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Abstract: The Earth’s freshwater ecosystems are currently under threat, particularly in developing
countries. In Mexico, intensive land use and inadequate monitoring policies have resulted in the severe
degradation of the country’s freshwater ecosystems. This study assesses how the macroinvertebrate
communities in the Pesquería River, located in Northeastern Mexico, are affected by riparian land use,
in order to determine their potential use as bioindicators to evaluate the macroinvertebrate integrity
of the Pesquería River. First, we characterized the land use cover in the riparian channel. Second,
we sampled 16 sites for benthic macroinvertebrates along the main channel during the wet and dry
seasons. Third, we evaluated the influence of the riparian channel land use on the macroinvertebrate
community using 42 different biological metrics. The land use characterization depicted a riparian
channel mainly influenced by agricultural and urban land use. Eighty-one invertebrate taxa were
identified during the study. Permutational analysis of the variance analysis confirmed significant
differences across the different land use classes and the macroinvertebrate community composition
while no differences were found between seasons. The indicator species analysis revealed 31
representative taxa for natural land use, 1 for urban, and 4 for agricultural land use. Our modelling
analysis showed that 28 of the 42 biological metrics tested responded significantly to land use
disturbances, confirming the impact of land use changes on the Pesquería River’s macroinvertebrate
communities and suggesting that these metrics may have a use as bioindicators. Finally, this study
may provide significant biological information for further studies in similar conditions.

Keywords: anthropogenic impacts; land use; riparian channel; biological metrics; benthic
macroinvertebrate communities; aquatic biodiversity; freshwater ecology; biomonitoring

1. Introduction

Nowadays, the Earth’s ecosystems and biodiversity are changing at an accelerated rate due to
population growth and human activities [1–3]. Livestock and agriculture occupy more than a third of
the world’s land surface and globally nearly 75% of freshwater is used for crop and cattle production [4].
Additionally, the total number of urban areas has more than doubled in recent years. It is projected
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that by 2050, there will be 25 million kilometers of paved roads [4]. The increase in agricultural and
urban land use has also led to the fragmentation of the natural lands, an increment of nutrients’ load
due to fertilization, and altered landscape hydrology [5–8].

The scientific community has recognized that anthropogenic activities at the landscape level
gravely affect the natural conditions of freshwater ecosystems [4]. Moreover, several studies have
shown that the transformation of natural areas into agricultural and/or urban areas can influence
in-stream habitats, and affect the structure and composition of aquatic ecosystems [9–11]. It is well
known that forest loss results in a low level of assimilation of nonpoint source pollutants in riparian
ecosystems [12]. Agricultural practices, for example, introduce nutrients into streams, which can
damage the benthic habitat [5,13]. Further, the increase in the number of impervious surfaces and
wastewater treatment plants due to urbanization results in altered peak flows and the introduction of
nutrients and pollutants that alter a riparian channel’s shape and water quality [8,14,15].

Biomonitoring is the use of biological indicators to evaluate the health of the environment [16].
Biological indicators are crucial for assessing the condition of freshwater ecosystems due to their
sensitivity to low levels of anthropogenic stress. [17]. They are also suitable for testing the effects of
pollution in experimental studies [18]. Benthic macroinvertebrate communities are the organisms most
commonly used as a biomonitoring tool [18,19]. They can indicate a specific ecosystem’s health by
highlighting changes in the diversity and species composition [13,19,20]. Furthermore, some species
have long life cycles, which can be used to trace the effects of pollution over longer periods, and their
sensitivity to land use changes have made them a useful tool for biomonitoring programs [18,19,21–23].

Biological metrics are parameters that are calculated to represent some of the aspects of the
structure and function of the biological community in a given ecosystem [18,24]. Biological metrics
vary according to anthropogenic impacts. The term “Multimetric indexes” has come to be used
to refer to the use of combined biological metrics, which can offer a more detailed picture of the
response to anthropogenic impacts [25]. Multimetric indexes that assess the macroinvertebrate benthic
community are considered one of the most effective methods for evaluating the biological condition
of freshwater ecosystems [20,21,26]. The first phase of multimetric index development consists of
selecting a set of biological metrics that show a response to multiple stressors. For instance, it
is well documented that rivers impacted by agricultural land use present a loss in their riparian
vegetation. This increases the availability of nutrients, which results in greater algal and periphyton
production, and also changes the benthic assemblage composition [13,27]. In addition, the increase in
agricultural land use has also been changing benthic communities dominated by shredders to one of
grazers [5,28,29]. Further, rivers affected by urban land use present an increase in the amount and
variety of pollutants in runoff, plus an erratic hydrology due to the increased impervious surface areas,
and an increment increase in water temperatures due to the loss of riparian vegetation. Heightened
imperviousness in river areas increase the proportions of collectors-gatherers, while proportions
of filterers, scrapers, and shredders decrease [5,9,13]. Macroinvertebrate functional feeding groups
exposed to impervious surfaces show a decrease in the assemblage of scrapers because of the low
availability of food (i.e., periphyton). However, the availability of fine particulate food resources
increases the presence of collectors/gatherers in the stream [9]. The different stress factors affecting
freshwater ecosystems concurrently result in different biological responses, which also vary in each
ecoregion. The importance of the creation and intercalibration of different indexes for each major
ecoregion is, therefore, paramount [30,31].

