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Abstract

:

The taxonomic richness, composition, abundance, and biomass of pelagic microcrustaceans (Cladocera and Copepoda) were determined in 17 lakes of the “Lagunas de Montebello” National Park, a karst lake district in Chiapas State, southeast Mexico. The selected aquatic bodies exemplify the lake diversity in the area, which displays an anthropic impact gradient from impacted/eutrophic lakes on the NW to non-impacted/oligotrophic lakes on the SE. Sampling was conducted in two contrasting climatic periods: warm-rainy and cold-dry seasons. There were 32 taxa, five calanoid copepods, 16 cyclopoid copepods, and 11 cladocerans. The highest taxonomic richness, abundance, and biomass were found in the impacted/eutrophic lakes and the lowest in the non-impacted/oligotrophic lakes. Nauplii and copepods were the most abundant, while the copepods provided the largest biomass. Small-sized individuals composed the most significant abundance and biomass in impacted/eutrophic lakes, while large-sized individuals in the non-impacted/oligotrophic lakes. Even though the studied lakes belong to the same lake district, they showed low taxonomic similarity. Not a single taxon was found in all lakes; the most distributed taxa (13–14 lakes) were Mastigodiaptomus nesus and Leptodiaptomus cuauhtemoci, while 15 taxa (47%) were found in only 1–3 lakes. This karst lake district showed a great regional microcrustacean taxonomic richness but a great singularity level in each lake.
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1. Introduction


Mexico is considered a “megadiverse” country since it is part of the select group of nations that together possesses the greatest diversity of animals and plants, almost 70% of the world’s diversity of species (considering the best-known groups: amphibians, reptiles, birds and mammals and vascular plants). Within this group of 17 “megadiverse countries,” Mexico is ranked number 5, after Brazil, Colombia, China, and Indonesia. According to estimates, these countries cover 10% of the earth’s surface and are home to 70% of the planet’s biodiversity, of which our country is home to around 12% [1].



However, the megadiversity has yet to be confirmed for the aquatic biota of Mexican epicontinental waters. Among the better-known biological groups of fauna, freshwater fishes reach 536 species [2], while freshwater decapods comprise 172 species [3]; both groups with a large percentage of endemism. Unfortunately, the lack of information prevents counting from an actual picture of most biological groups inhabiting epicontinental waters, particularly those of small size.



Various attempts have been made to summarize the aquatic biological diversity (e.g., [4,5,6]). These exercises resulted in the designation of 110 Priority Hydrological Regions based on their biodiversity [7]. Finally, there was an analysis of gaps and omissions in Mexico’s conservation of epicontinental aquatic biodiversity [8].



Chiapas State, southern Mexico, has a karst lake district surrounded by tropical rainforests, the “Lagunas de Montebello” National Park (LMNP), and the Priority Hydrological Region number 88. A priority assessment of freshwater ecosystems in Mexico [9] revealed that the LMNP situates in a Mexican region with the most significant number of irreplaceable aquatic sites. This unicity justifies its designation as a natural protected area by presidential decree in 1959, RAMSAR Site in 2003, and Biosphere Reserve MAB-UNESCO in 2009. Previous studies [10,11] suggested a great regional (i.e., the whole lake district) aquatic biodiversity but a large individual singularity (i.e., very few taxa present in more than a lake), stressing the fragility of these aquatic ecosystems [12]. Belonging to the same lake district and located close to each other, sharing the same climate, and with similar physical and chemical characteristics, it is unusual that these lakes share a small number of common species of the few biological communities investigated so far (rotifers, benthic macroinvertebrates). The question remains whether this unicity or rarity is a common pattern shown by all biological communities or just a few of them.



The assemblage of planktonic microcrustaceans, similar to any other assemblage, is the result of the interaction of different biotic and abiotic factors [13,14], for example, seasonality) [15,16], the size of the water body [17,18], the presence of influent lotic ecosystems [19], primary productivity [20,21,22], vertical environmental gradients (light, temperature, oxygen, food, and predation) [13], and water transparency [23] among others that interact to different degrees modifying the distribution and abundance of organisms.



Since 2003, this originally pristine lake district has displayed signs of eutrophication on some lakes of the NW (e.g., Laguna Vuelta de Agua), changing from crystal clear blue to turbid green waters, with the occurrence of a yellowish-green supernatant, fetid odors, and fish mortality [24]. Moreover, [25] revealed paleolimnological evidence of deforestation and wastewater input from the Río Grande de Comitán since the 1950s, with particular intense anthropic disturbance from the 1980s until the 2000s. As a result of anthropic activities, lakes on the NW plateau are eutrophic, while the SE mountain lakes remain oligotrophic. This impact/trophic gradient provides a unique natural experimental site for seeking the effects of anthropic activities on the planktonic microcrustacean assemblages.



The microcrustacean assemblage has been used to define and monitor the aquatic body trophic state [26] through, for example, the cyclopoids:calanoids biomass ratio [14], the increase in the abundance and biomass of cyclopoids [19], or the species distribution that may be restricted to a specific trophic status of the water body [27] or wide distribution in lake districts [28].



To extend the knowledge of the aquatic biodiversity of this karst lake district, this study aimed to describe the pelagic microcrustacean assemblages (Cladocera and Copepoda) in a set of 17 lakes and their structure (abundance, biomass) and to identify the changes imposed on these microcrustacean assemblages by the local anthropic activities, including impacted/eutrophic and non-impacted/oligotrophic lakes of the same lake district. Previous studies on the biological communities in these lakes (e.g., [10,11]) allowed us to hypothesize a large regional —lake district —but low individual —per lake— biodiversity while displaying high unicity of microcrustacean assemblage composition. Furthermore, lower microcrustacean biodiversity but higher abundance and biomass in the impacted/eutrophic compared to the non-impacted/oligotrophic lakes.




