Riverine vegetation
is strongly affected or modified and, most of the time, eliminated [11]. Uncontrolled
construction of houses, roads, and/or other civil infrastructures up to the riverbanks is
common in this region. Riverine vegetation is key for healthy biological communities
and, as such, for ecosystem health [12]. Different characteristics of riverine vegetation
(i.e., percentage of vegetation cover, vegetation stratification, presence of native/introduced
species, etc.) should be evaluated for ecosystem health assessment [13,14]. Further, the
evaluation of fluvial habitat quality (i.e., occurrence of rheophile zones, sediment types,
presence of shade, presence of natural elements and aquatic plants, etc.) also needs to be
considered in biomonitoring programs and ecosystem health assessments [15].

In addition to the above-mentioned anthropogenic impacts, climate change is likely
to affect tropical high mountain river systems through the possible change of rainfall
patterns, which would have an effect on water availability for human use [16]. Cuenca,
the third largest city of Ecuador with 505,585 inhabitants [2], obtains its drinking water
from the surface resources of seven surrounding catchments. Owing to the fast-increasing
population and the present anthropogenic activities, this city will face drinking water
availability problems by no later than the year 2050. The Cajas National Park (CNP) is the
most important páramo ecosystem in the Cuenca canton and is responsible for a large part
of the current and future water supply for the city [5,17].

Within the CNP, the main economic activities developed are tourism and fishing [18].
However, while human intervention in the headwaters of the CNP rivers is relatively
scarce and is quite controlled, the impact in the middle and lower sectors of the rivers
is substantially greater, threatening the ecological integrity of the catchments [2]. This is
despite the fact that the sanitation control of the city of Cuenca has a combined sewage
system and a network of sanitary interceptors and wastewater treatment plants, particularly
the Ucubamba plant that treats about 95% of the wastewater of the city, and perimeter areas
whose sewer networks are intercepted [19,20]. The remaining wastewater from the urban
areas is treated in small plants. Nevertheless, there are important perimeter areas that
have developed recently, the sewer networks of which are not intercepted and conveyed
to treatment plants [20]; thus, an additional treatment plant and supplementary sanitary
interceptors are projected [19].

Therefore, the assessment of ecosystem health through an extensive biomonitoring
network, which characterizes the anthropogenic pressure gradient and natural variability
of the ecosystems, is a fundamental tool in integrated watershed management. This is
particularly relevant in the seven catchments supplying water to the city of Cuenca, where
natural variability is linked to elevation and topographical characteristics. The use of the
community of benthic macroinvertebrates present in water bodies is a fundamental tool
to recognize natural or anthropogenic changes. Macroinvertebrates are widely used in
various integrated management plans applied in other parts of the world, such as the Water
Framework Directive (WFD) of the European Union, due to the demonstrated sensitivity
of many species to different types of pollution [21–23]. Biological monitoring is based on
the possibility of using structural and functional characteristics of the different levels of
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biological organization to comparatively evaluate the state of the biota, whose condition
reflects the ecological state of the water body [24].

In view of the increasing anthropogenic activities currently occurring in the Andean
region and the envisaged future water resources scarcity, evaluation of river ecosystems
health is necessary to ensure the sustainable management of water resources in this region.
Hereafter, to contribute to the achievement of this goal, the general objective of the study
was to evaluate the ecological status of high mountain fluvial networks of tropical Andean
catchments in southern Ecuador. The specific objectives were as follows: (i) defining the
river types in the study catchments by means of multivariate methods; (ii) validating the
previously defined river typology through the analyses of representative macroinvertebrate
communities; (iii) assessing the anthropogenic pressure gradient on the different river types;
and (iv) identifying the key environmental variables for benthic communities present in the
different study river types. The novelty of the study included the development of a river
typology in a highly heterogeneous (i.e., encompassing natural as well as human-induced
variability) high mountain region using hydro-geomorphological characteristics. Further,
this typology was refined by considering biological characteristics of the sampled rivers;
an approach that has not been used commonly. The study was executed in a strongly
understudied region using an extensive sampling network for the evaluation of river
ecosystem health.

2. Materials and Methods
2.1. Study Area and Location of Sampling Stations

The study area (Figure 1) is located at the western part of the Paute river basin and en-
compasses seven catchments: Tomebamba (17 sampling stations), Yanuncay (18 sampling
stations), Machángara (17 sampling stations), Tarqui (15 sampling stations), Cuenca (3 sampling
stations), Cañar (11 sampling stations), and Balao (8 sampling stations). The elevation of
the sampling stations ranged from 862 to 4017 m above sea level (a.s.l.). The average annual
temperature is 16.3 ◦C, while average annual rainfall is approximately 879 mm in the study
area. Seasonal and inter-annual rainfall exhibits a bimodal pattern with wet periods from
February to April and October to November [17]. Land use and land cover in the study
area can be summarized by the classes “high montane evergreen forest” (of the western
Andes), “lower montane evergreen forest” (of the western Andes), “semi deciduous forest”
(of the eastern Andes), “montane cloud forest” (of the western Andes), and “páramo”,
where Polylepis sp. [25] is present at higher elevations than 3400 m a.s.l.

The sampling stations are situated in river reaches surrounded by different vegetation
covers. Within the CNP, where human activities are limited, the study was carried out in
the headwaters of the catchments of the Tomebamba and Yanuncay rivers (Atlantic slope),
and in the catchments of the Balao and Cañar rivers (Pacific slope). Additionally, there were
also evaluated other high elevation stations, located outside the CNP, in the upper and
middle portions of the Machángara catchment, and middle portions of the Tomebamba,
Yanuncay and Tarqui catchments. Some of these stations are subjected to human impacts
such as cattle raising, fish farming, and tourism. Finally, there were also evaluated stations
located in the lower portions of the seven study catchments, where human impacts are
important, as well as stations situated in the urban limits of the city of Cuenca.

