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Abstract

:

The analysis of functional diversity has shown to be more sensitive to the effects of natural and anthropogenic disturbances on the assemblages of aquatic macroinvertebrates than the classical analyses of structural ecology. However, this ecological analysis perspective has not been fully explored in tropical environments of America. Protected Natural Areas (PNAs) such as biosphere reserves can be a benchmark regarding structural and functional distribution patterns worldwide, so the characterization of the functional space of biological assemblages in these sites is necessary to promote biodiversity conservation efforts. Our work characterized the multidimensional functional space of the macroinvertebrate assemblages from an ecosystemic approach by main currents, involving a total of 15 study sites encompassing different impact and human influence scenarios, which were monitored in two contrasting seasons. We calculated functional diversity indices (dispersion, richness, divergence, evenness, specialization, and originality) from biological and ecological traits of the macroinvertebrate assemblages and related these indices to the physicochemical characteristics of water and four environmental indices (Water Quality Index, habitat quality, Normalized Difference Vegetation Index, and vegetation cover and land use). Our results show that the indices of functional richness, evenness, and functional specialization were sensitive to disturbance caused by salinization, concentration of nutrients and organic matter, and even to the occurrence of a forest fire in the reserve during one of the sampling seasons. These findings support the conclusion that the changes and relationships between the functional diversity indices and the physicochemical parameters and environmental indices considered were suitable for evaluating the ecological conditions within the reserve.
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1. Introduction


Freshwater ecosystems are considered the most threatened natural systems globally since water is extracted from them to meet human needs [1]. These ecosystems have diverse natural, economic, cultural, aesthetic, and scientific resource values, among others [2]; they are considered biological diversity hotspots because they are home to approximately 10% of the known species worldwide [3]. However, freshwater ecosystems are affected by water extraction, flow regulation, wastewater discharges, overfishing, invasion of exotic species, and climate change, all of which degrade freshwater bodies and threat biodiversity [4]. In addition, biodiversity in the New World is far from being extensively known from a taxonomical standpoint. Nowadays, biodiversity loss is on the rise due to severe disturbances at regional and global scales [5]. This will likely lead to massive extinction rates, particularly in Protected Natural Areas (PNAs) such as the Sierra Gorda Reserve Biosphere (SGRB), where multiple species may disappear over a short period of time. This may be related to the impact of tourism, local mining extraction and the pollution associated with it, and the presence of invasive species [6].



The maintenance of aquatic ecosystems depends on physical, chemical, and biological processes sustained by different groups of organisms [7]. Aquatic macroinvertebrates play key functions in these ecosystems, participating in processes associated with energy flow across food webs in their roles as herbivores, predators, and filter-feeders. In addition, they participate in the decomposition of detritus and the mineralization of nutrients [8], and are consumed as food by other trophic levels [9]. The loss of species and biological resources, including macroinvertebrates, impairs the functioning and services supplied by aquatic ecosystems [10].



The analysis of functional diversity has shown to be more sensitive to the effects of natural and anthropogenic disturbances on aquatic macroinvertebrate assemblages than the classical analyses of structural ecology [8]. Little is known about how the functional diversity of macroinvertebrates changes with the characteristics of aquatic systems, particularly in the intertropical regions of America [11]. In these environments, some studies have investigated the composition and taxonomic diversity of macroinvertebrate assemblages [12], as well as the environmental conditions, in various rivers [13]. However, diversity measures such as the number of species do not contribute to understanding the functional traits or functional diversity of these assemblages. In the context of functional diversity, it is relevant to know how the functional traits of macroinvertebrates depend on the characteristics of rivers, especially if the aim is to maintain the functionality of these systems and, consequently, the ecosystem services they provide. Additionally, macroinvertebrates have been used as bioindicators of water quality due to their diverse responses when facing different types of impacts. It is widely recognized that the structure of macroinvertebrate assemblages reflects their ecological condition, habitat heterogeneity, and water quality [14,15,16]. Several studies have described the trophic functional groups and their relationship with the physical and chemical characteristics of river ecosystems in intertropical regions of America [17,18,19]. However, as far as we know, few studies have addressed the effect of environmental variables on the functional traits and functional diversity of aquatic macroinvertebrate assemblages in tropical rivers of America [20,21].



Functional traits are defined as physiological, morphological, or phenological characteristics related to how organisms interact with their environment [22]. For this reason, the study of functional traits allows understanding how biological diversity and ecosystem functioning are governed by environmental conditions, and how functional diversity is affected by human activities. Furthermore, functional diversity brings information about how niche space is shared and partitioned by species within an assemblage [23]. Thus, functional composition and diversity are useful approximations to exploring ecosystem imbalances.



As one of the main megadiverse countries, Mexico has developed a strategy to conserve its multiple natural ecosystems based on the establishment of Protected Natural Areas (PNAs), including the Sierra Gorda Biosphere Reserve (SGBR). This PNA is located in the Central Plateau of Mexico, an area influenced by the two biogeographical regions converging in the Mexican territory—the Nearctic and the Neotropical regions—and is part of the so-called Transition Zone [24]. Despite its high biological diversity, this PNA is affected by anthropic activities like agriculture and mining, as well as human settlements [25]. Consequently, the SGBR comprises zones influenced by anthropogenic activities and areas with low disturbance levels, thus being an ideal region for analyzing functional diversity.