2. Study Site


The “Lagunas de Montebello” National Park (Figure 1) is on a Lower Cretaceous limestone basement in the SE Chiapas State, Mexico (16°04′ to 16°10′ N, 91°37′ to 91°47′ W, at 1500 m a.s.l.). Hydrologically the LMNP belongs to the endorheic sub-basin of the Río Grande de Comitán-Lagos de Montebello. Climate is temperate and rainy, with mean annual temperature, precipitation, and evaporation of 17.3 °C, 2279 mm, and 948 mm, respectively (Comisión Nacional de Áreas Naturales Protegidas -CONANP- Automatic Meteorological Weather Station No. N15DA7496).



One hundred and thirty-nine solution water bodies (dolines, uvalas, poljes) comprise this karst lake district (Dr. Roberto Bonifaz 2022, com. pers.), displaying diverse morphometries [29]. The lakes are distributed along a regional fault and fracture system NW-SE oriented. The region’s topography changes from a vast plateau in the NW to a mountainous in the SE. The plateau area is highly transformed into agriculture and urban development, while the mountains display well-preserved rainforests. The plateau lakes are superficially fed by the Río Grande de Comitán and are groundwater-fed and interconnected through artificial channels. Mountain lakes are groundwater-fed and surface isolated [30]. Consequently, there is an impact and trophic gradient, ranging from impacted and eutrophic lakes on the NW plateau to non-impacted and oligotrophic lakes on the SE mountains [24].



Seventeen lakes were selected (Figure 1) to represent better the impact/trophic gradient and the morphometric heterogeneity (large, small, deep, and shallow). The lakes were, from NW to SE: (a) the impacted/eutrophic Balantetic, Chajchaj, San Lorenzo, Bosque Azul and La Encantada, and (b) the non-impacted/oligotrophic San José, Esmeralda, Ensueño, Agua Tinta, Montebello, Cinco Lagos, Pojoj, Kichail, Tziscao, Patianú, Yalalush, and Dos Lagos (Table 1).




3. Methods


We conducted two sampling campaigns according to tropical seasonality: February 2015, characterizing the cold/dry period, and October 2015, the warm/rainy period. Tropical seasonality expresses in the thermal mixing regime of the lakes. The deep lakes are warm monomictic, while the shallow lakes are warm polymictic. The water column mixing occurs during the cold/dry season, while the water column thermal stratification in the warm/rainy season. In tropical lakes [31,32], the expected trade-offs between seasons were low light, high nutrients, and high phytoplankton biomass during the dry season, and high light, nutrient limitation, and low phytoplankton biomass in the rainy season.



At the central and deepest zone of each lake, vertical profiles of temperature (T), dissolved oxygen concentration (DO), the potential of hydrogen (pH), and electrical conductivity (K25) were recorded (1 m vertical resolution) with a Hydrolab DS5 (OTT Hydromet, Loveland, CO, USA) multiparameter water quality sonde. The euphotic zone (ZEU) was calculated as 0.1% of the photosynthetically active radiation (PAR) at the surface (SPAR) measured with a Biospherical PNF-300 (San Diego, CA, USA) profiling natural fluorometer. To measure chlorophyll-a (Chl-a) concentration, 5-L water samples were obtained from between 1 and 5 water depths according to the maximum depth of the lakes with an Uwitec GmbH (Mondsee, Austria) water-sampling bottle. Chl-a concentrations were analyzed in a Turner Designs 10-AU (San Jose, CA, USA) fluorometer following the EPA method 445.0 [33].



A 30-L water-column integrated sample was taken from each lake. The water samples were acquired with a 5-L Uwitec GmbH (Mondsee, Austria) water-sampling bottle in the pelagic zone at the central and deepest zone of the lakes. The 30-L water sample was filtered in situ through a 54 µm mesh size net, and the retained organisms were concentrated in 50 mL vials and fixed with 4% formaldehyde. We analyzed (identified and counted) the whole individual concentrated in the 50-mL vials of each of the 17 lakes with a total of 34 samples (17 from the cold and dry season and 17 from the warm and rainy season). We counted the entire 50 mL samples; no sub-sampling (i.e., aliquot) method was used.



We first quantified the total microcrustaceans abundance using a Sedgwick Rafter chamber under an optical microscope. We used specialized taxonomic keys to identify cladocerans and copepods [34,35,36,37,38,39]. The microcrustacean biomass was evaluated according to [40] and expressed as dry weight (DW). The biomass of cyclopoid copepods was calculated by size range (L: 1000–1400 µm, M: 750–950 µm, S: 400–740 µm) and not per species. In the case of Daphnia spp., the biomass of juveniles and adults with and without eggs was averaged. The number of taxa or taxonomic richness (S) was expressed for the total microcrustacean assemblage (SMC), the calanoid copepods (SCAL), the cyclopoid copepods (SCYC), and the cladocerans (CCLAD).



A discriminant function analysis (LDA) was performed to explore the formation of groups according to environmental variables. The classification of lakes was tested by trophic state and season.



We applied the singularity index [41], including the complete dataset as S = (e/E) − 100, where S is the index of singularity for one lake, e is the number of species found in one lake and not found in other, and E is the total number of species found in the lake district. Finally, SIMPER tests in PAST were applied to assess the individual (per taxon) contribution to dissimilarity in each season (cold/dry, warm/rainy).



