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Abstract

:

The Tehuacán-Cuicatlán Biosphere Reserve (TCBR), the southernmost semi-arid zone of North America, includes two dryland streams, the Río Salado (RS) and Río Grande (RG); it is surrounded by high vegetation diversity, a cacti diversification center, and the densest columnar cacti forest worldwide. However, no scientific knowledge is currently available on these dryland streams. We evaluated water quality, its relationship with the local geological characteristics, land uses, and the composition of aquatic macroinvertebrates (AM), analyzing their bioindicator potential. These results were discussed in relation to climate change predictions. The RS showed higher mineralization, salinity, hardness, water and air temperature, and low water quality index (WQI), relative to the RG. A discriminant analysis showed spatial (mineralization, salinity, and hardness in the RS) and temporal patterns (higher nitrogen compounds and temperature in the rainy season). The RS showed a lower AM diversity (40 taxa) compared to the RG (73 taxa); Ephemeroptera-Plecoptera-Trichoptera reached higher values in the RG. A co-inertia analysis identified five groups of sites with different AM assemblages and water quality characteristics. Climate change predictions for the TCBR suggest increased aridity, higher temperature, and lower rainfall, leading to reduced river flow and increased salinity and mineralization. These could alter habitat features and connectivity, with loss of AM diversity, highlighting the vulnerability of these unique ecosystems to climate change.
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1. Introduction


Globally, 45% of the Earth’s surface is covered by drylands [1], environments with scarce scientific information that are highly threatened by different natural and anthropogenic stressors (climate change and anthropogenic disturbances). Additionally, 7 of the 35 diversity hotspots identified to date are located in these arid regions [2]. Dryland rivers can be defined as currents flowing through arid or semi-arid regions characterized by variable flow regimes, including intermittent and unpredictable flows [3,4,5]. Despite their hydrologic and geomorphologic diversity, dryland rivers differ markedly from permanent temperate streams, particularly because drought and flood conditions in dryland rivers are part of the natural hydrology that sustains their uniquely adapted biota [6,7].



Moreover, dryland rivers are naturally subjected to climatic stress [8]. In addition, the increased intermittency, delay in the onset of the rainy season, higher temperatures and evapotranspiration rates, prolonged droughts, and lower rainfall associated to climate change lead to habitat deterioration; as a result, water quality and volume of hydrographic currents are affected, leading to the reduction or loss of their environmental services. Thus, these ecosystems are considered to be highly vulnerable to climate change [9,10]. The effects of climate change in arid zones have been little studied to date; this represents a knowledge gap [11] since these aspects require long-term research.



As dryland streams are characterized by extreme hydrologic variability, the aquatic biota faces stress by severe environmental conditions: drought events and massive flooding [12]. Furthermore, high variation in the hydrologic regimes are evident across the landscape in these ecosystems. As a result, the same basin displays a mosaic of perennial, intermittent, and ephemeral streams with high variations in permanence throughout the year [13]. Water quality in these ecosystems can be affected by the hydrologic variability, particularly where dryland streams cross a particular geological stratum that confers salinity to the aquatic ecosystem. Lintern et al. [14] state that although the effect of anthropogenic changes in land use on water quality in lotic systems is well known, the relative importance of other landscape characteristics such as geology or soil type and their particular effect on water quality remain poorly understood.



Previous studies have aimed to identify the key landscape characteristics affecting spatial variability in water quality using multivariate approaches [15,16]. Varanka and Luoto [17] studied a wide spectrum of factors in their analysis, and found that agricultural land use within the catchment area was the most important factor affecting total phosphorus and total nitrogen concentrations in Finland. However, this process should also be analyzed in other regions, to identify whether it is specific to particular region and climate conditions, is a global trend, or could be related to broad characteristics such as climate type or biome. Consequently, the influence of land use on water quality in dryland streams is still a knowledge gap.



Although all types of dryland streams experience flood disturbance, aquatic organisms must also cope with drought conditions in intermittent and ephemeral (non-perennial) streams that undergo seasonal drought. Thus, dryland streams are an appropriate study system to evaluate the effects of water quality and seasonal variability on hydrological conditions, and the effect of these factors on aquatic biota including macroinvertebrates. Indeed, a considerable amount of literature has shown that aquatic invertebrate assemblages inhabiting dryland streams are strongly influenced by hydrological variability in space and time [18,19,20].



Aquatic macroinvertebrates of dryland systems have been documented, particularly in temperate zones and some tropical areas. For instance, in tropical dryland rivers in West Africa, Kaboré et al. [18] found that family richness metrics, diversity, and functional groups are useful for identifying human impacts related to land use. In Brazil, the effect of flow variability on the taxonomic composition and abundance of macroinvertebrates in intermittent rivers in semi-arid areas has been studied [21]. In temperate dryland rivers, studies have addressed the composition of aquatic macroinvertebrate assemblages. Metrics have usually been applied to the biological assessment of rivers in semi-arid areas; the composition of macroinvertebrates in perennial and intermittent dryland rivers, wetland depressions, and semi-permanent dams; temporal and spatial variations in macroinvertebrate communities; and distribution and abundance of macroinvertebrates along an altitudinal gradient [17,19,20,22,23,24,25]. In tropical dryland streams, however, studies on aquatic macroinvertebrates and their relationship with water quality and variations in the hydrological regime (dry and rainy seasons) are scarce.



In Mexico, arid zones are located primarily in the northern portion of the country [12]; additionally, there is a small region to the south characterized by arid and semi-arid conditions, known as the Tehuacán-Cuicatlán Valley [13]. This valley hosts the Tehuacán-Cuicatlán Biosphere Reserve (TCBR), considered by UNESCO (United Nations Education, Scientific and Cultural Organization) [14] as the arid or semi-arid zone with the highest biodiversity across North America. The TCBR is one of the diversification centers of Cactaceae (a critically endangered group worldwide) and harbors the densest forest of columnar cacti in the world [14]. The TCBR region is considered to be highly vulnerable to climate change [15]. The rivers flowing through this area are dryland streams of the intertropical region of southern Mexico. These ecosystems lack scientific information regarding water quality and macroinvertebrate biodiversity (including their potential value as bioindicators).