2.2. Biotic and Abiotic Monitoring

In total, 90 sampling stations were evaluated in the seven study catchments (Figure 1)
during the low discharge period of July–September of 2014. A 100 m long longitudinal river
segment was chosen at each sampling station. First, a visual evaluation was carried out to
define all the microhabitats existing in the river segment. Microhabitats were determined by
evaluating the types of substrates, i.e., inorganic (blocks, stones, pebbles, gravel, sand, clay,
and silt) and/or organic (leaf litter, macrophytes, bryophytes, filamentous algae, exposed
roots, branches, and trunks). The area occupied by the different microhabitats in the river
section was estimated through visual assessment in the field.
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páramo; MOF-HS = mountain forest and humid shrub; PC = Pacific coast; TAR = Tarqui; URB = 
urban. Very low abundances of macroinvertebrates were observed in five stations, whilst no biolog-
ical sampling took place in another one; these six stations were grouped in class NC (i.e., “not clas-
sified”). CNP = Cajas National Park. Coordinates system: UTM (17S) WGS84. 
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Figure 1. Distribution of the 90 sampling stations in the context of the Cuenca canton that is
located at the southern Ecuadorian Andes and grouped as a function of the 5 different river types:
PAR = páramo; MOF-HS = mountain forest and humid shrub; PC = Pacific coast; TAR = Tarqui;
URB = urban. Very low abundances of macroinvertebrates were observed in five stations, whilst no
biological sampling took place in another one; these six stations were grouped in class NC (i.e., “not
classified”). CNP = Cajas National Park. Coordinates system: UTM (17S) WGS84.

Macroinvertebrate sampling was carried out with a square net (opening area: 25 cm
side, mesh size: 500 µm) using the kick technique on an approximate area of 1 m2, using
2 min per sampling [14]. A total of 8 replicates per sampling station was collected according
to the representativeness of the different microhabitats. The eight replicates were grouped
together, resulting in one compiled sample per sampling station. This compiled sample was
preserved in a plastic recipient after adding to it 96% alcohol and some drops of glycerin.
In parallel to the biological sampling, physical–chemical variables were measured using
a multi-parametric probe (WTW MultiLine®Multi 3620, Xylem Analytics, Weilheim, Ger-
many). These were temperature (◦C), dissolved oxygen (mg L−1), oxygen saturation, (%),
pH, and electric conductivity (µS cm−1). Moreover, a water sample was taken at each
sampling station and transported to the laboratory for further analyses.

The evaluation of the quality of the river habitat was based on the River Habitat Index
(IHF) developed by Acosta et al. [14] and Pardo et al. [15]. The IHF is made up of seven
components, and each one has a maximum score. The final score of the IHF is given by the
sum of all seven individual scores; its maximum possible value is 100. Table 1 provides
a summary of the components of the IHF. In the case of the IHF3, which evaluates the
composition of the mineral substrate (blocks, stones, pebbles, gravel, sand, clay, and silt) in
the riverbed, partial scores were obtained for each of the eight replicates (the same number
of replicates as for the macroinvertebrates) that were summed up at the end to give the
final IHF3 score.



Water 2023, 15, 1742 5 of 19

Table 1. Components of the River Habitat Index (IHF) used in the present study based on
Acosta et al. [14] and Pardo et al. [15].

Components of River
Habitat Index (IHF) Definition Explanation of Definition Ecological Meaning of Score Maximum Score

IHF1 Substrate inclusion
and limitation

The amount of compacted
sand present between the

larger blocks in the
rapid zones

Compacted sand limits the
colonization of

macroinvertebrates; hence,
lack of it represents a

higher score

10

IHF2 Frequency of riffles Indicates the frequency of
riffles in the riverbed

Riffles are particularly suitable
habitats for

macroinvertebrates; hence,
their presence increases the

score value

10

IHF3 Substrate composition
Evaluates the composition of

the mineral substrate in
the riverbed

Macroinvertebrates benefit
from the diverse substrate;
hence, the assigned score is

higher when more types
are present

20

IHF4 Speed/depth regimens

Evaluates the presence of four
combinations of velocity (fast
or slow) and depth (shallow or

deep) of the water column

Maximum score is obtained
when all the four combinations

of velocity and depth are
present in the river section

10

IHF5 Shade on the riverbed Assesses the coverage of
shadow on the riverbed

When shadow is present with
some sunny openings, the

assigned score is the highest
10

IHF6 Riverbed heterogeneity

Estimates the presence of leaf
litter, exposed roots,

trunks/branches, and
natural dams

Presence of natural elements
favors macroinvertebrates by

creating physically more
complex habitats; hence, the

assigned score is higher

10

IHF7 Aquatic vegetation cover

Estimates the presence of
different types of aquatic
vegetation (bryophytes,

benthic stream
algae, filamentous

algae, macrophytes)

Presence of aquatic vegetation
provide food sources and an

increased surface for
colonization; hence, the
assigned score is higher

30

The riparian vegetation quality was evaluated by using the Riparian Vegetation Quality
Index (QBR) based on Munné et al. [13] and Acosta et al. [14], considering two basic types:
páramo and forest (Table 2). The QBR is composed of four components, each one having
a maximum possible score of 25 points; the final value is obtained by summing up the
individual scores of the four components. In the QBR of páramo, the QBR2 was not
considered due to the lack of stratification and less complex vegetation structure than forest;
hence, the maximum possible score of the QBR for páramo was 75 points instead of 100, as
in the other case. Nevertheless, to compare the QBR of páramo to the values of the QBR of
forest, the values of the QBR páramo were linearly rescaled to a 100-point scale.