Two Heatmaps (HMA) were made to classify the lakes of the Lagunas de Montebello” National Park according to the abundance and biomass values of all microcrustaceans taxa. HMAs were performed using the Ward method with Hellinger distances [42]. A similarity percentage analysis (SIMPER) was performed with microcrustaceans’ abundance and biomass data to identify the species responsible for forming lake groups. Taxa were listed in decreasing order by their average contribution to the total average dissimilarity [43].



Canonical correspondence analyses (CCA) were carried out to explore which physicochemical variables best explain the distribution of microcrustaceans in the lakes. The microcrustaceans species abundance or biomass were used as the dependent variables. Abundance and biomass were ln-transformed to reduce skew distributions before multivariate analyses. The analysis considered T, DO, pH, K25, and Chl-a concentration as independent variables. To determine if there was autocorrelation among the environmental variables, their variance inflation factors (VIF) were calculated, eliminating those variables with values greater than 10 [44]. Abundance and biomass were ln-transformed to reduce skew distributions before multivariate analyses. The physicochemical variables were Z-transformed to avoid high values that would bias the results and maintain the values within an acceptable scale for comparison. Statistical analyses were performed using the R Core Team [45], LDA (package ‘MASS’ version 7.3-54), HMA (package ‘pheatmap’ version 1.0.12), SIMPER, and CCA (package ‘vegan’ version 2.6-2).




4. Results


The LDA, based on the environmental variables, separated the lakes into eutrophic and oligotrophic, but not seasonally. The physicochemical variables (Table 2) showed similarities between impacted/eutrophic and non-impacted/oligotrophic lakes in T, DO, and pH. Contrarily, both types differed in ZEU, higher in non-impacted/oligotrophic lakes, and K25 and Chl-a, higher in the impacted/eutrophic lakes. In the stratification season, all lakes displayed higher T and lower DO and pH. ZEU was similar in both seasons in the impacted/eutrophic, while there was an increase in stratification in the non-impacted/oligotrophic lakes. K25 was similar in both seasons in the non-impacted/oligotrophic lakes while decreased in stratification in the impacted/eutrophic lakes. Finally, Chl-a remained similar in both seasons in the non-impacted/oligotrophic lakes while decreasing in stratification in the impacted/eutrophic lakes.



4.1. Composition and Taxonomic Richness


We identified 32 taxa, 29 to the species, and three to the genus level (Table 3). There were five calanoid copepods (15.6%), all from the Diaptomidae family, 16 cyclopoid copepods (50%) from the Cyclopidae family, and 11 cladocerans (34.4%) belonging to four families Sididae, Daphniidae, Moinidae, and Bosminidae.



Of the 32 taxa, seven (21.9%) taxa (one calanoid copepod, five cyclopoid copepods, and one cladoceran) were restricted to a single lake, and 10 (31.6%) taxa (one calanoid copepod, five cyclopoid copepods, and four cladocerans) were limited to two-three lakes. On the other side, the widely distributed microcrustaceans were the calanoid copepods Mastigodiaptomus nesus, Leptodiaptomus cuauhtemoci, and Mastigodiaptomus maya; they were found in 14 (82.4%), 13 (76.5%), and 10 (58.8%) lakes, respectively, while the cyclopoid copepods Thermocyclops inversus Mesocyclops edax, and Microcyclops ceibaencis were found in 10 (58.8%), eight (47.1%), and eight (47.1%) lakes, correspondingly. Finally, the cladocerans Eubosmina tubicen, Ceriodaphnia dubia, and Diaphanosoma sp. were found in 12 (70.6%), 11 (64.7%), and 11 (64.7%) lakes, respectively.



The microcrustacean taxonomic richness (SMC) ranged from six to thirteen taxa with an average ± standard deviation of 9.4 ± 2.0 taxa per lake. The lake with the highest taxonomic richness was Bosque Azul (13 taxa, 40.6%) and Esmeralda and Yalalush had the lowest richness (six taxa, 18.8%). The impact/eutrophic lakes hold slightly higher SMC with 12.8 ± 3.3 taxa while 11.3 ± 2.3 taxa in the non-impacted/oligotrophic lakes.



The calanoid copepods’ taxonomic richness (SCAL) ranged from one to four taxa with an average of 2.4 ± 1.0 taxa per lake. The lake with the highest taxonomic richness was La Encantada (four taxa), and the lakes with the lowest richness (only one taxon) were Chajchaj and Esmeralda. The impact/eutrophic lakes hold similar SCAL with 2.4 ± 1.1 taxa than the non-impacted/oligotrophic lakes with 2.4 ± 0.7 taxa.



The cyclopoid copepods taxonomic richness varied from two to seven taxa (SCYC), with an average of 3.3 ± 1.3 taxa per lake. The lake with the highest cyclopoid copepods taxonomic richness was Bosque Azul (seven taxa), and the lowest richness (two taxa) was found in lakes Balantetic, Esmeralda, Pojoj, and Yalalush. The impact/eutrophic lakes hold higher SCYC with 4.4 ± 1.8 taxa while 2.8 ± 0.6 taxa in the non-impacted/oligotrophic lakes. The cladoceran taxonomic richness (SCLAD) ranged from one to six taxa per lake with an average of 3.6 ± 1.2 taxa per lake. The lake with the highest taxonomic richness of cladoceran was San José (six taxa), and Chajchaj had the lowest richness (one taxon). The impact/eutrophic lakes hold similar SCLAD with 3.6 ± 1.5 taxa than the non-impacted/oligotrophic lakes with 3.7 ± 1.2 taxa. The SCAL:SCYC:SCLAD ratio was 2:3:4 for oligotrophic lakes, 2:4:4 for eutrophic lakes, 3:3:4 for deep lakes, and 2:3:3 for shallow lakes.