In Mexico, aquatic ecosystems in arid and semi-arid zones and the use of macroinvertebrates as bioindicators have been little studied [26]. According to [11], a large percentage of publications about arid zones in the US and Mexico refer to qualitative studies; consequently, huge gaps remain about inventories of hydrographic systems (location and extension of perennial and intermittent streams). There is also scarce information on the environmental characterization of intertropical drylands and the effect of climate change on these systems. Thus, it is imperative to contribute to the knowledge of aspects such as water volume, water quality, diversity of aquatic communities, and the potential impact of climatic change on these features. Aquatic macroinvertebrate communities have been used as bioindicators of water quality. Their responses include reduction in overall abundance and number of species in impacted areas coupled with the predominance of tolerant species, while sensitive species occur only in relatively undisturbed environments. However, although these attributes of aquatic macroinvertebrates may be applicable to streams in arid zones, [16] and [17] point out that in order to use macroinvertebrates as bioindicators, the effects of broad environmental variations on these communities must be determined to assess their potential use as bioindicators. Therefore, information on the potential use of these organisms as bioindicators in arid and semi-arid zones is still lacking.



The aims of this study were to detect spatial and temporal patterns in water quality and aquatic macroinvertebrate assemblages in the TCBR; identify the main physicochemical factors that drive spatial and seasonal patterns; analyze the relationship between physicochemical factors and macroinvertebrate assemblages (as potential bioindicators of water quality); and relate the predictions of climate change to water quality and aquatic macroinvertebrates assemblages. Two dimensions were investigated: (1) spatial differences within each river, and between rivers; and (2) temporal differences between dry and rainy seasons and inter-annual variations (2015, 2016, and 2017).




2. Materials and Methods


2.1. Study Area


The Tehuacán-Cuicatlán Valley is located in two physiographic provinces: Sierra Madre del Sur that comprises 92.65% of the total surface area of the reserve and the Trans-Mexican Volcanic Belt to the north, with 7.35%. The Río Salado and Río Grande are the most important hydrological systems in the TCBR, both being tributaries of the Papaloapan River, which drains into the Gulf of Mexico [27]. The Río Salado sub-basin has a broad extension within the TCBR; the Río Salado originates in Sierra Negra in the northwest and flows southward through the Tehuacán tectonic pit. Downstream, it joins the Río Grande to form the Santo Domingo River, a direct tributary to the Papaloapan River (Figure 1). The Río Salado is a temporary river; its stream channel remains dry most of the year and its flow is reactivated during periods of heavy rains. The Río Grande sub-basin ranks second in extension in the TCBR. It is located in the southern portion with a southeast-to-northwest direction and includes the Sedimentary Plateau, part of the Tehuacán Tectonic Trench, and the Sierra Mazateca. Its main river is the Río Grande, a permanent stream that originates in Sierra de Juarez and reaches the Río Salado downstream.



The TCBR territory has a mosaic of diverse rocky outcrops dominated (85.6%) by the sedimentary rock basement that originated from the Lower Cretaceous to the Lower Tertiary. This basement suffered several morpho-tectonic events that contributed to the configuration of the Tehuacán-Cuicatlán Valley and gave rise to complex high mountain ranges, folded mountains, hills, sedimentary plateaus, and a tectonic plate. In addition, the valley has metamorphic rocks from the Paleozoic, igneous rocks from the Precambrian and Paleozoic, and a cover of alluvial and residual formations from the Quaternary period [28]. Sedimentary rocks of the Lower Tertiary (Paleocene, Eocene, and Oligocene) are the most abundant type across the valley.



The prevalent composition of soil includes sandstones and conglomerates, shales, limestones, limonites, and gypsum, constituted by a calcareous sequence of the Lower Cretaceous (of marine origin) that covers the central part of the Sedimentary Plateau and the Tectonic Trench. A small area in the southern portion includes shales and plaster. During the Quaternary, weathering favored the formation of alluvial, lacustrine, and residual deposits along the main streams.



The dominant climates across the reserve are warm dry or arid (BW and BS, dry climates categories, mainly), which comprise 73.5% of the area (Figure 2a). Mean annual temperature varies from 22 °C to 24 °C. Annual precipitation ranges between 400 and 600 millimeters in most of the reserve [29,30] (Figure 2b). The rainy season occurs in the summer.



The TCBR is home to highly diverse vegetation [28]; however, the predominant vegetation types along the main channel of the Río Salado and Río Grande are deciduous tropical forest and xeric shrubland (Figure 2c).




2.2. Water and Macroinvertebrate Sampling


The sampling was carried out in two annual cycles, April and September (2015 and 2016), which included the dry (April) and rainy season (September), and January 2017 (cold, dry season only). A total of 12 study sites located along the Río Grande and Río Salado were monitored (Figure 1). The sites studied in the Río Salado, given their permanent nature, were Barranca Oscura (BO) and the Río Salado (RSa). In Río Grande, the study sites were Quiotepec (Qt), Tecomavaca (TV), Río Grande (RGo), El Cacahuatal (Ch), Santa María Ixcatlán Poza (SMIp), Santa María Ixcatlán Sabinos (SMIs), San Pedro Nodón (SPN), Valerio Trujano (VT), Santa María Texcatitlán (Tx), and Santiago Dominguillo (SD) (Figure 1).



For each study site, the following environmental factors were recorded in situ: air temperature (°C), with a thermometer included in the EXTECH anemometer; water temperature (°C), turbidity (Nephelometric Turbidity Units, NTU), salinity (Practical Salinity Units, PSU), dissolved oxygen (DO mg/L), pH, and conductivity (mS/cm), with a Quanta® multiparameter probe. Water flow speed (m/s) was recorded with a HACH hand-held flow meter and the geographic coordinates were recorded with a Sport Trak Maguellan GPS. At each study site, 500 mL water samples were collected in duplicate for water quality and bacteriological testing; these samples were transported in the dark and refrigerated for laboratory testing.