At each sampling station, hydro-morphological features were evaluated, such as altitude
(m a.s.l.), geographic location (coordinates system: UTM 17S WGS84), discharge (L s−1),
channel width (m), and average water column depth (m). At a representative river cross
section, the average velocity was determined through the integration of several water
velocities measured by means of a propeller flow meter (Global Water Flow Probe-FP111,
Xylem Analytics). Water depth was measured at the same points as the velocity (throughout
the cross section), and averages were calculated to represent the water depth at the surveyed
cross section. The stream discharge was estimated at each sampling station by employing
the velocity (times area) integration method [26] at the representative cross section. Further,
slope (%), river order [27], catchment area (km2), and geological composition (8 types) were
defined for each sampling station. The values of some of the geomorphological features,
such as slope (%) and catchment area (km2), were defined from the available digital
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elevation model (DEM) of the study catchments, a LIDAR product of the SIGTIERRAS
project (http://www.sigtierras.gob.ec) of the Ecuadorian government [28,29], by using
the geographical information systems (GIS) software ArcGIS® version 10.3 and TerrSet®

version 18.21.

Table 2. Components of the Riparian Vegetation Quality Index (QBR) used in the present study based
on Munné et al. [13] and Acosta et al. [14].

Components of
Riparian Vegetation
Quality Index (QBR)

Definition Explanation of Definition Explanation of the Score Maximum Score

QBR1 Coverage of the
riparian zone

Evaluates the degree of
vegetation cover on each of

the riverbanks

Larger areas covered by
vegetation on the

riverbanks represent
higher scores

25

QBR2 Vegetation structure
of the riparian zone

Assesses the type of
species that form the

riparian cover and the
natural stratification of the

plant community

Presence of trees and
more developed

vegetation stratification
receive higher scores

25

QBR3 Quality of the
riparian cover

Evaluates whether the tree
species are native or

introduced and whether
anthropogenic activities

are present

Native vegetation
receives the highest score,

and presence of
anthropogenic activities

reduces the score

25

QBR4 Degree of naturalness
of the river channel

Evaluates if the river
channel is natural or to

what degree it has
been modified

The natural river receives
the maximum score, and

the different channel
modifications reduce

the score

25

2.3. Analyzing Water Quality Parameters and Benthic Macroinvertebrates

In the laboratory, macroinvertebrate samples were washed, the organisms were sorted
out, and, whenever possible, the specimens were identified to their most specific taxonomic
rank through the specialized literature [30–33]. Higher taxonomic divisions were used for
organisms belonging to the Chironomidae family or the Oligochaeta subclass.

Standard methods for water chemical analyses were followed [34] to determine the
following variables: biochemical oxygen demand (BOD5) in the water (mg L−1), total
dissolved solids (mg L−1), turbidity (NTU), concentration of nitrates (mg L−1), total phos-
phorus (mg L−1), and fecal coliforms (MPN (100 mL)−1).

2.4. Statistical Analyses

To assign the sampling stations to different river types, first a database was constructed
for each sampling station using the following variables: altitude (m a.s.l.), geographic coor-
dinates (longitude and latitude, expressed in the UTM 17S WGS84 system), slope (%), river
order [27], catchment area (km2), geological compositions (eight types), vegetation types
(páramo, high montane evergreen forest of the western Andes, lower montane evergreen
forest of the western Andes, semi deciduous forest of the eastern Andes, montane cloud for-
est of the western Andes), average water temperature (◦C), and precipitation (mm year−1).
Spearman correlation was carried out to detect highly correlated variables. Water tempera-
ture was strongly correlated with altitude (r = −0.85); hence, it was eliminated from further
analyses. Due to the different types of variables, i.e., quantitative (continuous), qualitative
(nominal), and ordinal (ranges), principal component analysis was not adequate for the
purposes of the current study; hence, principal coordinate analysis (PCoA) was employed
instead through the use of the program PAST version 3.0, which can deal adequately with

http://www.sigtierras.gob.ec
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this issue of different variable types [35]. Prior to the application of the PCoA, the quanti-
tative variables were logarithmically transformed. PCoA assigned a new score value to
each monitoring station with respect to each axis considered in the analysis. Every new
score value represents a “coordinate” in the multidimensional space in the scope of the
PCoA. The first axis of PCoA explained the major part of the variability of the data. For
each site, the scores of this axis were corrected for the variability percentage explained (the
eigenvalues) by simple multiplication [36]. Consequently, more discriminant power was
given to each sampling station.

The newer score values of each monitoring station were used in the context of a K-
means classification (implemented with PAST version 3.0) to group the monitoring stations
according to river types. This method allows the number of groups (K) to which the
different monitoring stations are assigned through the clustering process to be predeter-
mined [11,37]. The groups should be (internally) as homogeneous as possible, differing
from each other, and without a hierarchical structure [37,38]. In the current study, 4, 5,
6, and 7 different classification groups (i.e., predetermined K values) were tested using
K-means clustering.

To validate the results of river typology generated by the K-means algorithm, macroin-
vertebrate communities were analyzed in two steps using the statistical software Primer
version 6.0. First, multidimensional scaling (MDS) analysis was employed using the fourth
root transformed relative abundances of macroinvertebrates. This analysis serves to locate
the sampling stations in a spatial diagram according to their degree of similarity measured
through the Bray–Curtis Index [39]. Further, the non-parametric analysis of similarity
(ANOSIM) was used to verify the degree of similarity between the macroinvertebrate com-
munities of each river type [40]. The dissimilarity between river types is measured through
the R statistic (ranging from −1 to 1); R-values closer to 1 indicate greater differences [40].
From the 90 initial sampling stations, six of them were discarded for the MDS and ANOSIM
analyses, namely, TOM-MIL-CONTROL that did not present any macroinvertebrates due
to its high level of contamination; TOM-CU-010, TOM-MZ-CONTROL, TOM-TOM-005
and TOM-MZ-010 because they exhibited very low abundances of macroinvertebrates; and
YAN-IZH-005, because only environmental variables were measured as, unfortunately, no
biological sampling was performed. Thus, a total of 84 biological sampling stations was
finally used in this study.