Since 1974, the Mexican National Water Commission (CONAGUA) has monitored freshwater
ecosystems using only physicochemical parameters. The development of biological metrics using
macroinvertebrate communities and other biological groups is thus still needed to better assess the
ecological status of Mexican freshwater ecosystems. This lack of evaluation can be explained by a
combination of different factors: (i) the lack of taxonomic and ecological information regarding several
key benthic macroinvertebrate taxa, (ii) the difficulty of finding riparian ecosystems without evidence
of anthropogenic pressures that can act as reference sites [32], and (iii) the fact that biomonitoring
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techniques are not included in the approved water evaluation methods outlined by the Mexican
government [33]. In light of this situation, the scientific community in Mexico has developed
studies using benthic macroinvertebrates as bioindicators [32]. However, just a few have applied a
multimetric approach in the evaluation of the ecological state of Mexican rivers [34–36]. Regarding the
geographical coverage of these studies, just the central part of the country has been evaluated, there are
no studies reported of ecological evaluation using benthic macroinvertebrates from the North and
South of Mexico [32]. According to the Mexican Priority Hydrological Regions (PHR) program [33],
the Pesquería River Sub-basin (PR) is a priority case for ecological evaluation given the high level of
environmental degradation that has been caused by anthropogenic activity in the surrounding region.

Within this context, the overarching goal of this study was to test how the macroinvertebrate
communities in the PR are affected by different land use categories, and to assess their potential
use as bioindicators to evaluate the PR’s ecological status. In order to do so, we first characterized
the land use of the Pesquería River’s riparian buffer to establish the natural and anthropogenic
influences on the river. Second, we determined the response of the macroinvertebrate communities
to different land uses by examining their community assemblages and a set of biological metrics.
Next, the macroinvertebrate communities in the Pesquería River were evaluated using the said
biological information. Finally, we discuss the potential use of the most significant biological metrics
as tools for evaluating the ecological status of the Pesquería River, and their possible applications in
other ecohydrological contexts.

2. Methodology

2.1. Study Area: The Pesquería River

This study was conducted in the Pesquería River (PR), located in Northeastern Mexico. The river
flows through the states of Coahuila and Nuevo León (24-Bravo-Conchos Hydrological region). The PR
has a catchment area of 5255.56 km2, and its main course is 288.22 km in length. The mainstem flows
through the Monterrey city metropolitan area. The PR’s annual average flow is 2.04 m3/s [37]. Its mean
elevation is 542 m a.s.l. with an average gradient of 0.4%. The climate is semi-arid [38], with an average
temperature of 20–24 ◦C [39]. The PR has a total annual rainfall of between 400–700 mm. The wet season
is from May to October, while the remaining months, November to April, are dry [40]. The predominant
vegetation is sub-montane scrub with Mesquite vegetation typical of sandy deserts, plus halophilic
vegetation [33]. Citrus production, livestock, aquaculture, and rainfed agriculture are the main
economic activities along the PR [33,41]. The natural water conditions of the PR present characteristics
consistent with loamy basins and an elevated concentration of salt in the water (mesohaline habitats),
as well as vegetation and fauna typical of semi-arid zones [37,42,43]. In order to corroborate this,
we measured salinity and conductivity at each sampling site.

2.2. Riparian Buffer Land Use and Sampling Site Characterization

We used the Geographical information from the digital map database of the INEGI
(National Institute of Statistics and Geography of Mexico) to obtain the main land use data for
the PR, considering its entire drainage area [44,45]. Using the protocol for the assessment of the
hydro-morphological quality of rivers (HIDRI protocol [46]), land use cover in the PR area was grouped
into three categories (Figure 1): natural, urban, and agricultural, in order to evaluate the quality of the
riparian channel [46].
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Next, 16 sampling sites (each 100 m long) were strategically selected along 180 km of the PR’s
main channel, which included the headwaters of the river and sites before or after human settlements
or agricultural areas. Then, the land use proportion for the riparian area of each sampling site was
calculated, taking into consideration a 50 m (width) buffer zone along both sides of the channel
upstream of each site (Figure 1) [46–48]. Furthermore, we measured the distance from headwaters
(DFH) of each sampling site to see if the macroinvertebrate community was influenced by the land use
or by the longitudinal natural variability of river conditions (i.e., the river continuum concept) [49,50].