Macroinvertebrates were collected using a kick net and a D-type net, both with a 500 μm mesh size. Samples were obtained in duplicate using the multi-habitat method [31]; in each microhabitat, the collection area was standardized to 1 m2 according to [28]. The organisms collected were fixed in 70% alcohol and transported to the laboratory for sorting and taxonomic identification.




2.3. Water Quality Analysis and Identification of Aquatic Macroinvertebrates


In the laboratory, water samples were tested for biochemical oxygen demand (BOD5 mg/L O2), chlorides (mg/L Cl), alkalinity (mg/L CaCO3), and total and fecal coliforms (Most Probable Number, MPN/100 mL); these tests were conducted according to APHA (2005). Also, nitrite (mg/L NO2), nitrate (mg/L NO3), ammonia (mg/L NH3), total nitrogen (mg/L NT), orthophosphate (mg/L PO4), total phosphorus (mg/L PT), hardness (mg/L CaCO3), sulfates (mg/L SO4), and color (U Pt–Co) were analyzed using a Hach DR 2500 spectrophotometer.



Macroinvertebrates were sorted, and the taxonomic determination was conducted with a stereomicroscope (Nikon C-Leds SMZ745T) using specialized identification keys [32,33]. The relative abundance of each family in each sample was calculated. A rarefaction curve was constructed based on a total of 60 samples using EstimateS_ version 9.1.




2.4. Land Use and Climate


The influence of land use on water quality for each study site was analyzed in a Geographical Information System. To this end, a set of “buffers” (i.e., zones influenced by land use or land cover) were set measuring 2 km in length upstream of the monitoring study site by 500 m wide at both sides (2 km × 500 m) following the method proposed by [34]. These authors point out that the use of a 2 km × 500 m buffer zone reveals any effect of a shift of land use on the adjacent water body. The percent coverage of each land use was estimated considering the total buffer area of each study site as 100%. The TCBR hosts a high diversity of land uses (37 categories), including agriculture (8 categories), natural vegetation (12 categories), secondary vegetation (13 categories), induced pastures, barren land, human settlements, and urban areas (Figure 2c). For this study, land uses were grouped into Agricultural Use, Natural Vegetation, Human-Induced Grasslands, and Human Settlements.



Climate-type vectorial layers were based on the climatic classification of [29]. Climatic type, precipitation, and land-use vectorial layers were obtained from the National Institute of Statistics, Geography, and Informatics (INEGI) of Mexico. Then, thematic maps for climate type, precipitation, and land use were developed using the QGIS software (Las Palmas version) (Open Source Geospatial Foundation, Chicago, IL, USA).




2.5. Data Analysis


For each study period, a database was constructed that included study sites (rows) and environmental factors (columns; environmental factors recorded in situ and water quality parameters assessed in laboratory). In order to integrate the different results of physical and chemical characteristics into a single figure that gives information about water quality, the water quality index (WQI) designed by [35] was calculated for each study site and period. This index includes 13 physicochemical and biological variables: atmospheric and water temperature, pH, dissolved oxygen saturation (%), alkalinity, BOD5, chlorides, conductivity, nitrates, hardness, true color, fecal and total coliforms; these were weighted using conversion factors that yielded values between 0 and 100.



Mean WQI values was assessed using different data sets: for each study site (WQI values for all periods), sub-basin (the Río Salado and Río Grande, considering WQI values of all study sites and periods), and period (WQI values for all study sites from each sub-basin). Data normality was tested by Shapiro–Wilk. Also, analyses of variance (ANOVA) were performed to test for significant differences between sites, sub-basins, and seasons, followed by Newman–Keuls multiple comparison tests (in the case of data normally distributed and homoscedastic), or a Kruskal–Wallis test (in the case of nonparametric data). To compare WQI values between sub-basins, a Student’s t-test was performed.



Multivariate statistical methods are widely used to characterize and evaluate freshwater quality, and are useful to analyze temporal and spatial variations in water quality [36]. Multivariate analyses (MVA) facilitate the identification of the main factors that influence water quality. Furthermore, MVA facilitate the interpretation of large data sets and reduce the dimensionality of complex data sets with minimum loss of the original information [37,38]. In this sense, considering all the environmental field records and laboratory test results, a factor analysis (FA) was carried out to reduce the number of variables to a smaller number of significant variables. With the set of variables selected from the FA, a stepwise discriminant analysis (DA) was conducted using the environmental factors as attributes of each study site and period. A Pearson’s correlation analysis (p < 0.05) of land uses with different physicochemical factors was carried out. Except for pH, all variables were transformed to Ln (x + 1) for FA and DA; in the case of percentages, the data were standardized using the algorithm: 2πx (arcsin√p), where x is the relative value of each individual taxa.



Factor analysis is a multivariate statistical method that is used mainly for analyzing the relationship between a set of variables (the environmental factors in this case) [39]. Complex data are thus reduced and then factors (the more significant ones) can be assigned to the truly effective chemical processes of water courses in the basin [40,41]. A small number of factors will usually account for approximately the same amount of information as does the much larger set of original observations. In this study we used a matrix of environmental factors in columns and all study sites and periods in rows. The significant factors detected with this procedure were used for the DA.



DA, also called supervised pattern recognition technique, is a multivariate statistical analysis method that uses linear combinations of several variables for the statistical classification of samples into categorical-dependent values. This technique can be used to construct the discriminant functions that contribute important information for each group [42]. In this study, we used DA to describe the relationship between two groups of study sites, the Río Grande and Río Salado, and environmental factors (in situ variables and laboratory test results). Study sites were combined into temporal groups for each sub-basin: dry season 2015 (all study sites for April 2015), dry season 2016 (all study sites for April 2016), rainy season 2015 (all study sites for September 2015), rainy season 2016 (all study sites for September 2016), and dry cold season 2017 (all study sites for January 2017). DA displays two biplots; the first shows groups of study sites and the second the vectors of environmental factors. This enables a description of the relationship of each group displayed with environmental factors, potentially revealing spatial and temporal patterns.