To define the pressure gradients for each river type, first a database was constructed
with the following environmental variables: dissolved oxygen (mg L−1), biochemical oxy-
gen demand (mg L−1), oxygen saturation (%), conductivity (µS cm−1), total dissolved
solids (mg L−1), turbidity (NTU), concentration of nitrates (mg L−1), total phosphorus
(mg L−1), fecal coliforms (MPN (100 mL) −1), River Habitat Index (IHF), and Riparian
Vegetation Quality Index (QBR). Due to the fact that the pH variation was very low in
all the monitoring stations (pH = either 7 or 8), representing low ecological significance,
this parameter was excluded from further analyses. All quantitative variables were log-
arithmically transformed. Further, principal component analysis (PCA) was performed
using the afore-mentioned environmental variables (with the statistical software CANOCO
version 4.5 [41]). The PCA was carried out separately for the 4 river types that were defined
by the K-means classification analysis, except for the stations belonging to the river type
“rivers of the Pacific coast”. This river type had a low number of stations (5) with minimal
human impacts. Prior to the PCAs, a Pearson correlation matrix was constructed for each
river type to rule out highly correlated variables (i.e., r > 0.70). The scores of the first axis of
the PCA were normalized from 0 to 1 so that the stations closest to 0 would represent the
least and those closest to 1 the most anthropogenically impacted.

To detect the important environmental variables, which influence the distribution
of macroinvertebrate communities in each river type, redundancy analysis (RDA) was
applied using the statistical software CANOCO version 4.5. The same sampling stations
were used as in the case of ANOSIM and MDS (84 sampling stations). As in the case of PCA,
sampling stations belonging to the river type “rivers of the Pacific coast” were excluded



Water 2023, 15, 1742 8 of 19

from this analysis due to the low number of stations located in rivers of this type. The
relative abundances of the macroinvertebrates were fourth root transformed, and only taxa
found in more than 10% of the stations were included in the analysis to rule out noise by
taxa with a low frequency of occurrence. The physical–chemical variables that were also
used in the PCA after correlation analyses were logarithmically transformed. Additionally,
hydro-morphological variables, namely, elevation (m.a.s.l.), river order, channel width (m),
channel average depth (m), discharge (L s−1), and slope (%), were also considered in the
RDA. A Monte Carlo multiple permutation test (499 permutations) was used to select the
significant environmental variables by the forward selection method, which were included
in the RDA model.

3. Results
3.1. Diversity of Macroinvertebrate Community at the Sampled Stations

The sampling stations in the western slope of the Andes (Cañar and Balao catchments)
presented the highest average taxa richness (26.6 and 25.0, respectively), with maximum
and minimum taxa richness values of 38 and 11 in the Cañar catchment and 48 and 8 in
the Balao catchment, respectively. At the stations in the eastern Andean slope, the highest
average richness was 23.8 in the Yanuncay catchment (with maximum and minimum
richness values of 36 and 15, respectively) and the lowest in the Cuenca river (9 taxa). The
greatest richness of macroinvertebrate taxa (48) was found in the Malacatos river in the
Balao catchment (CHAU-MA-010).

3.2. Definition of River Typology

Principal coordinate analysis was used to summarize the variability of all analyzed
parameters. The first, second, and third axes explained, respectively 34.6%, 12.6%, and 8.3%
of the variability (eigenvalues 2.09, 0.76, and 0.50, correspondingly). As the first axis ex-
plained the highest variability, it was chosen as the new descriptive variable in the K-means
analyses considering K values of 4, 5, 6, and 7. In the current case, K = 6 was finally selected
since the grouping of the sampling stations presented the greatest ecological coherence
among the group members. Correspondingly, the sampling stations were grouped into
the following six different river types (Supplementary Materials Table S1): páramo rivers
(PAR), mountain forest rivers (MOF), rivers with humid shrub (HS), urban rivers (URB),
rivers of the Pacific coast (PC), and Tarqui river (TAR).

3.3. Validation of River Typology Using Macroinvertebrate Communities

The ANOSIM revealed a high degree of similarity (R = 0.05) between the sampling
stations of MOF and HS rivers, which indicated that the macroinvertebrate communities in
these two river types were practically indistinguishable (Table 3). The multidimensional
scaling (MDS) analyses (Figure 2) showed similar results; hence, sampling stations from
these two river types were grouped into a single type (MOF-HS). Further, both the MDS
and ANOSIM analyses revealed that the main macroinvertebrate community differences
were observed between the PC rivers and the other river types. In addition, four of the
Tarqui river sampling stations (TAR-IRQ-CONTROL, TAR-PORT-CONTROL, TAR-SHU-
CONTROL, and TAR-TAR-030) had the least modified channel morphology among all
the Tarqui stations. These four stations maintained their original water course and had
stone and pebble substrates, unlike the rest of sites of the Tarqui river with sand and
silt substrates. Their macroinvertebrate communities were more similar to those of the
sampling stations of HS rivers than to the rest of the Tarqui river stations (Figure 2); hence,
they were incorporated into the HS river type.
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Table 3. R statistic values of the analysis of similarity (ANOSIM) as a function of the river type.
PAR = páramo river; MOF = mountain forest river; HS = humid shrub river; PC = Pacific coast river;
TAR = Tarqui river; URB = urban river.