Figure 2 shows the percentages of singularity, the highest values corresponded to the non-impacted/oligotrophic lakes, particularly in the Cladocera taxa (SCLAD) with up to 50% singularity.



SIMPER tests showed average dissimilarities of 70.33% for Copepoda and 78.41% for Cladocera in the mixing (cold/dry) season. Five copepod and three cladoceran taxa contributed to most dissimilarity (~50%), and most of them were found in the impacted/eutrophic San Lorenzo, Bosque Azul, and La Encantada (Table 4). In the stratification (warm/rainy) season, the average dissimilarities were lower, with 67.22% for Copepoda and 65.96% for Cladocera. Once again, five copepod and three cladoceran taxa contributed to most dissimilarity (~50%), most of which were found in the impacted/eutrophic Bosque Azul and La Encantada, and the non-impacted/oligotrophic Montebello, Cinco Lagos and Pojoj (Table 4).




4.2. Abundance and Biomass


The anthropogenic impact on the lakes is mostly mirrored in their eutrophication. There is a clear trophic gradient with eutrophic lakes towards the NW and oligotrophic lakes towards the SE. The phytoplankton biomass expressed as Chl-a concentration (Table 2) divided the impacted/eutrophic lakes from the non-impacted/oligotrophic lakes (Figure 3). Chl-a concentration in impacted/eutrophic lakes averaged 70.8 ± 52.7 µg L−1 (6.1–148.4 µg L−1), while in the non-impacted/oligotrophic lakes averaged 0.7 ± 0.3 µg L−1 (0.2–1.7 µg L−1). There were no differences in the Chl-a concentration between both seasons in the impacted/eutrophic lakes, with averages of 79.0 ± 48.3 µg L−1 (38.9–148.4 µg L−1) in the cold/dry season and 62.6 ± 61.2 µg L−1 (6.1–143.7 µg L−1) in the warm/rainy season nor in the non-impacted/oligotrophic lakes with averages of 0.6 ± 0.3 µg L−1 (0.2 1.1 µg L−1) in the cold/dry season and 0.7 ± 0.4 µg L−1 (0.3–1.7 µg L−1) in the warm/rainy season.



Microcrustacean abundance (Figure 3) mirrored the Chl-a distribution in the lakes, with higher abundances in the impacted/eutrophic lakes with 114.1 ± 74.7 ind L−1 (47–290 ind L−1) and lower in the non-impacted/oligotrophic lakes with 14.7 ± 12.6 ind L−1 (3–52 ind L−1). Microcrustacean abundance was higher in the warm/rainy season with an average of 49.3 ± 70.4 ind L−1 (3–290 ind L−1) than in the cold/dry season with 38.7 ± 53.1 ind L−1 (3–168 ind L−1). In the impacted/eutrophic lakes, nauplii comprised higher abundance percentages (41.3 ± 20.2%) in the cold/dry season, and nauplii (31.3 ± 11.5%) and adult copepods (24.8 ± 11.8%) in the warm/rainy season. Adult copepods composed the higher abundance percentages (47.0 ± 17.4% in the cold/dry season and 45.0 ± 16.4% in the warm/rainy season) in the non-impacted/oligotrophic lakes. Eutrophication seems to lower the calanoid copepods to cyclopoid copepods (CCAL:CCYC) ratio [14,46,47,48,49,50,51]. In taxonomic richness, CCAL:CCYC is 0.85 in non-impacted/oligotrophic lakes and 0.55 in impacted/eutrophic lakes. Per lake, CCAL:CCYC ranges from 0.5 to 1.5 in non-impacted/oligotrophic lakes and from 0.2 to 1.0 in impacted/eutrophic lakes. In abundance, the CCAL:CCYC are 0.89 in non-impacted/oligotrophic lakes and 0.36 in impacted/eutrophic lakes; finally, in biomass, the CCAL:CCYC are 2.31 in non-impacted/oligotrophic lakes and 0.42 in impacted/eutrophic lakes.



Microcrustacean biomass (Figure 3) also paralleled the Chl-a distribution in the lakes with higher biomasses in the impacted/eutrophic lakes with 238.7 ± 143.7 µg DW L−1 (98.8–572.1 µg DW L−1) and lower in the non-impacted/oligotrophic lakes with 67.8 ± 59.8 µg DW L−1 (13.6–221.2 µg DW L−1). Microcrustaceans biomass was higher in the warm/rainy season with an average of 129.4 ± 139.2 µg DW L−1 (22.2–572.1 µg DW L−1) than in the cold/dry season with 106.7 ± 100.1 µg DW L−1 (13.6–355.6 µg DW L−1). Differently from abundance, the adult copepods’ biomass percentages were the most important in the impacted/eutrophic (49.5 ± 19.5% and 47.0 ± 16.9%) and in the non-impacted/oligotrophic (68.2 ± 11.6% and 66.6 ± 14.8%) lakes in both seasons.