The resulting riparian zone of each sampling site was classified as natural, agricultural, or urban
according to the following criteria [46]: (i) Natural when more than 75% of the land use cover was
unaltered, thus the sum of urban and agricultural land use does not exceed 25%, (ii) Agricultural when
more than 50% of the land was used for farming, and (iii) Urban when more than 50% of the land was
used for urban areas/human settlement (Supplementary Material A/Table S1 [44,46,51]). Arc Map 10.1 was
used for this analysis [52]. To corroborate the land use typology previously proposed for each sampling
site and to detect punctual impacts (i.e., wastewater sewages, industrial sewages, human settlements),
aerial photographs were obtained via drone (Supplementary Material A/Figure S1).

2.3. Macroinvertebrate Sampling, Taxonomic Identification, and Biological Metrics

We took samples of the benthic macroinvertebrate community at each sampling site during the
wet season (August 2015) and dry season (February 2016). The multi-habitat kick-net sampling method
was used [53]. A D-frame net (0.5 m wide with 250-µm mesh) was used to collect a 1 L sample per site,
combining 20 kick samples (~0.5 m2/sample), which were taken in proportion with the microhabitat
types (i.e., hard substrate, woody debris, aquatic macrophytes, vegetated bank margins and sand/other
fine sediment) present in each 100 m reach [54]. The samples were preserved in 10% formaldehyde
and transported to the laboratory [53]. Once in the laboratory, we counted the macroinvertebrates and
identified them at the lowest possible taxonomic level [55–58]. Taxonomic resolution was primarily to
the genus level, with some taxa identified to species level. Some Diptera and Hirudinae were identified
to the family level (e.g., Chironomidae, Erpobdebilldae), while Oligochaeta, Ostracoda, Cladocera,
and Copepoda were identified at higher taxonomic levels.
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We considered 42 candidate metrics generally used in studies of macroinvertebrate responses
to anthropogenic pressures in Mexico and elsewhere ([20,21,36,59–62], see Table 1). These metrics
represented a range of structural and functional macroinvertebrate community characteristics, including
diversity, species composition, and trophic structure. Metrics of tolerance of pollution were not
considered given the lack of precise taxonomic information for this region [32]. All these metrics
were grouped into four different categories that relate to different attributes of the macroinvertebrate
assemblages [57]: taxonomic richness, taxonomic composition, diversity indexes, and functional
feeding groups’ (FFG) metrics (Table 1). Regarding the FFG analysis, an “FFG x sampling sites”
array was created [56–58,63–65], where taxa were substituted by the FFG to which they belong.
Then, the number of different taxa (richness) and the relative abundance (percentage) of each FFG was
calculated for each site [57,58,63–65].

Table 1. Biological metrics categories and their expected response to anthropogenic pressures [20,21,59–62].

Biological Metrics Expected Response to
Anthropogenic ActivitiesCategory I “Taxonomic richness”

Richness Decrease
Rarified Richness Decrease

Richness OCH (odonata + coleoptera + heteroptera) Decrease
Richness EPT (ephemeroptera + plecoptera + trichoptera) Decrease

Richness EPT/(richness EPT + richness OCH) Decrease
Richness Ephemeroptera Decrease

Richness Trichoptera Decrease
Richness Odonata Decrease

Richness Coleoptera Decrease
Richness Diptera Decrease

Richness Diptera wihout chironomidae Decrease
Richness Gasteropoda Decrease

Richness non-insect taxa (amphipoda + copepoda + ostracoda +
gateropoda + oligochaeta + hirudinea) Decrease

Category II “Taxonomic composition”

% OCH (odonata + coleoptera + heteroptera) Decrease
% EPT (ephemeroptera + plecoptera + trichoptera) Decrease

% EPT/(% EPT + % OCH) Decrease
% Ephemeroptera Decrease

% Trichoptera Decrease
% Odonata Decrease

% Coleoptera Decrease
% Diptera Increase

% Diptera wihout chironomidae Decrease
% Gasteropoda Decrease

% Non-insect taxa (amphipoda + copepoda + ostracoda +
gateropoda + oligochaeta + hirudinea) Increase

% Baetidae/% EPT Decrease
% Baetidae/% Ephemeroptera Decrease

% Hydropsychidae/% EPT Decrease
% Hydropsychidae/% Ephemeroptera Decrease

% Chironomidae Increase
% Oligochaeta Increase

% Chironomidae + % Oligochaeta Increase

Categoty III “Diversity indexes”

Shannon’s Diversity using base e Decrease
Simpson’s Diversity Decrease
Pielou’s Evenness Decrease
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Table 1. Cont.