This study involved two approaches. The first explores the functional composition of aquatic macroinvertebrate assemblages, i.e., the assessment of river ecosystems in the SGBR based on multifunctional features of the components of macroinvertebrate assemblages. The other approach includes analyses of several indices that quantify the distribution of functional traits of macroinvertebrate assemblages. In both cases, the relationships with environmental (physical and chemical) parameters of the river systems in the SGBR were investigated.




2. Materials and Methods


2.1. Study Area


The SGBR stretches across 3834 km2 in the Mexican Central Plateau. The Tamuín river runs through this PNA, including the Concá, Ayutla, Santa María, and Jalpan main streams (Figure 1). Moreover, a section of the Moctezuma river and the Extoraz river flow into the southern area of the reserve; both tributaries converge downstream into the Panuco river, which flows into the Gulf of Mexico. The altitude in the SGBR ranges between 300 and 3100 m a.s.l., hosting grasslands and mountain forests [26]. Since 1997, the Mexican authorities have established 11 core zones aiming to maximize the conservation of the natural conditions, which jointly represent about 7% of the total surface of the SGBR [27]. Other areas are considered buffer zones where agriculture and forestry exploitation are substantially reduced [28]. Several towns are located within the SGBR, with a total population that does not exceed 95,000 inhabitants [29] dedicated primarily to mining and agriculture. Approximately 116 mines are located in the SGBR [25].




2.2. Field Sampling and Environmental Variables


Fifteen sampling sites were selected in three main streams: Extoraz (four study sites), Jalpan (six study sites), and Concá-Ayutla-Santa María (five study sites) (Figure 1). In all the study sites, sampling and environmental monitoring were carried out in February 2017 and July 2017. In addition, the six sites along the Jalpan river, which concentrates the largest urban localities of the SGBR, were monitored in June 2019. The months monitored correspond to contrasting climatic seasons, i.e., cold dry (February 2017) and warm rainy (July 2017 and June 2019) seasons (Figure 2). In each study site, physicochemical variables were recorded in situ, such as dissolved oxygen (mg/L), oxygen saturation (%), pH, conductivity (ms/cm), salinity (UPS), suspended solids (mg/L), and temperature (°C), using a Quanta (Hydrolab)® (Sheffield, UK) multiparametric probe. Water samples were collected in 500 mL flasks in duplicate, plus a 100 mL sample placed in a Whirlpack® (Madison, USA) bag, to measure physicochemical parameters and run microbiological testing in the laboratory. Samples were transported refrigerated and protected from direct sunlight. In the laboratory, water samples were processed to determine total nitrogen (TN, mg/L), nitrites (NO2, mg/L), nitrates (NO3, mg/L), ammonia nitrogen (NH3, mg/L), sulfates (SO4, mg/L), orthophosphates (PO4, mg/L), total phosphorus (PT, mg/L), color (Pt-Co units), and total suspended solids (TSS, mg/L) using a HACH® (Sheffield, UK) DR3900 spectrophotometer (HACH, 2001), and hardness (CaCO3, mg/L) by titration. In addition, alkalinity (CaCO3, mg/L), chlorides (Cl, mg/L), biochemical oxygen demand over 5 days (BOD5, mg/L), and total and fecal coliforms (MPN/100 mL) were determined following APHA techniques [30] (Table 1).




2.3. Characterization of Sites with Environmental Indices


The protocol for characterizing habitat quality was applied in each monitoring station [31,32]. The percentage of each land use (natural vegetation, grassland, secondary vegetation, induced grassland, agriculture, and human settlements-urban areas) influencing each site was estimated inside a buffer area of 2 km upstream and 0.5 km to the sides of each study site, following the criteria of [33]. Buffer sites were set using the available information from a map of land use and vegetation at a 1:250,000 scale provided by the National Institute of Statistics and Geography of Mexico (INEGI, 2021) [34] and using the software QGIS version 3.20.3 (Open-Source Geospatial Foundation, Chicago, IL, USA). Additionally, the Normalized Difference Vegetation Index (NDVI) was calculated based on Landsat 8 OLI TIRS images from the USGS viewer [35], using the following equation [36]:


  N D V I =    (  B 5 − B 4  )     (  B 5 + B 4  )     








where B4 and B5 correspond to the bands of the Landsat 8 OLI TIRS satellite image.



In addition, the Water Quality Index proposed by [37] was calculated with the following equation:


  W Q I =   ∏   i = 1  n   I i  W i    








where WQI = Water Quality Index (0 to 100); Ii = subindex of the ith parameter (0 to 100); Wi = weighting value of the ith parameter (0 to 1); n = number of parameters.