Copepods in impacted/eutrophic lakes were more numerous than in non-impacted/oligotrophic lakes, with 48.8 ± 37.8 ind L−1 versus 8.9 ± 7.7 ind L−1 (cold/dry season) and 52.0 ± 35.5 ind L−1 versus 10.3 ± 7.9 ind L−1 (warm/rainy season). Cladocerans in impacted/eutrophic lakes were also more numerous than in non-impacted/oligotrophic lakes, with 23.1 ± 22.6 ind L−1 versus 2.0 ± 1.7 ind L−1 (cold/dry season) and 28.4 ± 24.2 ind L−1 versus 5.6 ± 7.2 ind L−1 (warm/rainy season). The copepods biomass in impacted/eutrophic lakes was higher than in non-impacted/oligotrophic lakes with 129.7 ± 66.2 µg DW L−1 versus 50.8 ± 51.3 µg DW L−1 (cold/dry season) and 154.9 ± 113.4 µg DW L−1 versus 50.0 ± 35.2 µg DW L−1 (warm/rainy season). The cladoceran biomass in impacted/eutrophic lakes was also higher than in non-impacted/oligotrophic lakes with 63.1 ± 61.1 µg DW L−1 versus 11.5 ± 13.8 µg DW L−1 (cold/dry season) and 59.6 ± 53.8 µg DW L−1 versus 20.0 ± 23.6 µg DW L−1 (warm/rainy season).



Zooplankton abundance and biomass are not necessarily related because zooplankton is composed of a large diversity of organisms displaying large differences in size [15,52]. The microcrustacean abundance in impacted/eutrophic lakes was cyclopoid copepods > cladocerans > calanoid copepods (47.6, 35.3 and 17.2%), while in non-impacted/oligotrophic lakes it was cyclopoid copepods > calanoid copepods > cladocerans 39.8, 35.6 and 24.5%). Regarding biomass, the dominance in impacted/eutrophic lakes was cyclopoid copepods > calanoid copepods > cladocerans (55.1, 23.2 and 21.7%) and calanoid copepods > cyclopoid copepods > cladocerans in non-impacted/oligotrophic (56.7, 24.5 and 18.7%).



Regarding the microcrustacean taxa contribution to abundance per size classes (Table 5, Figure 4), the small size dominated in the impacted/eutrophic lakes in the cold/dry season with 78.6 ± 11.5% (64.3–91.6%), similar to the warm/rainy season with 79.2 ± 15.8% (63.2–97.3%). Although the small size also dominated the non-impacted/oligotrophic lakes, the contribution of the large size increased, differing from the impacted/eutrophic lakes. The small size contributed with 58.1 ± 10.6% (39.1–75.6%) and the large size with 35.3 ± 14.3% (15.7–60.9%) in the cold/dry season. The contribution percentages were similar in the warm/rainy season, with 51.2 ± 16.8% (25.4–73.1%) for the small size and 36.4 ± 16.5% (12.1–65.2%) for the large size.



Concerning the microcrustacean taxa contribution to biomass per size-classes (Table 5, Figure 4), in the impacted/eutrophic lakes in the cold/dry season, the small size composed of around one-half (55.7 ± 11.5%, 38.5–67.9%) while the other half was equally comprised by the medium (24.1 ± 13.4%, 6.8–44.1%) and the large (20.2 ± 15.9%, 5.6–40.6%) size-classes. In the warm/rainy season, the small size contribution increased to 61.5 ± 26.1% (32.2–90.3%), and the rest divided similarly between the medium (19.3 ± 20.5%, 2.8–43.1%) and the large (29.2 ± 21.0%, 5.1–53.7%) size-classes. Differently, the large size dominated in the non-impacted/oligotrophic lakes with 66.4 ± 13.2% (43.3–84.1%) and 64.9 ± 18.6% (31.4–88.7%) in the cold/dry and warm/rainy seasons, respectively. Eutrophication has also been mentioned as the cause of favoring the small size over the large size in cladocerans [20,21,22]. In both the impacted/eutrophic and non-impacted/oligotrophic lakes, the medium size cladocerans dominated (69.9% and 40.3%, respectively), followed by the small-size cladocerans (27.6% and 36.6%, respectively). However, the large-size cladocerans were scarcer in impacted/eutrophic lakes (2.5%) than in non-impacted/oligotrophic lakes (23.1%). In biomass, the difference was more marked with a small (8.4%) contribution of the large cladocerans in impacted/eutrophic lakes than a larger contribution (48.9%) in the non-impacted/oligotrophic lakes.




4.3. Multivariate Analysis


The abundance of HMA separated the lakes into two groups. The first group included 12 oligotrophic lakes (Montebello, Yalalush, Agua Tinta, Ensueño, Kichail, Cinco Lagos, Pojoj, Dos Lagos, Patianú, Tziscao, San José, Esmeralda), and the second group five eutrophic lakes (Balantetic, Chajchaj, San Lorenzo, Bosque Azul, La Encantada,). The abundance of nauplii, followed by Diaphanosoma sp., M. micrura, Moinodaphnia sp., M. montezumae, and medium-sized cyclopoids, explained these groups’ separation (Figure 5a). The biomass HMA also produced two groups. The first comprises five eutrophic lakes (San Lorenzo, Bosque Azul, Balantetic, Chajchaj, La Encantada), while the second comprises 12 oligotrophic lakes (Cinco Lagos, Pojoj, Agua Tinta, Patianú, Montebello, San José, Yalalush, Kichail, Dos Lagos, Tziscao, Esmeralda, Ensueño). The separation of the groups is explained by the biomass of M. montezumae and L. cuauhtemoci, followed by large and medium-sized cyclopoids (Figure 5b).



The SIMPER carried out for the abundance of the microcrustaceans showed that the nauplii (26.5%) were those that explained the maximum dissimilarity between the groups formed in the HMA, followed by Cyclopoid copepodite, Small Cyclopoids, M. nesus, C. dubia, Calanoid copepodite, and Moina micrura to explain 75%. The biomass of the nauplii (15.2%) contributed the most to the dissimilarity between the formed groups. The 75% contribution was explained by the Small Cyclopoid, Medium Cyclopoid, M. nesus, L. cuauhtemoci, M. maya, Moina micrura, Cyclopoid copepodite, and Large Cyclopoid (Appendix A).