For the analysis of aquatic macroinvertebrates, the richness of families and the relative abundance of the taxa were evaluated. Also, the relative abundance of taxa Ephemeroptera-Plecoptera-Trhichoptera combined (EPT) and Oligochaeta-Chironomidae combined (Oligo-Chiro) were calculated; data were presented in percentage plots for each study site and year. Co-inertia analysis (CIA) is a general coupling method that maximizes the co-inertia between abiotic and biotic data arranged in two tables, allowing the analysis of the dynamics between environmental variables and the composition of organism assemblages. Co-inertia analyses were used to examine the structure of environmental and macroinvertebrate data in parallel, seeking to identify the corresponding variations (i.e., co-structure) in both data sets [43]. This analysis is also useful to explore ecosystem stability based on the intensity of the relationship between species and environmental variables. In this study, a CIA was performed using matrices of environmental factors and relative abundance of macroinvertebrates (including all study sites and periods). The temporal and spatial components of variation in both data sets were examined using within-class CIA [43,44,45]. The statistical analyses were carried out with the XLStat 2015 software; the CIA was conducted using the ADE software of the R programming language [46,47].





3. Results and Discussion


3.1. Physicochemical Characteristics of Streams


Global figures for physicochemical characteristics showed important variations in both sub-basins (Table 1). Given the geological nature of the Río Salado sub-basin, environmental factors related to mineral content such as salinity, conductivity, alkalinity, sulfates, and chlorides were higher than in the Río Grande sub-basin (p < 0.01 Kruskal–Wallis). According to the river classification systems based on conductivity, salinity, and mineralization [48,49], the Río Salado is a river with slightly saline water and a high mineralization level; in contrast, the Río Grande has a low mineral concentration and is classified as a freshwater stream (Table 1).



Air temperature and water temperature, which depend on climatic conditions, also showed differences between sub-basins, being higher in the Río Salado (p < 0.05 ANOVA Newman–Keuls). Mean values of hardness, color, NH3, suspended solids, and turbidity were higher in the Río Salado vs. the Río Grande; however, no significant differences were found (p > 0.05 Kruskal­–Wallis). According to the classification of water hardness [50], the Río Salado has hard water, while the Río Grande has moderately hard water.



The content of nutrients such as NO2, NO3, NT, O-PO4, DO, and PT showed no differences between sub-basins (Table 1).




3.2. WQI


The WQI showed a wide fluctuation across study sites and periods, with an overall mean of 79.36; the minimum was recorded in the Río Salado (WQImin = 66.74 (site BO)) and the maximum in the Río Grande (WQImax = 87.65 (site Ch)). No significant differences were observed in WQI across sites within each sub-basin (p > 0.05 ANOVA) (Supplementary Material 1), but values were generally lower in the Río Salado vs. Río Grande considering all study sites and periods. The WQI showed differences between the two sub-basins (p < 0.05); mean values were 67.0 (SE ± 1.06) in the Río Salado and 81.96 (SE ± 0.94) in the Río Grande (Figure 3).



Between study periods (rainy and dry seasons, and years), the WQI did not show significant differences in the Río Grande (RG), except for the RG in January 2017 (maximum WQI = 94.78). In the Río Salado, slightly higher values were recorded in the dry periods (mean values of 68.39, 69.94, and 67.45 in April 2015, April 2016, and January 2017, respectively) compared to values in the rainy periods (mean values of 65.15 and 69.11 in September 2016 and 2016, respectively), although these differences were not statistically significant (p > 0.05) (Figure 4).



The WQI was also influenced by the high values of chlorides, conductivity, and hardness, since these were the main factors leading to the low WQI values in the Río Salado. The primary use of water in both hydrological systems is agriculture [28]. In this sense, Kerr [51] states that crop irrigation with saline waters could induce the precipitation of CaCO3, CaSO4, and NaCl, among others, resulting in salinization, a condition recognized as one of the major factors limiting the fertility of agricultural fields [52].



The FA showed that the variables with the greatest contribution to the identification of patterns in the hydrographic systems were salinity, conductivity, chlorides, SO4, alkalinity, hardness, water temperature, BOD5, NO3, NO2, NH3, NT, pH, DO, and WQI; thus, these factors were used for subsequent analyses (Supplementary Material 2).



The DA of all environmental factors taken together for each study period revealed spatial and temporal patterns. The first two functions of DA reached 70.92% of the variance explained (F1 45.32% and F2 25.59%). The DA biplot showed an ample spatial separation of the hydrographic systems studied. The centroids representing the study periods for the Río Salado sub-basin are located in the quadrants to the right, characterized by high conductivity, salinity, alkalinity, and chlorides. In contrast, the centroids of the Río Grande sub-basin are located in the quadrants to the left, characterized by lower values of these same factors (Figure 5a,b). Additionally, a seasonal pattern was observed. In general, the centroids of the September study periods (rainy season) for both sub-basins were represented in the upper quadrants (upper left for the Río Grande and upper right for the Río Salado, except for September 2016 for the Río Grande), associated with a higher concentration of nitrogen compounds (NO3, NO2, NH3). Particularly, the highest WQI values were reached in the Río Grande. In general, the highest values of pH, BOD5, hardness, and temperature occurred in April in the Río Salado (Figure 5a,b).



Differences in the physicochemical conditions and WQI of the water bodies studied are closely related to the underlying geology of the hydrographic basin. The Río Salado is strongly influenced by the sedimentary rock basement and soils are dominated by shales, limestones, limonites, and gypsum (the latter characterized by a high calcium sulfate content) [27]. Calcareous soils, Vertisol, and Fluvisol (among others) are also present [28], which are key factors contributing to the mineralization of water. According to [53], the Río Salado flows through various soil types, mainly Leptosol and Regosol, and in a smaller proportion Phaeozem and Cambisol conferring salinity conditions to it. For their part, the dominant soils in the Río Grande sub-basin are Phaeozem, Regosol, and Leptosol, which contribute to the physicochemical properties of stream water. Stum and Morgan [54] point out that the chemical composition of stream water in a river reflects the local interaction between the substrate (geology and soil), the aquatic environment, and the atmosphere. These factors have been categorized as resulting from the influence of landscape [55]. On the other hand, seasonal patterns related to increases in temperature have also been detected by [8] and are considered the result of the natural variability of dryland rivers.