River Type R Statistic River Type R Statistic

PAR/PC 0.65 PC/MOF 0.76
PAR/URB 0.62 HS/TAR 0.73
PAR/TAR 0.51 HS/URB 0.60
PAR/HS 0.20 HS/MOF 0.05

PAR/MOF 0.08 MOF/TAR 0.88
PC/TAR 1.00 MOF/URB 0.71
PC/URB 0.95 URB/TAR 0.57
PC/HS 0.83
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These results, from the composition of the macroinvertebrate communities (ANOSIM
and MDS), were used as a criterion to correct the first typology generated by K-means
and group the stations considering the ecological characteristics of the rivers. Hence, a
corrected distribution of the sampling stations was obtained as a function of the river
typology (Figure 1), whereby 26 sampling stations were classified as being situated in the
páramo river type, 24 in the MOF-HS river type, 17 in urban rivers, 12 in the Tarqui river,
and 5 in rivers draining toward the Pacific coast.

3.4. Anthropogenic Pressure Gradient of the Different River Types

Table 4 summarizes the mean observed magnitudes of the different physical and
chemical variables in the four river types. Temperature, conductivity, total dissolved solids,
BOD5, turbidity, and concentration of fecal coliforms increased toward the lower elevation
stations. The measured nitrate and phosphorous values were in the concentration range
of other studies carried out in the Paute river basin, such as that of Sotomayor et al. [2].
However, in the PAR river type there were two stations and in the MOF-HS river type three
stations where anthropogenic impacts were strongly present, which resulted in much higher
concentrations of nitrate and total phosphorus. This is reflected in the higher mean and
standard deviation of the nitrate and total phosphorus concentrations in both river types
(Table 4). Sampling stations of the PC river type were not considered in the anthropogenic
pressure analyses, since there were very few stations in this type.



Water 2023, 15, 1742 10 of 19

Table 4. Mean and standard deviation (STD) values of the environmental variables and components
of the River Habitat Index (IHF) and Riparian Vegetation Quality Index (QBR) associated with the
four river types: páramo (PAR), mountain forest and humid shrub (MOF-HS), Tarqui (TAR), and
urban (URB).

PAR MOF-HS TAR URB

Environmental Variables Mean STD Mean STD Mean STD Mean STD

Temperature (◦C) 8.3 2.1 10.7 1.9 13.8 1.2 14.5 2.4
Conductivity (µS cm−1) 70.5 28.2 81.1 25.8 131.4 76.5 127.5 46.3

Dissolved oxygen (mg L−1) 8.0 0.4 8.1 0.4 7.2 1.4 7.5 0.5
Oxygen saturation (%) 104.9 3.0 102.2 9.4 93.6 17.3 98.5 4.1

pH 7.8 0.4 7.6 0.4 7.7 0.2 7.9 0.1
Total dissolved solids

(mg L−1) 73.6 20.2 80.3 16.3 133.9 60.4 125.5 38.3

BOD5 (mg L−1) 0.7 0.5 0.6 0.3 2.2 1.6 5.9 5.4
Nitrates (mg L−1) 12.3 11.9 20.3 18.4 0.2 0.2 1.9 6.9

Total phosphorus (mg L−1) 8.1 5.4 12.7 11.1 0.2 0.1 0.9 2.7
Turbidity (NTU) 1.5 0.9 3.2 2.4 8.8 2.9 12.8 11.8
Fecal coliforms

(MPN (100 mL)−1) 49.0 68.8 1317.9 3428.4 187,073.8 241,871.0 423,954.9 893,572.2

IHF1 6.7 4.2 7.1 2.9 2.9 3.5 3.8 3.0
IHF2 9.6 1.3 9.7 0.9 6.5 2.1 9.4 1.2
IHF3 10.4 3.5 8.8 2.0 6.4 3.5 6.6 3.1
IHF4 8.3 1.7 9.1 1.3 8.3 3.6 7.5 1.5
IHF5 4.8 2.8 5.3 2.4 3.3 0.7 3.9 1.7
IHF6 6.8 2.5 7.3 1.7 4.3 2.0 6.0 1.9
IHF7 13.7 5.8 12.0 5.3 7.5 4.6 3.8 4.9
IHF 60.3 8.2 58.9 7.0 39.0 4.7 41.1 7.9

QBR1 19.2 9.2 6.4 10.0 0.0 0.0 0.3 1.2
QBR3 20.4 8.9 9.2 10.4 0.0 0.0 0.7 2.1
QBR4 24.0 3.2 14.5 10.4 1.3 3.5 0.3 1.2
QBR 82.4 25.2 18.4 6.5 10.0 8.0 8.8 8.8

To reduce the number of environmental variables, which were highly correlated (i.e.,
r > 0.7), Pearson correlation was employed in the remaining four river types. In the case of
the PAR river type, the first axis of the PCA explained 26.9%, and the second axis explained
16.7% of the variability of the dataset. Fecal coliforms (FC) correlated with the first PC axis
(r = 0.51) and conductivity and IHF1 correlated with the second axis (r = −0.46 and r = 0.5,
respectively) (Table 5). Only two stations with slightly higher coliform concentration (283
and 124 MPN (100 mL)−1) were related positively to the FC variable, while all the rest of the
sampling stations, with very low FC values (on average, 49 MPN (100 mL)−1), were situated
in the opposite direction in the multidimensional space of the PCA. These two stations also
had higher conductivity as compared to the rest of the stations. In the PCA of the MOF-HS
river type, the first and second PCA axes explained 26.9% and 20.6% of the variability,
respectively. Conductivity and biochemical oxygen demand (BOD5) correlated with the
first PC axis (r = 0.47 and r = −0.48, respectively), and turbidity and the final value of the
River Habitat Index (IHF) had a stronger correlation with the second axis (r = 0.45 and
r = −0.50, respectively) (Table 5). Among the stations of this river type (PAR), there were
reference stations (with no or little impact) having higher IHF and conductivity values,
while stations with more anthropogenic impacts were related to higher BOD5 and turbidity
and lower IHF (Table 4).