2.4. Macroinvertebrate Monitoring


Aquatic macroinvertebrates were collected using two types of sampling gear, namely, a scoop-type net (for riparian vegetation and ponds) and a kicking net (for riffles and zones with laminar and turbulent flow), both with a 500 µm mesh. Sampling was carried out according to the multi-habitat monitoring proposal [31,32], considering all the potential habitats where these organisms thrive; four replicate samples (the area in each sample was 2.5 m2) were obtained, two for each collection method, with a sampling effort of 10–20 min per study site. The macroinvertebrates sampled were preserved in 70% ethanol, and the identification and quantification of each taxon were carried out at family level (refer to the Table S1 of Supplementary Material). The functional diversity analysis was performed at family level following [38], which found that functional attributes based on biological and ecological traits, such as type of feeding, reproductive strategy, and trophic status, were strongly correlated with the composition of the assemblages at family level (ρ = 0.64–0.85). These attributes indicate that taxonomic sufficiency was universally applicable within taxonomic groups for different habitats within a biogeographical region, and that aggregation to family or order was adequate to quantify biodiversity and environmental gradients. The identification was based on specialized taxonomic keys [39,40,41] and using a Nikon® (Tokio, Japan) SMZ 745T stereo microscope.




2.5. Characterization of the Multifunctional Space


Functional diversity was calculated from the combination of two matrices. The first included the abundances of taxa throughout study sites, streams, and sampling seasons; the second considered four ecological traits (food availability, cross-sectional distribution, habitat preference, and tolerance) and six biological traits (life cycle, life stage, respiratory mode, nutritional status, functional group, and body size) obtained from databases and published works [42,43,44,45] (refer to the Table S2 of Supplementary Material). Traits were coded using a ‘fuzzy’ approach, in which a value given to each trait category indicates whether the taxon has no (0), weak (1), moderate (2), or strong (3) affinity for the trait. Affinities were determined based on observations (taxon-specific information from the literature) [42,43,44,45]. Fuzzy coding can incorporate intra-taxon variability when trait profiles differ between genera within a family, early and late stages of a species, or individuals of a species living in different environments [46]. Six functional diversity indices were calculated from the multidimensional space of the features, considering the relative abundance of each taxon: Functional dispersion (FDis), Functional richness (FRic), Functional divergence (FDiv), Functional evenness (FEve), Functional specialization (FEsp), and Functional originality (FOri). An increase in FDis, FRic, and FDiv values indicates a greater amplitude of the niche space occupied by the taxa and a broader divergence in the distribution of abundances across the niche space [23]. The multidimensional space of traits was constructed, and functional diversity indices were calculated from the R script proposed by [5,47], available at: http://villeger.sebastien.free.fr/Rscripts.html (accessed on 6 September 2021).




2.6. Statistical Analysis


The average value and standard error of each functional diversity index were calculated. First, we computed the value for each study site and season, and then the mean values for each main stream per study season. Significant differences between average values of the functional diversity indices calculated in each main stream and study season were analyzed using the Kruskal-Wallis test with a significance value of p < 0.05 and the Mann-Whitney U test for multiple comparisons. A database was created for environmental variables, with the indices of functional diversity and physicochemical parameters as active variables (i.e., those that are subject to manipulation or experimentation) and the environmental indices as supplementary variables, to run a Principal Component Analysis (PCA). Groups were defined a priori, each corresponding to the sites located in the three main streams (Extoraz, Jalpan, and Concá-Ayutla-Santa María) and monitoring seasons (February 2017, June 2017, and July 2019). Those environmental variables with a significance value greater than 0.5 in a previous Factor Analysis were maintained. All data were previously processed from ln (x + 1), and the XLStat (2020) package was used for all statistical analyses.





3. Results


The multidimensional space of the functional traits that was characterized in the first place corresponds to the total number of SGRB study sites (Figure 3a), considering all sites in the three main streams and all monitoring events. This procedure allowed us to identify the broadest spectrum of functional diversity within the reserve (multidimensional functional space). The value of FRic was 1, which is expected since all functional traits were present; however, FDiv and FDis were not necessarily equal to 1, although they were greater than 0.5, which indicates the broad spectrum of the functional niche occupied by aquatic macroinvertebrate assemblages in the entire reserve (Figure 3b–d). FEve for the total reserve was low (Figure 3e) since some functions (body size 0.25–0.5 cm; collectors and very tolerant taxa mainly distributed in riparian zones) were more abundant than other macroinvertebrates, associated with high abundances of some taxa (Baetidae, Chironomidae, Elmidae, and Leptophlebidae), which are concentrated at the lower left quadrant of the functional space (Figure 3a,e). Finally, FSpec and FOri were also greater than 0.5, indicating the importance of specific functions within the assemblages (Figure 3f,g).



Average values of functional diversity indices for each main stream throughout the monitoring seasons are shown in Figure 4. FDis (functional dispersion) is a multivariate measure of the dispersion of assemblages’ members across the trait space, estimated as the mean distance of all species to the weighted centroid of the assemblages in the trait space, equivalent to the multivariate dispersion. FDis values (Figure 4a) were above 0.5, with significant differences (p < 0.05) between monitoring seasons in the Extoraz and Concá-Ayutla-Santa María rivers in July 2017.



FRic (functional richness) represents the range of the functional space occupied by the assemblages, estimated as the number of combinations of functional traits in the assemblage. FRic values (Figure 4b) in the Jalpan river ranged from 0.058 ± 0.0007 in June 2019 to 0.4 ± 0.0175 in July 2017, which are significantly different (p < 0.05) between each other and also compared to the Extoraz river during February 2017 and the Concá-Ayutla-Santa María river in the two seasons. FRic values (Figure 4b) lower than 0.5 indicate that the range of functions is unique to a given stream relative to the multifunctional space of the entire SGRB. However, the Extoraz river in July 2017 and the Jalpan river in June 2019 showed very low values that contained less than 10% of the spectrum of functions of the entire reserve. FDiv (functional divergence) represents the proportion of the total abundance supported by taxa with the most extreme trait values within the assemblage. FDiv (Figure 4c) showed very high values (>0.799) in all streams and monitoring seasons.