3.3. Land Use and Climate


Buffers adjacent to study sites show that natural vegetation is the prevailing land use in both hydrographic systems (Figure 6). In the Río Grande sub-basin, 6 of the 10 sites have buffers where natural vegetation accounts for more than 60% of the total area; agriculture predominates in buffers of two study sites only, with 60%–70% of the total area; in two study sites, induced pasture reached 40%–70% of the buffer area; last, four study sites included human settlements, involving 1%–25% of the buffer area (Figure 6). On the other hand, in the Río Salado sub-basin natural vegetation reached 100% of the buffer area in one study site and agriculture covered 68% in the other. The correlation analysis between land uses and environmental variables showed positive correlations between human settlements and BOD5 (r = 0.30; p < 0.05) and between human-induced grassland and NT (r = 0.348, p < 0.05). Negative correlations were found between natural vegetation and human-induced grassland (r = −0.413; p < 0.05), agriculture (r = −0.669; p < 0.05), and human settlements (r = −0.656; p < 0.05) (Supplementary Material 3).



Changes in water quality have been attributed to anthropogenic effects due to changes of land use [56]. In this sense, BOD5 in the TCBR is directly related to human settlements, derived from organic matter discharged into river water, as stated by [57,58,59]. Induced grassland was related to NT (Total Nitrogen) studied are located in a natural protected area (listed as a Biosphere Reserve) and within the area of the reserve where human settlements do not exceed 1000 inhabitants (only six villages have between 1000 and 2000 inhabitants) [29]. Thus, water quality degradation due to the impact of small human settlements is probably minor, since these populations use septic tanks. However, wastewater treatment plants are necessary to discontinue raw discharges and septic tanks, aiming to reduce the negative effects of growing human settlements. In contrast, the Lerma River basin flowing across the Mexican Central Plateau (with a high population density, more than 25% of the Mexican population) receives wastewater discharges from cities, industries, and cropland, causing water quality deterioration and low WQI values that range from 26.53 to 67.44 [60].



Allan [61] points out that rivers may display good conditions in basins where agriculture is not overly extensive (threshold of 30%–50% of the catchment area). According to the current land uses in the basin (Figure 2c), the TCBR area is dominated by natural vegetation, suggesting that the reserve is in good condition.



Additionally, Arheimer and Lidén [62] point out that the water quality of rivers varies seasonally as a consequence of increased river flow in the rainy season. Our results showed an enrichment of nitrogen compounds during the rainy season, which was more pronounced in the Río Salado than in the Río Grande. As a result of rainfall, soils are eroded and the materials transported by rainwater are incorporated into river courses [63]. In addition, higher DO was recorded in the rainy season; Crosa et al. [55] also detected differences in DO in river water running through watersheds dominated by agriculture vs. forests. To note, the canopy in older forests can exert a shading effect by reducing irradiation and photosynthetic activity. In our study area, the dominant vegetation types adjacent to the river courses are xeric and deciduous forests [28], whose plant cover could hardly project a significant shading. Hence, the input of nutrients in the rainy season is likely to foster photosynthetic activity, resulting in higher DO levels. On the other hand, the results of this study showed that temperature, hardness, sulfates, and salinity increase during the dry season, particularly in the Río Salado (Figure 5a,b). The increased salinity of dryland rivers was also reported in the Río Grande of North America by [64]. These authors point out that climatic changes leading to greater aridity (i.e., lower rainfall) accelerate the salinization of dryland rivers, degrading water quality and limiting the potential uses of water, thus affecting its use in agriculture or human consumption.



In general, study sites in both sub-basins are influenced by arid semi-warm and warm climates (Figure 2a), both classified as desert climate with temperatures above 18 °C. Site BO in the Río Salado is influenced by arid warm climate, with a mean annual temperature higher than 22 °C. Precipitation ranges from 400 to 600 mm in almost all study sites. This combination of arid climate and low precipitation affects water quality, making this region especially vulnerable to climate change, particularly in the Río Salado.



According to [65], climate predictions for 2030 and 2050 for the study area anticipate a scenario of greater aridity, since it is estimated that the minimum and maximum daily rainfall in rainy days will be <2 mm and <50 mm, respectively. On the other hand, the temperature predictions for this same period suggest minimum temperatures below 5 °C and peak temperatures from 35 to 40 °C. Under these scenarios, the lower water input by rainfall and the higher temperature (leading to higher evaporation) and salinity are expected to become more acute, particularly in the Río Salado. In this sense, Cañedo-Argüelles et al. [66] state that the increase in salinity produces adverse effects, including higher costs of water treatment for human consumption, reduction in biodiversity, altered ecosystem functions, and economic impacts due to the deterioration of ecosystem services.




3.4. Macroinvertebrates


3.4.1. Family Richness


A total of 32,043 aquatic macroinvertebrates belonging to 73 families were collected in the two hydrographic systems. The total family richness was 73 in the Río Grande and 40 in the Río Salado (Supplementary Material 4). The rarefaction curves show the number of taxa obtained against the sampling effort (Supplementary Material 5).



The orders that showed the highest family diversity (from 7 to 13 families) were Diptera, Coleoptera, Hemiptera, Trichoptera, and Odonata (Figure 7); those with a moderate representativeness were Ephemeroptera and Gastropoda (4 and 5 families, respectively); and the least represented (1 family) were Gordioidea, Lepidoptera, Megaloptera, Bivalvia, Trombidiformes, Plecoptera, Ostracoda, and Oligochaeta. The groups Plecoptera (Perlidae) and Ostracoda were absent in the Río Salado.



Mean family richness per study site varied from 11 to 23, being lowest in TX (11 families) and highest in Qt (23), both in the Río Grande. A marked variation of family richness per study site was observed (Supplementary Material 6), and no significant differences were observed in mean family richness between sites (p > 0.05). Although the total number of families differed markedly between hydrographic systems, the mean family richness in the Río Grande and Río Salado was similar (19 and 17, respectively; Figure 8), with no significant differences (p > 0.05).