In the PCA of the sampling stations of the Tarqui river, the first and second PCA axes
explained 52.5% and 22.9% of the variability, respectively. With regard to the first axis, the
following variables had stronger correlations: turbidity (r = 0.48), the degree of naturalness
of the river channel (QBR4) (r = 0.49), and the final value of the Riparian Vegetation Index
(QBR) (r = 0.45), while FC had a strong correlation to the second PC axis (r = 0.77) (Table 5).
In general, all stations had very low values of IHF (from 32 to 47) and QBR (from 0 to 20).
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Only two stations reached values of 20 for QBR and QBR4; hence, these two stations were
positively related to the afore-mentioned variables and also to (slightly) higher turbidity
and lower FC values. Other stations exhibited low QBR and QBR4, higher FC, and lower
turbidity (Table 4).

Table 5. Summary of the results of the correlation (loading) of the anthropogenic impact variables
with the first two axes of the principal component analysis for the four river types included in
the analysis.

Parameter

River Type

Páramo Mountain Forest and
Humid Shrub Tarqui Urban

Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2

Conductivity 0.11 −0.46 0.47 0.28 - - 0.59 0.11
BOD5 0.31 0.39 −0.48 −0.05 - - - -

N 0.39 −0.38 0.43 0.34 0.25 −0.43 −0.19 0.42
P −0.05 0.14 −0.06 0.39 0.38 0.29 - -

Turbidity −0.07 0.15 −0.29 0.45 0.48 −0.07 0.55 −0.15
FC 0.51 −0.15 −0.31 −0.11 0.03 0.77 - -

IHF1 0.21 0.50 - - - - - -
IHF 0.32 0.22 0.10 −0.50 0.33 −0.28 −0.54 0.06

QBR4 −0.41 −0.24 0.28 −0.03 0.49 −0.00 - -
QBR −0.41 0.25 0.30 −0.43 0.45 0.23 0.14 0.89

Notes: BOD5 = biochemical oxygen demand; N = nitrates; P = total phosphorus; FC = fecal coliforms;
IHF1 = substrate inclusion and limitation; IHF = final value of the River Habitat Quality Index; QBR4 = degree
of naturalness of the river channel; QBR = final value of the Riparian Vegetation Index. “-“ indicates that the
variables for a specific river type were not used in the PCA after a correlation analysis.

In the urban rivers (URB), the first axis of the PCA explained 49.8% and the second
axis 20.4% of the variability. Conductivity (r = 0.59), turbidity (r = 0.55), and IHF (r = −0.54)
correlated with the first axis, while QBR (r = 0.89) had a strong correlation with the second
axis (Table 5). Most stations in this river type had higher conductivity and turbidity and
low IHF and QBR values. Conductivity had a significant Pearson correlation with FC
(r = 0.84); hence, most URB stations also had high FC concentrations. The few stations that
reached a QBR value of 20 were related positively to this variable.

3.5. Taxa Present in the Different River Types and Identification of the Important Environmental
Variables for Benthic Communities

In total, 89 different taxa were identified in the four river types (Table 6). The páramo
river type had all 89 taxa. The MOF-HS river type had 60 taxa, the TAR river type 32, the
URB river type 45, and the PC river type 63 taxa. Twelve taxa were found in all river types,
2 taxa appeared only in the PAR rivers, and 10 taxa were present only in PAR and PC rivers
(Table 6).

In the páramo river dataset, the first and second axis of the RDA explained 53.2% and
18.6%, respectively, of the variability in the macroinvertebrate community. Riverbed hetero-
geneity (IHF6) (14.8% contribution), QBR (9.4% contribution), BOD5 (7.4% contribution),
and shade of the riverbed (IHF5) (6.7% contribution) were the most influential variables on
the distribution of macroinvertebrates in the páramo rivers (Figure 3a).
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Table 6. List of taxa found in the different river types. PAR = páramo; MOF-HS = mountain forest and humid shrub; TAR = Tarqui; URB = urban; PC= Pacific coast.

Class Family Genus PAR MOF-HS TAR URB PC Class Family Genus PAR MOF-HS TAR URB PC

Arachnida Clade: Hydracarina x x x x Insecta Hydraenidae Hydraena x x
Bivalvia Sphaeriidae Pisidium x x x x Ochthebius x x x
Clitellata Glossophonidae Helobdella x x x x x Hydrobiosidae Atopsyche x x x x

Subclass: Oligochaeta x x x x x Cailloma x x
Gastropoda Ancylidae x x Hydrophilidae Enochrus x

Lymnaeidae Fossaria x x x Tropisternus x
Pseudosuccinea x x x Hydropsychidae Leptonema x

Physidae Haitia x x x x x Smicridea x x x
Planorbidae x x x Hydroptilidae Leucotrichia x x x x

Insecta Aeshnidae Rhinoaeshna x x x Metrichia x x x x
Anomalopsychidae Contulma x x x Neotrichia x x x

Baetidae Andesiops x x x x x Ochotrichia x x x x
Blephariceridae Baetodes x x x x x Oxyethira x x

Camelobaetidius x x x x x Leptoceridae Grumichella x
Limonicola x x x Nectopsyche x x x
Mayobaetis x x Leptohyphidae Ecuaphlebia x x x
Nanomis x x Farrodes x x x

Paltostoma x x x x Leptohyphes x x x x x
Prebaetodes x x Tricorythodes x x x

Calamoceratidae Phylloicus x x x x Thraulodes x x x
Ceratopogonidae Bezzia x x Limnephilidae Anomalocosmoecus x x

Palpomyia x x x x x Limoniidae Hexatoma x x x
Chironomidae x x x x x Tribe: Hexatomini x x x x

Coenagrionidae Ishnura x x x Limonia x x x x
Corydalidae Corydalus x x Molophilus x x x x

Dixidae Dixa x Orimarga x x x
Dytiscidae Liodessus x x Polymera x x x

Rhantus x x x Muscidae Limnophora x x x x
Elmidae Austrelmis x x x x Perlidae Anacroneuria x x x