Biological Metrics Expected Response to
Anthropogenic ActivitiesCategory IV “Functional feeding groups”

Richness Collectors-Gatherers Decrease
% Collectors-Gatherers Increase

Richness Predators Decrease
% Predators Decrease

Richness Herbivores Decrease
% Herbivores Decrease

Richness Collectors-Filterers Decrease
% Collectors-Filterers Decrease

2.4. Data Analysis

We began by exploring the aquatic macroinvertebrate community structure in relation to land use
categories (agricultural, natural, and urban). To do so, we performed a non-metric multidimensional
scaling (NMDS) based on square root relative abundances and Bray–Curtis distance. Then, following the
sqrt-transformation of the macroinvertebrate relative abundance data, we used permutational
multivariate analysis of variance (PERMANOVA, ‘adonis2’ function in R) on the Bray–Curtis distance
matrix in order to test differences in macroinvertebrate community composition across types of land
use and different seasons [66,67]. To define the indicator taxa for each land use category, we used the
indicator species analysis (IndVal) established by Dufrene and Legendre [68]. This analysis generates
an indicator value index (IV) for each taxon and land use category. The indicator calculation is based
on specificity and fidelity. To perform these tests, we used the packages vegan, labdsv, and ade 4 in
R [66,69,70].

To evaluate the response of the 42 biological metrics to land use, we followed the protocol
outlined by Feld et al. [71]. First, we checked any outliers in the data, the variable distributions
(skewness), and the assumption of normality (Bartlett and Shapiro test). For the variables that did
not fulfil the assumptions of normality and homoscedasticity, we transformed the original data using
a square root transformation (Supplementary Material B/Table S1). Second, to quantify the effects
and significance of land use, season, DFH, and their interactions with the biological metrics, we fit
linear mixed models (LMMs) and linear models (LMs). Next, from these models, we selected the final
model for each biological metric, choosing those with the greatest explanatory capacity and parsimony
(i.e., lower Akaike Information Criterion values, [72]). For each LMM, we considered land use, season,
DFH, and their interactions as fixed effects and the sampling site as random effects. We validated the
final model by visually checking any residuals for normality and homoscedasticity [73]. When the
null hypothesis had been rejected, in order to explore the differences between each land use category,
we performed post hoc Tukey pairwise comparisons using the ‘multcomp’ package in R. To calculate the
determination coefficients, we followed the methodology proposed by Nakagawa and Schielzeth [74].

Since one of our aims was to detect macroinvertebrate-based metrics that can potentially be
used as bioindicators for land use disturbances, we selected the metrics that better responded to
the different types of land use in the PR. Therefore, we selected those biological metrics in which
the models’ (LMMs or LMs) response to land use presented significant results (p < 0.05). Within all
metrics that varied significantly according to land use disturbances, we highlighted those with higher
determination coefficients and the most ecological relevance for the PR [75]. All the statistical analyses
were performed using the R statistical software [76], version 3.4.1, with the significance level set at
p < 0.05 for all tests [77]. The datasets used in this study are available in Supplementary Material
B/Table S2.



Water 2019, 11, 1930 7 of 18

3. Results

3.1. Land Use Characterization in the Pesquería River (PR)

Georeferenced tools and aerial photographs corroborated that the typology of land use for each
sampling site was in line with our previous land use classification (natural, urban, and agricultural).
These tools also showed small strips of riparian forest/vegetation in impacted areas (Supplementary
Material A/Table S2). We also located the discharge of six wastewater treatment plants (WWTP),
three water stabilization ponds (WSP), clandestine garbage dumps (CD), and the presence of salt from
indirect industrial waste (Supplementary Material A/Table S3). The average salinity value for natural
land use was 0.90 (±0.02) ppt, while it was 2.50 (±0.54) ppt for urban land use and 1.13 (±0.06) ppt
for agricultural land use. With regards to conductivity, the average value for natural land use was
1758 (±44) µS/cm, 5272 (±1058) µS/cm for urban land use, and 2187 (±116) µS/cm for agricultural land
use. In terms of riparian zone land use, three sampling sites were classified as natural (sites 1 to 3),
six as urban (sampling sites 4 to 9), and seven as agricultural land use (sites 10 to 16, Supplementary
Material A/Table S3).