As regards study periods, the Río Grande showed significant differences in the number of macroinvertebrate families between 2015 and 2016–2017 (p < 0.05), but not between study months within a year (p > 0.05); the mean family richness was higher in 2016–2017 vs. 2015 (Figure 9). In the Río Salado, differences in mean family richness were found between September 2015 and April–September 2016 (p < 0.05).




3.4.2. Biological Indices


The overall mean relative abundance of EPT macroinvertebrates (hereafter referred to as EPT abundance) for the two hydrographic systems was 53.86%. For the Río Grande, EPT abundance varied between 40% and 88% with a mean of 53.44%; in general, EPT abundance was >50%, except for SMIp in September 2015 and April 2016 (<10%), as well as in RGo April 2015, Qt September 2015, SNP April 2016, and CH September 2016 (40%, 30%, 45%, and 38%, respectively). In the Río Salado, EPT abundance varied between 21% and 49%, with a mean of 35.85%, although there were study sites with no EPT families (RSa September 2015) (Table 2). Therefore, significant differences were observed between hydrographic systems (p < 0.05, Student’s t-test). The Oligo-Chiro index was very low in the Río Grande and low in the Río Salado (mean 2.62% and 6.86%, respectively); no significant differences were found between these hydrographic systems (p > 0.05; Student’s t-test).



Mean EPT abundance did not show significant differences either between study sites (p > 0.05) or between periods (p > 0.05).





3.5. Relationship between Macroinvertebrate Assemblages and Physicochemical Variables


The co-inertia analysis showed a significant relationship between taxonomic components and environmental variables (Figure 10a,b, Rv = 0.343, p < 0.05). The analysis arranged all study sites and periods according to biplots that allowed the identification of five groups of study sites based on their physicochemical characteristics and aquatic macroinvertebrate assemblages.



The first group of study sites is located in the upper left quadrant, corresponding to sites in the Río Salado sub-basin: BO in April and September (2015 and 2016), and BO and RSa in January (2017). This group shows high conductivity, salinity, chlorides, sulfates, alkalinity, hardness, color, and turbidity (Figure 10a). The exception was RSa in April (2015 and 2016), which was located towards the lower left quadrant (Figure 10c). This was characterized by higher air and water temperatures, as well as by increased phosphorus (O-PO4 and PT), coliforms, and total suspended solids, vs. the rest of the study sites and periods within the same group. The dominant taxa in this group (study sites BO and RSa) were Diptera, Hemiptera, Oligochaeta, and Gordioidea (Figure 10b).



The second group is located from the lower left to the upper right quadrants and includes study sites TV, VT, and TX, which together represent two tributaries of the Río Grande (Figure 10d). The location of these sites in these quadrants suggests an association with high values of phosphorus (PT and O-PO4), BOD, FC, and TSS; in particular, April (2015 and 2016) is closer to air and water temperature vectors, as well as to pH (Figure 10a,b,e). This group showed the dominance of Trichoptera and Coleoptera, and the presence of Lepidoptera (Figure 10b).



The third group corresponds to the SD study site (Figure 10e), which represents the upper portion of the Río Grande. In the biplot, this group is very close to the origin of the axes in September (2015 and 2016) and January 2017. However, it is located in the lower left quadrant in April (2015 and 2016), with higher temperatures and phosphorus levels (O-PO4 and PT), BOD, SST, and fecal coliforms at this time of the year. The dominant taxonomic orders in this group were Coleoptera, Lepidoptera, and Trichoptera (Figure 10a,b,e).



The fourth group of study sites includes SMIp, SMIs, and SPN (Figure 10f), which together represent a third tributary of the Río Grande. In the biplot, these are distributed between the upper left and lower right quadrants, with a wide dispersion of sites that denotes remarkable seasonal differences. These sites are characterized by their association with nitrogen compounds (NO2, NO3, NH3, and NT) and DO. Sites SMIp and SPN in April (2015 and 2016) and SMIp in September 2015 are located in the right lower quadrant of the biplot and are characterized by higher temperatures (air and water), BOD5, pH, TP, O-PO4, total coliforms, and total suspended solids, vs. all other sites and periods within this group. In general, the most characteristic taxa in this group were Ephemeroptera and mites; in the case of SMIp and SPN in April (2015 and 2016) and SMIp in September 2015, the most important taxonomic groups were Trichoptera, Coleoptera, and Lepidoptera.



The fifth group includes sites Ch, RGo, and Qt (Figure 10g) that represent the lower portion of the Río Grande upstream of its confluence with the Río Salado. In the biplot, these sites are located in two quadrants, upper right and lower left. RGo, Qt, and Ch in September 2016, RG and Qt in January 2017, and Qt in September 2015 (Figure 10g) were characterized by a high content of nitrogen compounds (NO2, NO3, NH3 and NT) and DO, with predominance of Ephemeroptera and mites. For their part, Qt, RGo, and Ch in April (2015 and 2016), as well as Ch in January 2017 and RGo in September 2015, showed higher temperatures, phosphorus (PO4 and PT), BOD5, SST, and fecal coliforms, and showed a notorious seasonal and annual variation. The dominant taxa in this case were Coleoptera, Trichoptera, and Lepidoptera (Figure 10g).



In this study, CIA allowed the interpretation of spatial and temporal dimensions in the dry land streams studied showing a clear variation in the environmental factors between the dry and rainy season (in all annual cycles studied) and the corresponding variations in the composition of aquatic macroinvertebrates. Among the environmental factors that contribute to differences between seasons, the temperature and phosphates reached higher values in the dry season, while in the rainy season higher values of nitrogen compounds were evident; on the other hand, environmental factors such as conductivity, salinity and alkalinity contributed to show spatial differences. Different taxa of macroinvertebrates were dominant in each period and group of study sites. These data show the high variability in physicochemical and aquatic macroinvertebrates of the dry land stream of the TCBR.