FEve (functional evenness) represents the uniformity of the distribution and relative abundance of taxa in the functional space of a given assemblage. Higher FEve values indicate a more uniformly occupied niche space. FEve values (Figure 4d) fluctuated from 0.354 ± 0.039 in Extoraz in July 2017 to 0.576 ± 0.030 in Jalpan in June 2019. Values close to 0.5 indicate that the distribution of trait abundances are relatively evenly distributed in the functional space. This indicates that, overall, there are no dominant groups of macroinvertebrates performing similar functions or showing similar attributes. Finally, FSpe and FOri are defined as the mean distance of a taxon and the level of isolation of a taxon, respectively, relative to the functional space occupied by a certain assemblage. FSpe and FOri (Figure 4e,f) showed a similar behavior because these indices indicate the level of specialization of the functions, reaching values above 0.5 that peaked in the Jalpan river in February 2017 (0.718 ± 0.019) and July 2017 (0.728 ± 0.036).



The PCA of the variables and environmental indices that defined the ranking of streams and seasons studied are shown in Figure 5. The first two PCA components accounted for 57.29% of the variance and showed a main environmental gradient on the horizontal axis that clusters the monitoring points into two large groups: the first, on the left side of the biplot (Extoraz_Feb_2017, Jalpan_Feb_17, Conca_Ayutla_StMaria_2017, and Jalpan_Jul_17) is characterized by high oxygen levels (percent saturation), related to the highest FRic, FSpe, and FOri values. The monitoring points on the right side of the biplot (Extoraz_Jul_17, Conca_Ayutla_StaMaria_Jul_17, and Jalpan_Jun_19) are characterized by the highest values of color (9.2–40.6 Pt/Co U.), suspended solids, and turbidity, related to the highest FDis. The main environmental gradient along the horizontal axis denotes the physicochemical properties associated with well-oxygenated waters, in contrast with the study sites with higher contents of solid materials and organic matter. These results are closely related to the monitoring season because the streams positioned to the left were monitored in February 2017 (dry season), except for the Jalpan river in July 2017, while streams positioned to the right were monitored in July 2017 and June 2019 in the Jalpan river (rainy season).



A second environmental gradient is represented on the vertical axis, showed on the upper quadrants of the biplot (Jalpan_Feb_17, Jalpan_Jun_19, and Conca_Ayutla_StaMaria_Jul_17) with the highest values of pH, NDVI, secondary vegetation, natural vegetation, water quality, and habitat quality, related to the highest FEve values. The Extoraz_Feb_17, Extoraz_Jul_17, Jalpan_Jul_17, and Concá_Ayutla_StMaría_Feb_17 monitoring points are located at the lower portion of the biplot, characterized by the highest concentrations of chlorides, conductivity, salinity, sulfates, fecal coliforms, hardness, nitrite nitrogen, nitrates, total phosphorus, hardness, nitrite nitrogen, nitrates, total phosphorus, and nitrogen, related to human settlements, urban areas, and agriculture. Consequently, the second gradient refers to properties related to environmental quality, ranging from better water quality, habitat quality, and well-preserved vegetation cover (in the upper portion of the biplot) to higher contents of minerals, organic matter, and nutrients derived from human activities (at the bottom of the biplot).




4. Discussion


The past decade has witnessed an increase in the number of studies focused on changes in functional diversity using aquatic macroinvertebrate assemblages [48] since these show noticeable changes when facing impacts from human activities [49,50]. Our study proposes the use of functional diversity indices calculated from the characterization of the multifunctional space of macroinvertebrate assemblages in a biosphere reserve located in a tropical latitude, and its comparison within the reserve according to the streams and seasons studied. The perspective for the analysis of functional diversity used in our study, based on [5,47,49], is applied for the first time in Mexico, as far as we known [11].



The macroinvertebrate assemblages sampled in streams running across the SGRB comprised a total of 88 families (refer to the Table S3 of Supplementary Material), evidencing the high taxonomic diversity of aquatic macroinvertebrates in the SGRB. On the other hand [51], who studied some of the streams in the SGBR, reported a similar taxonomic richness, with 86 families identified. Based on taxonomic diversity, our work used a database of 52 functional traits divided into four categories of ecological attributes and six of biological attributes [41,42,43,44,45]. Compared to other reports [52,53], this study used a markedly lower number of traits, which highlights the scarcity of autoecology studies addressing macroinvertebrate groups in tropical areas of America [8,54]. Similarly to other authors [46,55,56], we used fuzzy coding to score the affinity of a given trait to each of our taxa; it has been shown that biological functions or attributes related to functional processes in ecosystems are not binomial in nature, but commonly result from multiple responses by a given assemblage [57].