3.2. Aquatic Macroinvertebrate Community Structure and Land Use

Eighty-one different macroinvertebrate taxa were identified in the survey. Taxa richness of the PR
sites ranged between 5 and 38 taxa. The average taxa richness (mean ± standard error of the mean
(SEM) values) for natural sites was 35.2 (±1.04), while it was 16 (±2.06) for urban sites and 11 (±1.23)
for agricultural sites (Supplementary Material B/Table S1). Biological communities are grouped on the
NMDS bidimensional ordination according to the land use classification (Figure 2).
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Figure 2. The Pesquería River non-metric multidimensional scaling (NMDS) based on square root
relative abundances and Bray–Curtis distance. (NMDS stress value = 0.13). All the sampling sites
represented by “square” are from the wet season sampling campaign and “circle” is used for the dry
season sampling campaign. Each land use class is represented, with natural in blue, urban in dark red,
and agricultural in orange.

The PERMANOVA analysis confirmed that there were significant differences among
macroinvertebrate communities for each land use category (Adonis, F = 8.63, R2 = 0.38, p = 0.001),
while no differences were found between seasons (Adonis, F = 0.95, R2 = 0.02, p = 0.43). According to the
IndVal analysis, 36 of the 81 taxa were indicators of one of the three classes of land use: 31 were indicators
of natural land use, one taxon of urban land use, and four taxa of agricultural land use (Table 2).
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Table 2. Results of the indicator species analysis (IndVal), maximum IV significance (IV is the individual
value), associated to land use class for each species (NAT for Natural, URB for Urban, and AGR for
agricultural land use).

ORDER TAXA CLASS IV p-Value

Odonata Ophiogomphus NAT 1 0.001
Trichoptera Oxyethira NAT 1 0.001
Hemiptera Ambrysus NAT 0.99 0.001

Ephemeroptera Baetis NAT 0.90 0.001
Diptera Atrichpogon NAT 0.83 0.001

Coleoptera Macrelmis NAT 0.81 0.001
Hemiptera Rhagovelia NAT 0.78 0.001
Trichoptera Agryalea NAT 0.73 0.007

Table 2. Cont.

ORDER TAXA CLASS IV p-Value

Trichoptera Chimarra NAT 0.67 0.002
Coleoptera Psephenus NAT 0.67 0.002

Ephemeroptera Farrodes NAT 0.66 0.004
Ephemeroptera Tricorythodes NAT 0.66 0.001

Trichoptera Mayatrichia NAT 0.66 0.002
Megaloptera Corydalus NAT 0.65 0.001

Diptera Limoniia NAT 0.65 0.002
Diptera Stratiomys NAT 0.65 0.001
Diptera Ceratopogon NAT 0.62 0.011
Odonata Nehalennia NAT 0.61 0.028

Lepidoptera Petrophila NAT 0.6 0.009
Ephemeroptera Caenis NAT 0.57 0.002

Gasteropoda M. tuberculata NAT 0.53 0.025
Ephemeroptera Camelobaetis NAT 0.50 0.003

Coleoptera Cymbiodita NAT 0.50 0.007
Diptera Hemerodromia NAT 0.50 0.008
Odonata Macrothemis NAT 0.46 0.007

Coleoptera Lutrochus NAT 0.46 0.013
Ephemeroptera Callibaetis NAT 0.45 0.007

Trichoptera Leucotrichia NAT 0.43 0.012
Coleoptera Paracymus NAT 0.33 0.035

Diptera A. fransiscanus NAT 0.33 0.039
Diptera Euparhypus NAT 0.33 0.023

Coleoptera Berosus URB 0.79 0.001
Amphipoda Hyallela azteca AGR 0.69 0.003
Hirudinea Erpobdellidae AGR 0.64 0.002

Diptera Chironomus AGR 0.45 0.012
Odonata Ischnura AGR 0.36 0.029

3.3. Biological Metrics and Land Use

Forty-two biological metrics were tested in this study. Of the final models (LMMs and LMs),
39 models had land use as the only explanatory variable (fixed effects), two models presented
both land use and DFH as fixed factors (% EPT and % collectors-filterers), and just one model
(richness collectors-gatherers) responded to land use, DFH, and showed an interaction between land
use and season (see Supplementary Material B/Table S2). Thus, we discarded those models that
responded significantly to DFH, keeping only those with biological metrics that responded to the
different categories of land use (i.e., 28 metrics).

Within the metrics of taxonomic richness, richness (LMM, R2c = 0.7, R2m = 0.94, p < 0.001)
decreased in areas of urban and agricultural land use (55% and 68%, respectively). The EPT richness
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was dominated by Trichoptera and Ephemeroptera richness given the lack of Plecoptera taxa in all
Pesquería River sampling sites. The EPT richness index (LMM, R2c = 0.7, R2m = 0.93, p < 0.001)
showed a decrease in Urban (79%) and Agricultural (87%) land use in comparison with Natural land
use. For OCH richness (LMM, R2c = 0.66, R2m = 0.89, p = 0.0015) we found the same pattern, there
was a 54% reduction in areas of urban land use and 76% in agricultural areas when compared with
natural land use areas. Finally, for Diptera richness, (LMM, R2c = 0.62, R2m = 0.94, p = 0.003) the same
pattern was observed.