The results regarding the macroinvertebrate community of the Río Salado and Río Grande showed that it is a good indicator of differences in environmental conditions. The Río Salado showed a lower family richness vs. the Río Grande. Bunn and Davies [67] found that the benthic fauna in saline rivers of Australia was characterized by high densities and low values of species richness, diversity, and evenness relative to freshwater rivers. Zinchenko and Golovatyuk [68] point out that macroinvertebrates show wide variations in tolerance to salinity; the groups that are more stenohaline include leeches, bivalve mollusks, and larvae of Plecoptera, Trichoptera, and Ephemeroptera. Furthermore, Timpano [69] state that higher water salinity in rivers lead to lower diversity. The lower taxonomic richness in the Río Salado may be attributed to a limiting effect of salinity on the most stenohaline macroinvertebrates, among them the Plecoptera, which were absent in the Río Salado. Furthermore, major differences in habitat type derive from the intermittent nature of the Río Salado. Study sites in this river were shallower (less than 50 cm) than study sites of the Río Grande (more than 50 cm), the width of study sites of the Río Salado was lower (maximum 3 m) vs. the Río Grande (maximum 30 m). In addition, Río Grande has different types of habitats, including riffles, pools, and rapids, while the Río Salado has a very homogeneous habitat with a laminar current. However, no significant differences were found in average current velocity (1.27 m/s in the Río Salado vs. 1.19 m/s in the Río Grande). Bed materials in the Río Salado include pebbles, gravel, and sand, while the Río Grande has more complex bed materials. In addition to pebbles, gravel, and sand, there is coarse material in rapids and riffles, and silt combined with pebbles, gravel, and sand in pools. The differences in habitat diversity between the Río Grande and Río Salado result in broader habitat availability in the Río Grande relative to the Río Salado, which is an additional factor also affecting the diversity of the Río Salado, as reported by [19].



In our study, some families were not found in the Río Salado, such as Caenidae (order Ephemeroptera). This family is reportedly tolerant to water salinity [68]. However, Alhejoj [70] found in several water bodies in Jordan that representatives of the family Caenidae are indicators of good water quality, with low tolerance to pollution, in contrast with the family Baetidae (collected in the Río Salado), which are capable of surviving in waters with organic pollution. Kefford et al. [71] reported tolerance data for some genera of Plecoptera, Hemiptera, and Trichoptera, showing a higher sensitivity to salinity in the early stages of the life cycle. It is possible that the families Perlidae (Plecoptera); Corixidae, Hydrometridae, Mesovellidae, Notonectidae (Hemiptera); Calamoceratidae, Helicopsichidae, Leptoceridae (Trichoptera), which are absent in the Río Salado, but present in the Río Grande, are affected by salinity and habitat features.



From the results of this study and the climate change scenarios that foresee an increased salinization, a shift in the composition of the biota towards a lower diversity of the macroinvertebrate community can be anticipated. In Mexico, there are no data on the sensitivity of macroinvertebrates to salinity; thus, further research is required to identify the most vulnerable components of aquatic macroinvertebrate communities in view of the increased salinity scenarios.



In addition to salinity, water temperature is significantly higher in the Río Salado relative to the Río Grande, which may contribute to a higher evaporation and the consequent higher salinity. On the other hand, in the co-inertia analysis, environmental factors also evidenced that higher temperatures were associated with higher salinity, sulfates, chlorides, alkalinity, and hardness. In turn, these were related to the macroinvertebrate composition. The most salinity-sensitive groups were plecopterans, mites, ostracods, ephemeroptera, odonata, bivalves, and gastropods, which match the salinity-sensitive groups identified by [68,71,72]. These differences in tolerance account for the differences in assemblages observed between the study sites of the Río Salado and those of the Río Grande, in addition to the differences in habitat features.



On the other hand, water bodies in the Río Salado sub-basin are not permanent, hence the input of water to the study sites is an additional factor impacting the level of heterogeneity and habitat availability, with a potential effect on the composition of the macroinvertebrate community. Jaeger [73] points out that more frequent and severe droughts as a consequence of climate change will have significant consequences in terms of intermittence patterns and hydrologic connectivity in dryland streams of the American Southwest, with negative effects on highly endangered fishes. In addition, these authors indicate that recurrent stream drying events in the future will also reduce network-wide streamflow connectivity in all seasons. In the case of the TCBR, particularly in the Río Salado, hydrologic connectivity is a key driver that may threaten macroinvertebrate communities and the ecosystem functions they carry out.



Surface dryland streams in the TCBR are particularly vulnerable to minor changes in climate. Changes in habitats associated with streams are likely to include loss and fragmentation of aquatic habitats; connectivity between them; alterations in nutrient retention and in-stream production; changes in species assemblages, affecting the persistence of the most sensitive species of aquatic macroinvertebrates; and loss of environmental services [9,10].



Global climate change has multiple effects on water quality. Extreme climatic events (high temperatures, scarce rains) mean that previously perennial water courses now undergo drought periods leading to a higher concentration of pollutants with consequences for the aquatic biota [74], affecting the presence and abundance of pollution-sensitive macroinvertebrates.



Schlaepfer [75] indicates that drylands as a whole are expected to increase in extent and aridity in coming decades, although temperature and precipitation forecasts will vary according to latitude and geographic region. This could cause major consequences on the hydrologic cycle, particularly in streams like the Río Salado, increasing its salinity; this will lead to changes not only in the structure of the macroinvertebrate community but also in their biological traits, including dispersal-related processes, as suggested by [76].