In general, the reserve showed very high values for almost all the functional diversity indices, except for FEve, which is explained by the occurrence of dominant functions throughout the reserve. In this case, these dominant functions were related to nutrient-enrichment processes since collector organisms were present in all streams and monitoring seasons. Besides, the taxa to which these functions are associated showed high overall abundances (>50 individuals). In our study areas, as well as in other Neotropical rivers, high nutrient levels are mainly due to the incorporation of fine particulate organic matter, which is consistent with [58].



The functional multidimensional space of aquatic macroinvertebrate assemblages was evaluated for each stream within the SGRB in different monitoring seasons to identify variations in the functional diversity indices and explore how these changes are related to the functions within the reserve and the environmental variables and indices measured in the streams and monitoring seasons. It was observed that FDis values (Figure 4a) tend to be higher in Concá-Ayutla-Santa María in both seasons, likely because this is located in the mid-terminal portion of the stream. Here, the macroinvertebrate assemblages show generalist trophic habits and adaptations to avoid extreme hydraulic conditions related to their life cycle such as small body sizes that facilitate searching for shelters to avoid being dragged by strong currents [59], (extreme conditions were detected during the rainy season, with high values of suspended solids and turbidity, due to the incorporation of materials from the upper tributaries of this river, in contrast with those seasonal variations in Extoraz river where there are a lower number of tributaries; see Table 1). FRic (Figure 4b) may be considered one of the most important functional diversity indices because it indicates the variation of the functional space [23] in the streams and seasons monitored. This index showed the lowest values in Extoraz in July 2017 and Jalpan in June 2019. In both cases, this may be an effect of the rainy season as described by [60], who demonstrated that high-flow events caused by rains significantly reduced the richness of the macroinvertebrate assemblages. In the Extoraz river, lower FRic values may also reflect the effect of mining pressure (note the proximity of mining activities to the Extoraz river in Figure 1), mainly from mercury extraction in this area [61,62]. The Extoraz river showed significant differences in FRic values between February and July 2017; however, the low values recorded may be related to the local climate and type of vegetation in the basin. The Extoraz river is a stream located in an area with semi-arid climate and surrounded by xeric shrubland. According to [63], currents flowing across semi-arid environments show spatial and temporal changes that modify the vegetation in the riverbanks and riparian zones. Hence, these currents do not offer enough shelter for macroinvertebrates. Given the scarce habitat availability, the effect of the surrounding mining operations may have been intensified during February 2017, probably leading to marked reductions in the number of functions in this stream. In addition, increased conductivity (see the lower right quadrant of the PCA in Figure 5) affects the taxonomic and functional structure of the macroinvertebrate assemblage, as reported by [64]. In the Jalpan river in June 2019, the forest fires that occurred in that year [65] had a significant adverse effect (p < 0.05) when compared to this same stream in July 2017; noteworthily, the latter date reached the highest FRic value for the rainy season.



The effects of fires on macroinvertebrate assemblages have been rarely addressed. The reports by [66] showed that fire adversely affects FRic, as observed in the Jalpan river in June 2019. However, FDiv values (Figure 4c) remained relatively unchanged, similar to the findings reported by [67], i.e., this index did not decrease despite environmental and anthropogenic stressors. Other authors suggest that FDiv shows less variations in the presence of urban or agricultural land uses [68], as observed mainly in the Jalpan river. Moreover, high FDiv values (>0.799) indicate that the range of functions may be unique to each stream, with no niche overlap [23]. The highest FEve values (Figure 3d) were recorded in the Jalpan river in June 2019, when a disturbance event caused by forest fires occurred. According to [68], disturbance effects tend to increase functional evenness due to the concentration of the combinations of the most similar traits that result from the presence of tolerant and dominant species over the rest of the assemblage [69]. Functional specialization and originality (Figure 4e,f) have been little addressed in macroinvertebrate assemblages [8]; our results showed high values of functional specialization and originality along the streams. According to [70], functional specialization is an indicator that is sensitive to environmental disturbance. The values observed in this study suggest that these functional diversity indices are seemingly not compromised within the SGRB; the exception is the Jalpan river in June 2019, when the lowest values for these indices were observed.



Finally, the ordination analysis (PCA) (Figure 5) showed two environmental gradients along which the aquatic macroinvertebrate assemblages responds regarding its characterization of the multidimensional functional space and functional diversity indices. On the one hand, the gradient marked by good oxygenation levels associated with the highest FRic, FSpe, and FOri in the main streams is similar to the one reported by [71]. The second gradient, represented by the best vegetation conditions in terms of NDVI, habitat quality, and water quality, was found to be related to high functional diversity indices. In contrast, the Extoraz stream in July 2017 showed the most severe disturbance impacts. Besides, this stream showed high conductivity values (due to the calcareous nature of the basin), which is consistent with [72]. Although the Jalpan river (in June 2019) was located to the upper left quadrant of the biplot associated with the highest FEve, we propose that the lowest FRic recorded was mainly due to the effect of fires in the reserve that year. According to [73], the effects of urbanization on macroinvertebrate assemblages are still poorly understood. The Jalpan river runs across the most urbanized area of the reserve, where structural and functional diversity are subject to multiple stressors, including the adverse effects of forest fires on the aquatic macroinvertebrate assemblages, as reported by [74].