For Chironomidae plus Oligochaete abundance (LM, R2ad = 0.34, p = 0.007), a metric of taxonomic
composition, we found the opposite pattern: in the sites with urban or agricultural land use, there was
an increase in abundance of 126% at urban sites and 137% at agricultural sites.

All of the diversity indexes (third category) were significant, and show decreases in the presence
of agricultural and urban land use. For instance, the Shannon Index base e (hereafter Shannon Index;
LM, R2ad = 0.66, p < 0.001) was 49% lower for urban land use areas and 60% lower for agricultural
land use areas when compared with natural land use. In the first, second, and third biological metric
categories’ post hoc Tukey pairwise comparisons (Tukey HSD, p < 0.05), we observed significant
differences between natural and anthropogenic (urban and agricultural) land use covers.

Regarding the functional feeding metrics, sites with agricultural and urban land uses presented
a higher percentage of collector-gatherers (LM, R2ad = 0.42, p = 0.0011), compared with natural
land use sites (Tukey HSD, p < 0.05). Predator richness (LMM, R2c = 0.57, R2m = 0.85, p < 0.001)
decreased by 50% in sites with urban land use and by 68% in areas of agricultural land use when
compared with natural land use sites (Tukey HSD, p < 0.05). Predator abundance showed a similar
trend (LM, R2ad = 0.24, p = 0.006), presenting significant differences between natural and agricultural
land use (Tukey HSD, p < 0.05). Herbivore species also decreased in richness (LMM, R2c = 0.59, R2m
= 0.88, p = 0.007) and in relative abundance (LM, R2ad = 0.64, p < 0.001) wherever anthropogenic
land use had increased. Herbivore richness presented a reduction of 60% at urban sites and 83% at
agricultural sites when compared to natural sites. The relative abundance of herbivores decreased by
83% in the presence of urban land use and 97% in the presence of agricultural land use when compared
with natural land use, being the only biological metric that differed across the three types of land use
(Tukey HSD, p < 0.05).

4. Discussion

Our study revealed how macroinvertebrate communities within the Pesquería river mainstem
respond to different land uses along the riparian channel. It showed not only how the health of the
river is affected by human land use (both agricultural and urban) but also that macroinvertebrate
communities may have a promising application as bioindicators to be used in future monitoring
programs for semi-arid rivers in the North of Mexico. As has been documented in most human-degraded
ecosystems [78,79], the ecological communities in the PR seem to be decreasing in richness, diversity,
and evenness, with anthropogenic pressures affecting macroinvertebrate communities the most.
Our measurements of salinity and conductivity showed that the PR headwaters show evidence of
“primary and secondary salinization” in freshwater [37]. In addition, urbanization and agricultural
practices have also influenced the structure of the macroinvertebrate assemblage.

The macroinvertebrate communities found in the Pesquería River are characteristic of mesohaline
habitats [80–82]. Despite the salt present at the headwaters of the PR, IndVal analysis revealed a
large number of taxa that were indicators of the natural land use typology, which at reference sites
are related to higher richness values [83]. Some of these taxa have been used as bioindicators of
“healthy” reference sites (e.g., Philopotamidae, Leptophlebidae) in previous studies [84–86]. The IndVal
analysis also revealed that only Berosus sp. was characteristic of urban land use. Previous studies
in Mexico reported Berosus sp. as an indicator of streams polluted with an excess of organic matter,
also Berosus sp. is reported to be tolerant to salinity and total dissolved solids [87]. For agricultural
land use, all IndVal representative taxa have been reported as bioindicators of habitats typically
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impacted by this land use typology. This study is consistent with previous studies that found that
Zygoptera and Hirudinea were the most abundant taxa in sites impacted by agricultural land use.
The presence of Ischnura sp. in farming ditches, for example, has often been reported [88]. Additionally,
high abundances of Erpobdellidae were reported at sites influenced by agricultural land use [89].
Furthermore, high densities of chironomids and amphipods were found, which are characteristic of
agricultural sites [90].

The biological metrics used in this study present similarities with the metrics used to develop
multimetric indexes around the world [20,21,36,59–62]. We found that 28 of the 42 metrics tested
responded significantly to land use disturbances and therefore can be potentially used as bioindicators.
These metrics provided information about richness, abundance, diversity, and the trophic structure
of the PR’s benthic macroinvertebrate community. For Taxonomic Richness metrics, Richness,
EPT richness, OCH richness, and Diptera richness were determined to be the metrics that explained
the anthropological land use impacts on the PR. These metrics have the advantage of being simple to
calculate and are suitable for all ecological systems, being particularly useful metrics for biological
degradation [91]. High richness values have been associated with the pristine conditions commonly
found at river headwaters, while low values reflect anthropogenic impacts but also responses to natural
saline systems [28,42,92]. Other metrics, such as EPT richness, OCH richness, and Diptera richness,
take into account the tolerance of sensitive groups to anthropogenic disturbances and natural saline
ecosystems (e.g., Plecoptera) [42].