Austrolimnius x x x x Claudioperla x x x
Heterelmis x x x x x Polycentropodidae Polycentropus x x

Hexanchorus x x x x Psephenidae Pheneps x x x
Huleechius x x x x x Psychodidae Maruina x x x x
Macrelmis x x x Pericoma x x x

Microcylloepus x x Psychoda x x x x
Neoelmis x x x x Scirtidae Cyphon x x x x
Notelmis x x Simuliidae Gigantodax x x x x x

Onychelmis x x Simulium x x x x x
Pharceonus x x Tabanidae Tabanus x x x

Pseudodisersus x x Tipulidae Tipula x x x
Empididae Neoplasta x x x x x Xiphocentronidae x x x
Ephydridae x x x Malacostraca Hyalellidae Hyalella x x x x x

Glossosomatidae Mortoniella x x Ostracoda x x x
Grumichellinae Atanatolica x x x Turbellaria Dugesiidae Girardia x x x x x

Helicopsychidae Helicopsyche x x x
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IHF1 = substrate inclusion and limitation; IHF5 = shade of the riverbed; IHF6 = riverbed hetero-
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In the high montane forest–humid shrub river type dataset, the first axis of the RDA
explained 27.2% and the second axis explained 22.1% of the variability. Although IHF5
was still essential in the distribution of the taxa (10.5% contribution), other variables also
became important, such as dissolved oxygen (DO) (8.6% contribution), altitude (8.3% con-
tribution), IHF6 (7.0% contribution), conductivity (EC) (6.4% contribution), and nitrate
concentration (7.1% contribution) (Figure 3b). In the Tarqui rivers, the first two axes of
the RDA explained, respectively, 41.2% and 30.9% of the variability in the macroinver-
tebrate community. The following parameters significantly explained the variability in
the macroinvertebrate community: BOD5 (33.9% contribution), QBR4 (22.1% contribu-
tion), nitrate (17.4% contribution), and substrate inclusion and limitation (IHF1) (11.9%
contribution) (Figure 3c). In the URB river types, the first and second axes of the RDA
explained 72.2% and 16.8%, respectively, of the variability in the macroinvertebrate com-
munity. The following variables determined the distribution of the benthic community: EC
(21.6% contribution), altitude (8.2% contribution), and water depth (12.9% contribution)
(Figure 3d).

4. Discussion

In the high mountains, millions of people depend on the use of surface water for
human consumption [42]. Hence, ensuring river ecosystem health is a fundamental require-
ment to provide the vital liquid [43]. Establishing an extensive biomonitoring network
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and a regular ecosystem health assessment is an important tool of integrated watershed
management. To evaluate ecosystem health, it is important to consider the anthropogenic
pressure gradient but also the natural variability of the ecosystems; hence, classification
of rivers is necessary. River classification is a long-established practice developed for a
range of applications [44]. In Europe, the classification of rivers was elaborated at different
spatial scale, such as national [45] or European [46]. In most cases, the development of
these typologies needs extensive datasets of hydrological regimes [47] or geomorphol-
ogy [48]. In Ecuador, Villamarín et al. [49] identified two different elevation bioregions,
but a more detailed classification does not exist, mainly due to the complex topography
and climatology [14]. Owing to the lack of detailed hydrological datasets, a condition
that importantly differs from what is observed, for instance, in northern countries, simple
morphological/climatological/geological characteristics were used, which proved to be
a successful approach for identifying river types; an information that may be useful for
optimizing local biomonitoring costs and efforts.

Benthic macroinvertebrates are demonstrated to be the most useful biological assess-
ment methods for freshwater ecosystem health monitoring (i.e., Álvarez-Cabria et al. [50],
Liu et al. [51]). Thereby, many indices have been developed using macroinvertebrates
for evaluating the ecological status of lotic systems [52]. However, macroinvertebrate
communities generally are not used to define river typology. Nevertheless, this approach
was successful in the present study to refine the previously developed river typology that
was based exclusively on morphological/climatological/geological characteristics. This
approach could be also replicated in similar studies.

In the defined river types, inorganic, organic, and microbial pollution and the state of
the riparian vegetation seem to be the most important anthropogenic pressures. Turbidity
and electric conductivity strongly correlate with the presence of human activities related
to industrial discharges [53]. Turbidity increases with mining activities [54] or cattle
raising [55]. Average turbidity increased by more than 90% due to the activity of cattle in a
British lowland river [55]. In the current study, the two less impacted river types, namely,
PAR and MOF-HS, had lower values of conductivity and turbidity: 70.5 µS cm−1 and
1.5 NTU in PAR rivers and 81.1 µS cm−1 and 3.2 NTU in the MOF-HS rivers, respectively.
The catchment of the Tarqui river type is strongly dominated by cattle raising, having
importantly higher values of conductivity and turbidity (average 131.4 µS cm−1 and
8.8 NTU, respectively). Urban rivers (URB) receive important industrial discharge (average
electric conductivity 127.5 µS cm−1), and upstream deforestation resulted in the highest
turbidity value (in average, 12.8 NTU) among the studied river types.