5. Conclusions


Our results represent the first approximation to characterize the multidimensional functional space of the aquatic macroinvertebrate assemblages in a Neotropical biosphere reserve. In general, the functional space of this assemblages within the SGBR is characterized by high values of functional diversity indices. However, some indices, such as functional richness, evenness, and specialization, were sensitive to disturbances in the Extoraz river in February 2017 and the Jalpan river in June 2019. Both findings add to the few published reports about the adverse effects of salinization from mining activities on the structure and function of the aquatic macroinvertebrate assemblages, as well as the impact of forest fires. The approach in this study integrated the responses of functional diversity indices across environmental gradients, which allowed us to identify the major drivers of functional diversity within the SGBR. The highest values of the functional richness, specialization, and originality indices were associated with the best water quality (well-oxygenated waters and low values of PO4, turbidity, suspended solids, and color) and the best habitat quality, NDVI, and natural vegetation cover. The responses of functional evenness and dispersion were correlated with the streams and seasons that showed impacts from mineralization (Extoraz river in February 2017) or forest fires (Jalpan river, June 2019). Finally, our results revealed that the relationships between the functional diversity indices and the different physicochemical parameters and environmental indices are suitable indicators to evaluate the conditions within the reserve.
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Figure 1. Study area in the Sierra Gorda Biosphere Reserve. Fifteen sampling sites were selected along three streams (Extoraz, Jalpan, and Concá-Ayutla-Santa María rivers): four sites in core zones (BC: Bucareli, AY: Ayutla, SM: Santa María, AT: Autopista 190) and 11 in buffer zones (PB: Peña Blanca, EP: El Paraíso, RQ: Rancho Quemado, ES: Escanela, EN: Escanelilla, AH: Ahuacatlán, PI: Pizquintla, JL: Jalpan, PA: Purísima de Arista, VC: Vegas Cuatas, CN: Concá). The Extoraz river includes PB, EP, RQ and BC; the Jalpan river includes ES, EN, AH, PI, JL, and PA; the Concá-Ayutla-Santa María river includes VC, CN, AY, SM, and AT. 
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Figure 2. Average monthly temperature (line) and precipitation (bar) values in the Sierra Gorda Biosphere Reserve for the period 2017–2019. 
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Figure 3. Multidimensional functional space of the aquatic macroinvertebrate assemblages in the SGRB and functional diversity indices for the entire SGRB throughout the monitoring seasons. (a) The box in the upper left corner includes the location of taxa (families) in the functional space of the entire SGRB. The meaning of abbreviations is found in the supplementary material. The diameter of the blue dots indicates the abundance of the respective taxon; (b) FDis; (c) FRic; (d) FDiv; (e) FEve; (f) FSpe; and (g) FOri indices for the entire SGRB. 
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Figure 4. Average values of functional diversity indices for the main streams and monitoring seasons studied. (a) FDis, (b) FRic, (c) FDiv, (d) FEve, (e) FSpe and (f) FOri. Letters above the dispersion values of all indices (a–e) indicate statistically significant differences (p < 0.05). 
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Figure 5. Biplot of the PCA of study sites and seasons (observations) and environmental variables measured in situ and in the laboratory, as well as functional diversity and environmental indices. Upper left quadrant. pH = pH values, NDVI = Normalized Difference Vegetation Index, SV = Secondary vegetation, WQI = Water Quality Index, Hab = Habitat quality, NV = Natural vegetation, %Sat-O2 = Oxygen saturation (%); Lower left quadrant. FRic = Functional richness, FSpe = Functional specialization, FOri = Functional originality, BOD = Biochemical oxygen demand, Alk = Alkalinity, FDiv = Functional divergence; Upper right quadrant. FEve = Functional evenness, IG = Induced grasslands, PO4 = Orthophosphates, Tur = Turbidity, Color = Color; Lower right quadrant. SS = Suspended solids, FDis = Functional dispersion, Temp = Water temperature, Tot-P = Total phosphorus, Tot-N = Total nitrogen, AG = Agriculture, NO2, NO3, NH3 = Nitrites, nitrates, and ammonia nitrogen, Fecal col = Fecal coliforms, Hardness = Hardness, HS & UZ = Human Settlements and Urban Zones, Sulf = Sulfates, Cond = Conductivity, Sal = Salinity, Cl = Chlorides. 
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Table 1. Mean values and SE (±) of the physicochemical environmental variables recorded in the three main streams of SGRB.
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	Environmental Variables/Mainstream
	Extoraz_Feb_17
	Extoraz_Jul_17
	Jalpan_Feb_17
	Jalpan_Jul_17
	Jalpan_Jun_19
	Concá_Ayutla_StMaría_Feb_17
	Concá_Ayutla_StMaría_Jul_17





	Temperature (°C)
	22.65 ± 1.01
	25.31 ± 1.03
	17.57 ± 0.67
	22.00 ± 1.35
	24.52 ± 1.85
	23.22 ± 0.81
	24.94 ± 0.47



	Conductivity (ms/cm)
	0.70 ± 0.22
	0.89 ± 0.17
	0.33 ± 0.01
	0.37 ± 0.03
	0.38 ± 0.02
	0.53 ± 0.03
	0.28 ± 0.02