For the two CCAs, p < 0.05 (Monte Carlo permutation test) was observed between environmental variables and abundance and biomass of microcrustacean. The first two components of the abundance CCA explained 66.25% of the total variance; in the biomass CCA, the first component explained 44.94% of the total variance (Appendix B). In both cases, the VIF values were less than 10, so it was not necessary to eliminate variables. Both CCAs showed similar results (Figure 6); the first axis was positively and significantly correlated with K25 and Chl-a concentration and negatively with ZEU. The second axis was positively correlated with DO and pH. The lakes were clustered in two groups according to the Chl-a concentration and the ZEU. Lakes with higher Chl-a concentration and lower ZEU are on the right side of the component, while lakes with lower Chl-a concentration and higher ZEU are on the left side of the component. Daphnia species and Diaphanosoma sp. were associated with lakes with lower Chl-a concentrations and ZEU.





5. Discussion


The T and DO vertical profiles during the stratification season showed major differences between non-impacted/oligotrophic and impacted/eutrophic lakes despite similar average values. [53] reported shallower (5.3 ± 1.5 m) thermoclines with stronger (0.8 ± 0.2 °C m−1) thermal gradients in impacted/eutrophic lakes, comparing with deeper (14.0 ± 7.1 m) and weaker (0.5 ± 0.1 °C m−1) thermal gradients in non-impacted/oligotrophic. All lakes’ hypolimnia became anoxic and uninhabitable for aerobic organisms during the stratification. The narrow aerobic epilimnia of impacted/eutrophic lakes restrain the habitable layer to a few meters, while the wider epilimnia of non-impacted/oligotrophic provide a larger habitable stratum. The ZEU was different between both lake types, which is mainly associated with the large concentration of phytoplankton (confirmed by the large Chl-a concentration) in impacted/eutrophic lakes; this is biogenic turbidity.



The anthropogenic impacts supplying agricultural fertilizers and urban wastewater to the lakes since the early 1950s drove the lakes’ eutrophication [25,54]. Some authors [24,53] reported high nutrient, Chl-a, seston, and particulate organic carbon concentrations in the impacted/eutrophic lakes. The nuisance cyanobacterial scums in some of the PNLM lakes ratified the advanced state of eutrophication, which negatively impacts tourism and the general economic development of the area [55]. Anthropogenic impacts have altered the water column and the sediments of the lakes [54]. There is an NW to SE trophic gradient of the “Lagunas de Montebello” National Park lakes with eutrophic lakes towards the NW and oligotrophic lakes towards the SE.



The pelagic microcrustacean assemblage in the “Lagunas de Montebello” National Park lakes is heterogeneous; out of the 32 reported taxa, only seven (~22%) were distributed in 10–14 lakes, while most of the species (53.5%) were found in only one to three lakes (~6–18%).



The regional microcrustacean diversity in the “Lagunas de Montebello” National Park lakes was within the range reported for other neotropical regions (9.4 ± 2 microcrustacean taxa per lake). [56] report 41 cladocerans in the Yucatan Peninsula (15 lakes), 36 cladocerans in Belize (three lakes), and 25 cladocerans in Guatemala (19 lakes), with an average of 9.6 ± 6 species per lake. Only four species of calanoid copepods were found for the three regions mentioned, with an average of 1 ± 0.5 species per lake. In Brazil, [57] reported 46 cladocerans and 17 copepods for the Atlantic Forest region (49 lakes and reservoirs) and 53 cladocerans and 22 copepods for the Caatinga region (107 lakes and reservoirs), with an average of 5 ± 9 cladoceran species and 2.1 ± 9 copepod species for both regions. The high species richness of cladocerans in the five regions is higher compared to the present study, with only 11 taxa of cladocerans. However, all of the five studies refereed included littoral and pelagic taxa, while ours comprised only the pelagic zone.



The high regional diversity of pelagic microcrustaceans is probably associated with biogeographic patterns. The studied area is in the concurrence of the Nearctic and Neotropical biogeographic provinces, most likely playing a key role in the high diversity of the aquatic communities of epicontinental waters [6]. Most copepods belong to the genera Mastigodiaptomus, Leptodiaptomus, Mesocyclops, and Thermocyclops, all with greater diversity in tropical areas [28,58,59]. Recently, [12] explained that the closeness between lakes and the high environmental heterogeneity promoted species turnover, resulting in the large regional diversity but great singularity level among the benthic macroinvertebrates of the “Lagunas de Montebello” National Park lakes. The same large regional diversity but great singularity in these lakes have been reported for the zooplankton and benthic macroinvertebrates communities [10,11,60].



The trophic state indicated by the Chl-a concentration was related to the microcrustacean abundance and biomass (Figure 6), both higher in eutrophic (114.1 ± 74.7 ind L−1, 238.7 ± 143.7 µg DW L−1) than in oligotrophic (14.8 ± 12.6 ind L−1, 67.8 ± 59.8 µg DW L−1) lakes. Nonetheless, there were variations between the lakes in each trophic state, with the [20,21] maximum to minimum rates of 6× in eutrophic and 16× in oligotrophic lakes in both abundance and biomass. The abundance in eutrophic lakes ranged between 47 and 290 ind L−1 and in the oligotrophic lakes between 3 and 52 ind L−1. The biomass in eutrophic lakes ranged between 98.8 and 572.1 µg DW L−1 and in the oligotrophic lakes between 13.6 and 221.2 µg DW L−1.