The EPT richness in our study is only composed of Ephemeroptera and Trichoptera species
that are tolerant of salinity. It is well known that Ephemeroptera species are halophobes due to
their lack of physiological tolerance to salt [93,94]. However, other authors have reported that
Leptophlebiidae, Baetidae, and Caenidae families are all tolerant of saline, this last taxon being the most
tolerant of the three [80,95]. Interestingly, Leptophlebiidae and Caenidae, both significant indicators of
natural land use according to the IndVal analysis, have previously been used as biological indicators.
Leptophlebiidae has received a high score on biological indexes, while Caenidae has received an
average score [84,85,96]. For Trichoptera, it is known that increased levels of salt and chlorides directly
affect species richness and the abundance and biomass of caddisfly larvae [97]. Several studies around
the world have demonstrated that some species of Trichoptera can live in saline waters [93–95,98].
In addition, in our study, the Indval analysis revealed that Philopotamidae, which is considered
an indicator of good ecological quality, was indicative of natural land use [84,85,96,99]. It is well
documented that Plecoptera species require relatively undisturbed conditions, and they are therefore
important bioindicators for freshwater quality [100]. The use of Plecoptera as a bioindicator is not
particularly useful in saline streams or ponds, since it is normally absent. Even if this order contains
tolerant species, be they rare or endemic, Plecoptera overall usually presents a low species richness in
saline water bodies [80,92,101–103]. The lack of Plecoptera in this study is probably due to the high
salt concentration in the PR [37,80,92,104].

Despite the natural concentrations of salt in the PR, many Odonata, Coleoptera, and Heteroptera
species are adapted to saline waters [105]. As we expected, OCH richness decreased in the presence of
anthropogenic land use. IndVal analysis revealed species representative of OCH richness, which can be
used as biological indicators in freshwater. For example, Gomphidae, which is representative of natural
land use according to our IndVal analysis, has been reported as tolerant of saline water, as well as
being a good biological indicator of high water quality. Conversely, Ischnura sp., which also has a high
tolerance for salinity, was an indicator of agricultural land use, in line with previous studies [81,106].
Coleoptera presented similar circumstances. Pshephenidae was representative of natural land use
according to the IndVal analysis and has been previously used as a bioindicator for good quality
riparian ecosystems [85]. Heteroptera, Rhagovelia sp., and Ambrysus sp. were the only representative
taxa present in our IndVal analysis for natural land use. Additionally, both have been reported as
tolerant of saline environments [80,95,98,107]. According to previous studies both taxa families have
also been scored as tolerant of pollution [85,108–110].
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Previous research has indicated that Diptera richness decreases in response to anthropological
land use [21]. Our IndVal analysis confirmed this observation: seven Diptera taxa were detected
as indicators of natural land use, none were identified for urban land use, and only one was found
for agricultural land use. Nonetheless, several studies have reported that the abundance of some
Diptera species increases when anthropogenic land use begins [20]. This is directly linked to our
second biological metric category, “Richness composition”. For this category, the metrics selected
were Chironomidae plus Oligochaete abundance, which is the percentage of Chironomidae plus the
percentage of Oligochaete, both being representative of agricultural land use in our IndVal analysis.
Several authors have described an overall increase in the relative abundance of Chironomidae and
Oligochaeta in the presence of urban and agricultural land use [111–113]. The PR sampling sites that
recorded the most abundant taxa for Chironomidae and Oligochaetes (sampling sites 4, 9, 10, and 12)
are all affected by the discharge from the WWTPs. It is well known that WWTPs in urban areas have
“unhealthy” effects on benthic communities [113]. In addition, this study found that macroinvertebrate
integrity is typically damaged in sites located immediately downstream of WWTPs.

For the diversity metrics, the Shannon Index [114] was chosen since it is considered to be a robust
tool that takes into account both evenness and species richness. The higher the values of the Shannon
Index, the greater the diversity and the healthier the ecosystem [114,115]. In our case, the Shannon
Index showed healthy sites at the PR headwaters (sampling sites 1–3), while also singling out the most
degraded sites (Supplementary Material A/Figure S2). The most impacted sites for urban land use are
located after the WWTP and WSP discharges, as well as after the possible indirect discharges from
industry (sampling sites 4 and 5), and after the discharge of the city’s principal WWTP (sampling site
9). Meanwhile, sites impacted by agricultural land use were located after the local WWTP and WSP
(10, 11, and 12 sampling sites, Supplementary Material A/Figure S2).