	Disolved oxygen (mg/L)
	9.60 ± 0.55
	7.30 ± 0.33
	9.41 ± 0.30
	7.63 ± 0.32
	7.67 ± 1.04
	9.68 ± 0.32
	8.10 ± 0.20



	Oxygen saturation (%)
	110.00 ± 6.66
	92.21 ± 1.65
	103.00 ± 3.05
	89.94 ± 3.72
	94.62 ± 11.52
	106.46 ± 3.98
	93.74 ± 1.84



	pH
	8.06 ± 0.07
	7.77 ± 0.12
	8.07 ± 0.06
	8.01 ± 0.15
	8.48 ± 0.08
	7.84 ± 0.06
	7.83 ± 0.06



	Turbidity (NTU)
	17.07 ± 10.91
	251.57 ± 130.43
	15.87 ± 6.65
	41.16 ± 21.40
	7.69 ± 2.75
	14.78 ± 6.30
	1002.42 ± 403.33



	Salinity (UPS)
	0.32 ± 0.08
	0.43 ± 0.08
	0.16 ± 0.00
	0.18 ± 0.01
	0.18 ± 0.01
	0.25 ± 0.01
	0.15 ± 0.01



	NO2 (mg/L)
	0.01 ± 0.00
	0.03 ± 0.01
	0.12 ± 0.09
	0.06 ± 0.06
	0.07 ± 0.07
	0.01 ± 0.00
	0.03 ± 0.01



	NO3 (mg/L)
	1.28 ± 0.29
	3.55 ± 2.64
	1.63 ± 0.17
	0.43 ± 0.15
	0.97 ± 0.20
	1.57 ± 0.11
	1.16 ± 0.32



	NH3 (mg/L)
	0.20 ± 0.04
	1.32 ± 0.35
	0.56 ± 0.27
	0.42 ± 0.11
	0.22 ± 0.17
	0.79 ± 0.65
	3.89 ± 2.73



	Total Nitrogen (mg/L)
	3.03 ± 0.97
	8.07 ± 1.63
	2.65 ± 0.34
	6.63 ± 0.56
	2.99 ± 0.24
	1.95 ± 0.38
	13.45 ± 3.27



	PO4 (mg/L)
	0.16 ± 0.04
	0.47 ± 0.28
	0.26 ± 0.05
	0.35 ± 0.09
	0.52 ± 0.27
	0.18 ± 0.08
	0.70 ± 0.25



	Total Phosphorous (mg/L)
	1.51 ± 0.98
	1.35 ± 0.41
	0.34 ± 0.04
	1.40 ± 0.82
	1.13 ± 0.35
	0.37 ± 0.08
	1.34 ± 0.52



	SO4 (mg/L)
	81.12 ± 14.06
	92.37 ± 20.83
	12.70 ± 0.51
	15.50 ± 0.85
	16.00 ± 0.85
	72.30 ± 18.84
	21.80 ± 7.70



	Chlorides (mg/L)
	20.36 ± 7.24
	21.24 ± 6.08
	8.99 ± 0.40
	7.28 ± 0.76
	0.99 ± 0.38
	10.29 ± 1.31
	8.69 ± 1.77



	Alkalinity (mg/L)
	193.12 ± 8.40
	233.00 ± 13.77
	195.80 ± 11.49
	224.50 ± 18.62
	183.63 ± 6.66
	192.40 ± 6.76
	109.40 ± 30.28



	Hardness (mg/L)
	126.75 ± 43.33
	244.50 ± 81.43
	59.40 ± 8.66
	179.66 ± 13.18
	159.40 ± 3.18
	99.60 ± 33.17
	99.80 ± 17.61



	Suspended solids (mg/L)
	14.25 ± 11.60
	281.25 ± 123.76
	1.24 ± 0.51
	30.66 ± 17.09
	13.40 ± 5.29
	4.62 ± 3.36
	733.00 ± 289.88



	Color (Pt/Co U.)
	2.75 ± 1.18
	20.75 ± 4.17
	1.00 ± 0.01
	7.83 ± 3.45
	9.20 ± 3.15
	2.00 ± 0.63
	40.60 ± 16.15



	Fecal coliforms (MPN/100 mL)
	24.00 ± 6.64
	645.75 ± 265.32
	301.00 ± 186.00
	658.83 ± 205.06
	243.42 ± 214.80
	111.40 ± 88.13
	133.60 ± 82.32



	BOD5 (mg/L)
	3.15 ± 0.91
	3.03 ± 0.32
	5.14 ± 0.78
	3.18 ± 0.47
	0.30 ± 0.13
	2.57 ± 0.46
	2.62 ± 0.32
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
14

25

(ww) uonyezidalg

12
10

RPN DEE D CED LA ERDEENERLERLERUEENHEDULERL LA ROEEECEE R ERDEER R CER LR R KR

L PDAE0EDE R AR OEEAE ECEDERLE DKL CRLERE L EUELER DKL CRLESSSS DL

0O EETEE PRI 4486 LLLLCRERseweetFEFHE PN LA AE 6D EALALLEARREL R

PR RO AERREN L EROAEEAUEN LA CEDREEREE R CEDUEREDEEDEEOLERERLECECEDERRERREE ERLERLEERLELEE RN

AR DO TCTRA L ALER (0L AREEUAEEUEAE AR LR UOEEUAAEE CERDALEDAUEERLCEEORREE DAL LERRCREEEACERNLEERERRELE AL ERMALER AL

CPALRATEFO IR0 1 LAAEAEILAOEAEEELCCAEEERORAEEE UM EAAERILAAA ERRUARA ERHOAAEERLLCARERRNMLAALEER N CAEERRLALERRLEALCAELELUARLEELLY