The Chl-a concentrations in the lakes located in the central portion corresponded to ultraoligotrophic (<0.5 µg L−1), while those on the SE to oligotrophic (>0.5 to~1.0 µg L−1). This marginal difference explains the microcrustacean abundance and biomass increase on the lakes towards the extreme SE while lower at the central portion.



The decrease in size of zooplanktonic organisms has been explained by several factors, among them the most mentioned are predation by fish that select large over small sizes organisms [61,62,63], the cyanobacteria dominance in eutrophic lakes with low nutritional quality, toxic, and potentially could inhibit the cladocerans filtration mechanism [20,21,64,65]. From the abovementioned causes, [55] reported high dominance (>90%) and large densities of cyanobacteria in the phytoplankton but also the presence of microcystins (2.0 to 5.3 µg L−1) in the eutrophic lakes of the “Lagunas de Montebello” National Park. On the other hand, the CCA showed a positive relationship between the Daphnia spp. and the euphotic zone, which may be related to the fact that large-sized species are better filter feeders than small ones, particularly in aquatic ecosystems where food is limited, and the large size can result useful becoming better competitors [61,66,67].



Numerous studies use the zooplankton community to identify anthropic effects on water bodies such as eutrophication and climate change (e.g., [14,15,16,19,39,44,54,55,56,68]). Paleolimnological studies in the area indicate the anthropic impacts on the lakes began 60 years ago, and the resilience of the lakes allowed the eutrophication process to go unnoticed until 2003 [23,24].



The zooplankton community differs between the impacted/eutrophic and non-impacted/oligotrophic lakes of the LMNP. The copepod Leptodiaptomus cuauhtemoci and the cladocerans Eubosmina tubicen and Ceriodaphnia dubia dominated abundance and biomass in the impacted/eutrophic lakes. In contrast, the copepods Mastigodiaptomus maya, Mastigodiaptomus nesus, and the cladoceran Diaphanosoma sp. dominated in non-impacted/oligotrophic lakes. Moreover, species restricted to impacted/eutrophic lakes were observed, such as the copepods Mastigodeaptomus montezumae, Mesocyclops aspericornis, and the cladoceran Moina micrura. Differently, the cladoceran Daphnia gessneri was restricted to non-impacted/oligotrophic lakes.



Although climate change could modify air temperature and rainfall patterns [16,68], eutrophication, erosion, and wastewater pollution are already impacting these lakes. The short- and long-term changes in the lakes of the “Lagunas de Montebello” National Park could be detected by monitoring the zooplankton community.



The regional diversity of the microcrustacean assemblages of the lakes of the “Lagunas de Montebello” National Park is high since each lake’s taxonomic composition shows a great level of singularity, which points to a considerable fragility of the ecosystem’s biodiversity. If the increasing human activities in the area lead to the loss of just a single lake’s biodiversity, the result is a reduction in the regional biodiversity. Similar high regional diversities on the pelagic rotifer [11] and benthic macroinvertebrate [10] assemblages suggest this is a characteristic diversity pattern of the “Lagunas de Montebello” National Park Lake District.




6. Conclusions


The karst lake district of “Lagunas de Montebello” National Park embraces a great regional microcrustacean biodiversity composed of 32 taxa (five calanoid copepods, 16 cyclopoid copepods, and 11 cladocerans). Nonetheless, regional microcrustacean biodiversity is composed of accumulating each lake’s contribution that displays a great level of singularity. Fifteen taxa (≈47%) were found in only one to three lakes (≈18%), while only two taxa (≈6%) were widely distributed in 13–14 lakes (≈80%). The increasing anthropic activities developing in the area have modified the microcrustacean assemblages of the lakes. The impacted/eutrophic lakes displayed higher taxonomic richness, abundance, and biomass values than the non-impacted/oligotrophic lakes. Nauplii and copepods were the most abundant, while the copepods provided the largest biomass. Small-size taxa dominated the abundance and biomass in impacted/eutrophic lakes, and large taxa in non-impacted/oligotrophic lakes were dominant.
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Table A1. Results of SIMPER (similarity percentage) analysis demonstrating taxa that contributed most to the dissimilarity between groups. (Av. Abund. = average abundance, Av. Biom. = average biomass, Av. Diss. = average dissimilarity, Diss- = dissimilarity, Contrib. = contribution to dissimilarity, Cum. = cumulative contribution to dissimilarity).






Table A1. Results of SIMPER (similarity percentage) analysis demonstrating taxa that contributed most to the dissimilarity between groups. (Av. Abund. = average abundance, Av. Biom. = average biomass, Av. Diss. = average dissimilarity, Diss- = dissimilarity, Contrib. = contribution to dissimilarity, Cum. = cumulative contribution to dissimilarity).





	
Abundance




	
Species

	
Av. Abund.

	
Av. Abund.

	
Av. Diss.

	
Diss./SD

	
Contrib.%

	
Cum.%




	
Av. Dissimilarity: 82.2%

	
Eutrophic

	
Oligotrophic

	

	

	

	




	
Nauplii

	
27.712

	
1.267

	
0.205

	
1.388

	
26.5

	
26.5




	
Cyclopoid copepodite

	
12.363

	
0.478

	
0.110

	
1.117

	
14.1

	
40.6




	
Small Cyclopoids

	
9.887

	
2.278

	
0.093

	
1.473

	
12.0

	
52.6




	
M. nesus

	
1.600

	
3.211

	
0.056

	
0.929

	
7.3

	
59.9




	
C. dubia

	
3.725

	
1.244

	
0.048

	
0.726

	
6.2

	
66.1




	
Calanoid copepodite

	
3.587

	
1.644

	
0.040

	
0.857

	
5.2

	
71.3




	
Moina micrura

	
6.850

	
0.000

	
0.034

	
0.496

	
4.4

	
75.7




	
Medium Cyclopoids

	
3.650

	
0.100

	
0.032

	
0.995

	
4.1

	
79.8




	
Diaphanosoma sp.