Previous studies have linked macroinvertebrate-feeding ecology with environmental conditions,
suggesting that the FFG’s metrics detect stressors from multiple spatial scales [36,116–118]. In addition,
it has been observed that anthropogenic activities alter the availability of food sources, producing
important variations in the distribution and relative abundance of FFG [36,57,115]. The FFG metrics
selected for the PR were collector-gatherers (percentage), predators (richness and percentage),
and herbivores (richness and percentage). An increase in the percentage of collector-gatherers
is well documented in areas of anthropogenic land use [21,119]. In our particular case, agricultural
land use sampling sites showed the highest number of collector-gatherers. IndVal analysis for the PR
revealed that collector-gatherer taxa like Chironomidae and Hyalella azteca sp. were representative
of agricultural land use. Additionally, previous studies have remarked that the high availability of
nutrients in streams impacted by agricultural land use leads to greater algal production and moss
growth, which in turn provides a suitable habitat for both taxa [5,28].

Consequently, the increase in the number of collector-gatherers alters the functional composition
of the benthic macroinvertebrate community, reducing the richness and abundance of other functional
groups (predators, herbivores, etc.). Nevertheless, evidence of the abundance of predators in disturbed
areas remains inconclusive. While some authors have found a high density of predators in forested
areas, some have observed that predators occurred more often in urban areas, whereas others have
found that predators have similar distributions across different land use typologies [119–122]. In our
case, the riparian forest/vegetation “strips” in sampling sites within urban land use areas served as
buffers where predators can be found. Conversely, urban sites without these riparian forest/vegetation
strips and sites highly impacted by WWTPs presented similar levels of abundance to agricultural land
use sites with the same disturbances (Supplementary Material A/Figure S2). Finally, but importantly,
herbivore abundance was the only biological metric in our study that presented significant differences
across the three different typologies of land use. The percentage of herbivores is high at sites with
natural land use in the PR area, but it declines drastically at urban sites, and almost disappears at
sites with agricultural land use. Previous studies have shown that the abundance of herbivores was
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positively correlated with periphyton cover and the main substrate diameter, these aspects all being
characteristic of undisturbed waters [110].

Moreover, we found that distance from headwaters was only significant for 3 of the 42 metrics
tested, demonstrating that the variability of macroinvertebrate communities in the PR observed in
this study is linked to land use disturbances and not to the natural longitudinal variability of the
river conditions (i.e., the river continuum concept). However, we should clarify that the current study
was limited by the synergistic effect of the accumulated impacts caused by urban land use, especially
between urban sites and agricultural sites. All the metrics selected highlighted the differences between
natural and anthropic land uses (urban and agricultural) but just one was able to distinguish the
differences between natural, urban, and agricultural land use.

5. Conclusions and Challenges

The lack of watershed planning, management, and restoration activities in Mexico have allowed
unregulated anthropic activities to severely affect the ecohydrological health of the country’s rivers.
The biological metrics selected strongly support the notion that the PR ecosystem has been disturbed
by the changes observed in the macroinvertebrate communities in response to the different riparian
land uses. The PR diagnosis is in line with “urban river syndrome”, and it has the trademark
characteristics of a river influenced by agricultural land use (“Agro-urban rivers”). The high rate of
urbanization makes it particularly hard to find “healthy” reference sites in this region. Headwater
streams in highly urbanized zones are therefore under constant threat. In spite of this, we were able to
locate several riparian forest “strips” which help to mitigate the anthropogenic pressures affecting
PR macroinvertebrate biodiversity. These small areas offer a great starting point for operations to
recover the river’s ecological health. We also believe that the riparian zone border limit should be
extended beyond the limits established in the “1992 Mexican National Water Law” [123]. The biological
macroinvertebrate-based metrics selected for use in this paper are a promising tool that can be used
as a first step in the construction of a Multimetric index for this river, and can hopefully be used as
bioindicators of land use pressures in other semi-arid rivers in the North of Mexico. Finally, the PR is a
clear example of how anthropogenic activities, a lack of regulation and a failure to safeguard river
environments are threatening Mexican riparian ecosystems. Our findings have significant implications
for watershed management and for the restoration of the PR, this being the first study that looks to
propose biological metrics that reveal the influence of land use on the river ecosystem. Regardless of
the advantages that biological metrics present, further work to improve biomonitoring efficiency in
Mexico is needed. The development of taxonomic keys for Mexican fauna is urgently necessary in
order to build suitable indexes for specific ecoregions.
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