Fecal coliforms is one of the most important microbial contaminants derived, among
others, from urban sewage and/or animal husbandry [56]. Wilson and Everard [55]
reported that cattle raising doubled the level of fecal coliforms in the British lowland
river. The páramo and mountain forest–humid shrub rivers had very low fecal coliforms
concentrations (on average, 49 and 1318 MPN (100 mL)−1, respectively). However, a few
sampling stations, which had slightly higher concentrations compared to the rest of the
stations, caused fecal coliforms to become important variables in these two river types.
These stations were affected by the presence of cattle, which shows the advancement
of agricultural/cattle raising frontiers toward higher altitudes. In the TAR rivers, the
concentration of fecal coliforms was the most important anthropogenic pressure variable,
reflecting the very active cattle raising activity occurring in this catchment. Similarly,
Jayakod et al. [57] reported that livestock operations and failing septic systems are the
two main sources of fecal coliforms in the Pelahatchie watershed in Mississippi. The
present study confirmed elevated values of fecal coliforms in the urban river type, which
most probably originate from urban septic systems. The presence of fecal coliforms result
in the increase of BOD5 as reported already several decades ago [58]. In the present
study, relatively low BOD5 values were recorded with highly elevated fecal coliforms
concentrations, which is in line with the results of local studies [59,60]. BOD5 levels at a
sampling location with slower, deeper water might be higher than the respective BOD5



Water 2023, 15, 1742 15 of 19

levels for a similar site in aerated waters [34]. This might be the case in the sampled rivers,
which are high mountain water courses with more pronounced slopes, faster flow and
more turbulence, features that facilitate stream water aeration.

Strongly reduced River Vegetation Index and lack of vegetation naturalness character-
ized the Tarqui and urban rivers. Cattle raising eliminated or reduced riverine vegetation in
the Tarqui river, and city development had the same effect in the urban rivers. Despite sev-
eral studies that argue about the upmost importance of riverine vegetation to enhance the
ecological status [61] and its impact on important ecosystem processes [62,63], the currently
existing national regulation, which prohibits the construction of civil infrastructures within
a 50 m buffer zone from the riversides, is rarely fulfilled. Sotomayor et al. [37] stated for
the whole Paute river basin, which the seven study catchments belong to, that the presence
of native vegetation has the potential, along the river courses, to form buffer systems
for the enhancement of riparian ecosystems and, finally, of improving the downstream
water quality.

Macroinvertebrate communities responded to different environmental variables in the
four river types. Species of the caddisfly (Atanatolica, Mortoniella, and Helicopsyche), stone-
flies (Anacroneuria), and diptera (Paltostoma) are present in the neotropical high mountains
that normally inhabit little-impacted sites, with a good water quality and heterogeneous
fluvial habitat [64,65]. Similarly, in the present study, these were related to high River
Habitat Index in the higher elevations, páramo sites. Orimarga, another genus from the
páramo rivers, are dipterans that usually live associated with fine substrates, such as sand
or silt [66], where oxygen concentrations are lower and there may be accumulations of
decomposing debris, which may explain the association of this genus with the higher
BOD5 in the present study. Further, genera such as Anacroneuria, Helicopsyche, Paltostoma,
Atopsyche, Pheneps, and Maruina are associated with heterogeneous fluvial habitats and high
altitude rivers [67–69]. In the current study, these genera were related to higher elevation
sampling stations of mountain forest and humid shrub river types, where more shade and
riverbed heterogeneity were present. Chironomidae and Psychoda (Psychodidae) dipteran,
present in lower elevation rivers, are usually resistant to conditions with little oxygen and
high organic load [70]. In the current study, these taxa were associated with higher BOD5
in the lower elevation Tarqui rivers. In the same rivers, the presence of snail Haitia was
linked to elevated nitrate concentrations similarly to other studies, which found this snail
in eutrophic environments with excesses of nutrients [71].

Genera of rheophilic mayflies (Baetodes and Camelobaetidius) that usually inhabit wide
and deep river channels [72] were detected in urban rivers where river channels were much
deeper and wider than the rivers of the other types. Some genera with a preference for
highlands (Paltostoma, Gigantodax, Andesiops, and Atopsyche) [73–75] were still observed
in some upper reaches of urban rivers (such as the Machángara), although with low
abundances. Some of them may appear in these rivers as a consequence of dragging
from the headwaters immediately after rainy periods. High conductivity, which in turn
is highly correlated with other variables such as lower oxygen concentration, high fecal
coliforms, and total dissolved solids, was associated with taxa such as Chironomidae,
Oligochaeta, and Haitia. This result could be due to the fact that Chironomidae and
Oligochaeta were not identified further to genus or species levels, which was the case of
the study of Rosa et al. [76], who reported that the presence/absence of Chironomidae and
Oligochaeta was able to detect the river’s pollution gradient. Further, Scheibler et al. [77]
reported that elevated conductivity levels and increased river discharge produced low
chironomid density values in the Andes region of western–central Argentina.

5. Conclusions

Evaluations of ecological status are especially important in rivers where water is taken
from surface ecosystems for drinking purposes. This study revealed that evaluations should
include, in addition to physical–chemical variables, the river habitat and riparian vegetation
quality, as these characteristics were important to identify anthropogenic pressures and
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seemed to strongly influence macroinvertebrate communities. The 90 sampling stations
were grouped into five different river types, in which anthropogenic pressure gradients
were inorganic (i.e., conductivity, turbidity), organic (i.e., fecal coliform), river habitat, and
riparian vegetation quality. The macroinvertebrate communities were strongly influenced
by different aspects of river habitat and riparian vegetation quality such as the presence
of shade, riverbed heterogeneity, substrate inclusion, degree of vegetation naturalness,
and Riparian Vegetation Quality Index. BOD5, representing organic pollution, was also
an important variable for macroinvertebrates in two river types. Electric conductivity
indicated inorganic pollution and was also correlated with biological pollution such as
fecal coliforms and influenced macroinvertebrates in the mountain forest and humid shrub
river types. The novelty of the study included the development of river typology on
a strongly understudied region using an extensive sampling network for evaluation of
river ecosystems health. Further, in addition to the physical and hydro-geomorphological
characteristics, which are usually used to define river types, in the current study, analyses
of macroinvertebrate communities helped to refine the river typology, which may lead to a
more optimal local biomonitoring.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15091742/s1, Table S1: Sampling stations grouped into six classes
(river types) defined by the K-means cluster analysis.
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