4. Conclusions


This study shows a clear spatial and temporal pattern of water quality and aquatic macroinvertebrate assemblages of study sites in the TCBR. Salinity, mineralization, and temperature, as well as geological substrate, are the key factors accounting for the main differences between the Río Salado and the Río Grande. Seasonal patterns show that in the rainy season nitrogen compounds are incorporated into the rivers as a result of changes in land use to agriculture, while during the dry season higher temperatures and water hardness were recorded. Aquatic macroinvertebrates also displayed spatial and seasonal patterns: lower diversity was detected in the Río Salado vs. the Río Grande, and seasonal patterns showed different assemblages related to higher temperatures in the dry season vs. nitrogen enrichment in the rainy season. The sensitivity level of the aquatic macroinvertebrate community is evident and supports its potential use as a bioindicator in dryland rivers. The predictions of climate change in the TCBR highlight the vulnerability of the rivers studied to changes in salinity and temperature and, consequently, the potential effects of variations in these factors on the diversity and structure of macroinvertebrate communities. The ability of macroinvertebrate taxa to withstand these changes is related to their tolerance levels in different stages over their life cycle. Finally, studies addressing the tolerance of macroinvertebrate communities of the TCRB to salinity are needed to obtain more in-depth information about these organisms living in a vulnerable environment and facing climate change.
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Figure 1. Study area (Tehuacán-Cuicatlán Biosphere Reserve (TCBR)). Location of study sites in the Río Salado and Río Grande sub-basins. Study sites: Barranca Oscura (BO) and the Río Salado (RSa) in the Río Salado sub-basin. Quiotepec (Qt), Santiago Dominguillo (SD), Santa María Texcatitlán (Tx), Valerio Trujano (VT), Tecomavaca (TV), El Cacahuatal (Ch), the Río Grande (RGo), Santa María Ixcatlán Sabinos (SMIs), Santa María Ixcatlán Poza (SMIp), and San Pedro Nodón (SPN) in the Río Grande sub-basin. 
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Figure 2. Environmental conditions and land use in the TCBR. (a) Climate type map; (b) precipitation map; (c) land use and land cover map. Climate types: (A)C(wo): semi-warm subhumid; BS1(h’)w: warm semi-arid; BS1kw: semi-arid, temperate; BSo(h’)w: arid, warm; BSohw: arid, semi-warm; BW(h’)w: arid, warm; C(w1): temperate, subhumid, summer rains with precipitation/temperature index (P/T) between 43.2 and 55; C(w2): temperate, subhumid, summer rains with a P/T higher than 55; C(wo): temperate, subhumid, summer rains with a P/T less than 43.2; and Cb’(w2): semi cold, subhumid. 
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Figure 3. Box and whisker plot of mean values of the water quality index (WQI) for the Río Grande and Río Salado. 






Figure 3. Box and whisker plot of mean values of the water quality index (WQI) for the Río Grande and Río Salado.



[image: Water 11 01376 g003]







[image: Water 11 01376 g004 550]





Figure 4. Box and whisker plot of mean values of WQI between dry (April and January) and rainy (September) seasons for all study sites in the Río Grande and Río Salado. RG = Río Grande, RS = Río Salado, Sep = September, Jan = January, and Ap = April. Letters represent groups of Newman–Keuls test with significant differences. 
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Figure 5. Biplots of the discriminant analysis (DA) of the two hydrographic systems of the Tehuacán-Cuicatlán Biosphere Reserve. (a) Centroids of the Río Salado (RS) and Río Grande (RG) hydrographic systems. (b) Vectors of environmental factors. RG = Río Grande, RS = Río Salado, Sep = September, Jan = January, Ap = April. 
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Figure 6. Land use (%) in the study sites buffers of the Río Salado and Río Grande sub-basins. 
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Figure 7. Total number of families within the orders of aquatic macroinvertebrates for the Río Grande and Río Salado. 
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Figure 8. Box and whisker plots of values of the number of families of aquatic macroinvertebrates in the Río Grande and Río Salado. 
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Figure 9. Box and whisker plots of mean values of the number of aquatic macroinvertebrate families per study period. RG = Río Grande, RS = Río Salado, Sep = September; Jan = January, Ap = April. Letters represent groups of Newman–Keuls test with significant differences. 
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Figure 10. Co-inertia diagrams. (a) Vectors of physical and chemical factors; (b) taxa (order) of aquatic macroinvertebrates; (c) study sites of the Río Salado sub-basin: RSa and BO (Group 1); (d) study sites Tx and VT (Group 2); (e) study site SD (Group 3); (f) study sites SMIp, SMIs, and SPN (Group 4); (g) study sites RGo, Qt, and Ch (Group 5). 
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Table 1. Mean values (± Standard Error, SE) of the physical and chemical parameters assessed in the study sites of the Río Salado and Río Grande.
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	Río Salado
	Río Grande





	Alkalinity (mg L−1) a
	261.89 (±24.6)
	161.21 (±7.90)



	Cl- (mg L−1) a
	379.60 (±55.29)
	28.45 (±13.86)



	Col. Fec. (MPN)
	281.68 (±171.09)
	245.85 (±69.43)



	Col. Total (MPN)
	349.26 (±167.96)
	393.64 (±89.59)



	Color (U Pt-Co)
	65.4 (±38.66)
	12.12 (±2.04)



	Cond µS/cm a
	2627.6 (±33.5)
	403.82 (±23.56)



	BOD5 (mg L−1)
	1.40 (±0.28)
	1.520 (±0.18)



	Hardness (mg L−1)
	156.55 (±28.26)
	103.90 (±6.96)



	NH3 (mg L−1)
	0.28 (±0.11)
	0.16 (±0.03)



	NO2 (mg L−1)
	0.01 (±0.001)
	0.01 (±0.001)



	NO3 (mg L−1)
	1.76 (±0.30)
	1.78 (±0.16)



	NT (mg L−1)
	2.71 (±0.50)
	2.46 (±0.34)



	DO (mg L−1)
	8.59 (±0.51)
	8.91 (±0.20)



	O-PO4 (mg L−1)
	0.52 (±0.15)
	0.47 (±0.08)



	pH
	8.90 (±0.29)
	9.00 (±0.15)



	PT (mg L−1)
	0.76 (±0.14)
	1.02 (±0.12)



	Salinity (PSU) a
	1.35 (±0.18)
	0.18 (±0.01)



	SO4 (mg L−1) a
	283.15 (±37.05)
	33.25 (±6.20)



	TSS (mg L−1)
	66.9 (±48.88)
	16.01 (±6.15)



	Temp. water (°C) b
	25.36 (±1.22)
	22.46 (±0.50)



	Temp. Air (°C) b
	27.38 (±1.48)
	25.06 (±0.65)



	Turbidity (UFT)
	84.43 (±28.54)
	56.54 (±4.76)



	Current velocity (m/s)
	1.27 (±0.39)
	1.19 (±0.27)







Values in bold represent significant differences (p < 0.05): a Kruskal–Wallis and b ANOVA Newman–Keuls.
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