0| EPFRSRLLLEL AL CPCREE L EDERERHEEE LN E LD C6 G RO EEL RN R LD G ERE LAY R LR ELEN L LR

040 OMOAUACAEAERRRECOCEAEAELR A AAAEREERROAUAEAAEERERRLIOCAAEAE R ULCCERERERLLCACERA!EEECALLCALERR LR AULAAARREER LUCAEE ERFRReeeeetd L L AL LLL

(CPOAE RO AR CHE AR ERAREEAAERRUEEROAEERCCERMAAE R AREREHERUEREDECERRLLREUREEDDAAER L ERDCAELELAERRIERERAELLLELERMALER AL

000D AEER (U EEERMALACCERRROCUCREERD IO CAEENACAAAERLORCAEEDLLUUCAERELAMCARELERLAMLALERRARLAERRMLACARERRLAALRAITMEAL L

PPV CEOFEUELEDEEDEDLEDREDUENCEREREFERERD RN DE0 0 6EDEECE0 DA CES RPN ERLEREN 1R

00 CEE DU CAE DL CAERMLERMAERLEROCAE N0 CEER A0 OOt CEE UL RREMAEDALERRAL LR R

20

Lo i
(,) @amesadway

0 O < o~ o

LN o wn o

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Jan





nav.xhtml


  diversity-13-00546


  
    		
      diversity-13-00546
    


  




  





media/file2.png
100°0'0"W 99°45'0"W 99°30'0"W 99°15'0"W
| | | |

21°30'0"N=

°15'0"N=

Mexico

21°0'0"N=

¢ Study Sites

0 5 10 20 Kilometers — Rivers
Lot Lo [ 1Urban Areas

[ Core Zone
[ Sierra Gorda Biosphere Reserve
X Mines

20°45'0"N—






media/file5.jpg





media/file3.jpg
Bl n s
(5. amesaduay

ES

Fb  Mar Apr My n  Ju A Sep Ot Nov





media/file1.jpg
Ecoazons
e Goda Bsphare Resone
R






media/file7.jpg
f/’y/?/y/ / /// /
;lili §l||| '
e //// /






media/file10.png
F2 (24.39 %)

Variables (Axes F1 and F2: 57.90 %) Observations (Axes F1 and F2: 57.90 %)

1 ST 5
Jalpan_Jun_19
NDVI ? FEve 4
0.75 ¢ b
' SV \\\ \
wal \ : 3
\'\‘ \ | a‘ IG
05 Hab A\ \ . 5 Conca_Ayutla_StMaria
\\ ' \ | / PO Jul 17
NV&,\ \\\ \. ' 1 2 1 Jalpan_Feb_17
0.25 R | P .
%Sat-0> g g | 0
0 — e '~ Conca_Ayutla_StMaria»  Jalpan_Jul_17
; S J— N —— T Feb_17 ¢
FR'CF . \ B FD? - g?np - Extoraz_Feb_17
-0.25 FOri a L% e ot -2
/ '\ e :
/,/ u'. \ N\ A%O)m NH3 _3
/ ' ‘Fecal col
-0.5 BOD « ' \ Hardness
Alk y | \ \ -4
FDiv \ 5 .
® HS & UZ Extoraz_Jul_17
-0.75 | %f -5 1
« Condgy) -5 -4 -3 ) -1 0 1 3 4 S 6
. cr F1(33.51 %)

-1 =075 =05 025 O 025 05 075 1
F1(33.51 %)





media/file9.jpg
arables (Aves F1 and F2: 5790 %)

Observations (Axes F and F2: 57.90 %)

s
1. g s





media/file0.png





media/file8.png
a)

FDis

FEve

o
[
(e

Main streams by monitoring season






media/file6.png
PC2

d)

FDiv=0.92

a) b) c)
FDis=0.643 FRic=1
Fide(x)=-0.11 Fide(y)=-0.02 PC1[0.2:0.2] PC2(:0.2:0.2)
0.2 0.2
—— .
°
- ®ooc™e -
. 0.1 ® P [ ] - ‘
0 S |e .o:. i i
A Q@ ® [ ]
=0.1 °
-0.11{® og0 o ° o
L eo° b )
-0.24 P
} . . T —+t
=0.1 0 01 02
PC1
e) i f) . g) )
FEve=0.374 FSpe=0.688 FOri=0.705
021 0.2
RS \‘:"':. = 1 -~
0.1 P A 0.1 1
o RNl o vt
3 |@imEElgiittt g
a Q- f.‘f!"if ml s33soot o 04
Qo
:'.,'u”"‘o',' .',':p.‘"::"‘-:: ™~
..,','""'*: 4 ‘:r"xt
011" @ -;‘_‘:: " -0.1
‘:‘/ 4 .‘:
@ 10% @ 0%
-01 0 01 02 -01 0 01 02
PC1