	
1.062

	
0.778

	
0.029

	
0.702

	
3.8

	
83.6




	
L. cuauhtemoci

	
1.762

	
0.967

	
0.028

	
0.779

	
3.6

	
87.2




	
C. dubia

	
1.750

	
0.267

	
0.025

	
0.809

	
3.2

	
90.4




	
D. gessneri

	
0.388

	
0.633

	
0.016

	
0.642

	
2.1

	
92.5




	
M. montezumae

	
1.413

	
0.000

	
0.014

	
0.557

	
1.7

	
94.2




	
Large Cyclopoids

	
1.275

	
0.011

	
0.013

	
0.897

	
1.7

	
95.9




	
M. maya

	
0.250

	
0.133

	
0.011

	
0.544

	
1.4

	
97.3




	
Moinodaphnia sp.

	
0.362

	
0.000

	
0.006

	
0.441

	
0.8

	
98.1




	
D. galeata

	
0.025

	
0.233

	
0.005

	
0.495

	
0.6

	
98.7




	
A. clavipes

	
0.000

	
0.189

	
0.003

	
0.277

	
0.4

	
99.1




	
D. obtusa

	
0.225

	
0.067

	
0.003

	
0.795

	
0.4

	
99.5




	
D. hyalina

	
0.000

	
0.189

	
0.002

	
0.311

	
0.2

	
99.7




	
D. ambigua

	
0.000

	
0.078

	
0.002

	
0.326

	
0.3

	
100.0




	
D. cheraphila

	
0.000

	
0.011

	
0.000

	
0.227

	
0.0

	
100.0




	
Biomass




	
Species

	
Av. Biom.

	
Av. Biom.

	
Av. Diss.

	
Diss./SD

	
Contrib.%

	
Cum.%




	
Av. Dissimilarity: 75.7%

	
Eutrophic

	
Oligotrophic

	

	

	

	




	
Nauplii

	
42.65

	
1.568

	
0.12577

	
1.7109

	
15.2

	
15.2




	
Small Cyclopoids

	
35.07

	
8.954

	
0.10154

	
1.5273

	
12.3

	
27.5




	
Medium Cyclopoids

	
29.12

	
0.806

	
0.09573

	
1.437

	
11.6

	
39.1




	
M. nesus

	
4.44

	
21.417

	
0.07698

	
1.1141

	
9.3

	
48.4




	
L. cuauhtemoci

	
11.65

	
3.607

	
0.04718

	
0.6947

	
5.7

	
54.1




	
M. maya

	
0.57

	
9.355

	
0.04711

	
0.5968

	
5.7

	
59.8




	
Moina micrura

	
21.01

	
0

	
0.046

	
0.5724

	
5.5

	
65.3




	
Cyclopoid copepodite

	
12.08

	
0.692

	
0.0407

	
0.9353

	
5.0

	
70.3




	
Large Cyclopoids

	
10.64

	
0.407

	
0.0354

	
1.0133

	
4.3

	
74.6




	
C. dubia

	
7.27

	
1.629

	
0.03161

	
0.8014

	
3.8

	
78.4




	
Calanoid copepodite

	
9.29

	
3.049

	
0.02999

	
0.8604

	
3.6

	
82




	
M. montezumae

	
8.36

	
0

	
0.02975

	
0.6941

	
3.6

	
85.6




	
C. dubia

	
5.83

	
0.968

	
0.02539

	
0.8266

	
3.1

	
88.7




	
D. gessneri

	
0

	
6.46

	
0.02409

	
0.7061

	
2.9

	
91.6




	
A. clavipes

	
0

	
5.288

	
0.01925

	
0.2842

	
2.3

	
93.9




	
Diaphanosoma sp.

	
0.5

	
3.944

	
0.01775

	
0.7445

	
2.2

	
96.1




	
D. obtusa

	
2.3

	
0.469

	
0.01054

	
0.9945

	
1.2

	
97.3




	
D. galeata

	
0

	
1.725

	
0.00766

	
0.5033

	
1.0

	
98.3




	
Moinodaphnia sp.

	
1.26

	
0.016

	
0.00693

	
0.4368

	
0.8

	
99.1




	
D. hyalina

	
0

	
1.236

	
0.00347

	
0.2955

	
0.4

	
99.5




	
D. ambigua

	
0

	
0.534

	
0.00341

	
0.3161

	
0.4

	
99.9




	
D. cheraphila

	
0

	
0.082

	
0.0006

	
0.2781

	
0.1

	
100
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Table A2. Summary of CCA analysis among abundance and biomass of microcrustacean and environmental variables. Bold numbers reflect the significant related variables for each axis.
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Abundance

	
Biomass




	

	
CCA 1

	
CCA 2

	
CCA 3

	
CCA 1

	
CCA 2

	
CCA 3






	
Axis summary statistics

	

	

	

	

	

	




	
Eigenvalue

	
0.215

	
0.145

	
0.091

	
0.309

	
0.203

	
0.150




	
p-value

	
0.001

	
0.016

	
0.200

	
0.005

	
0.264

	
0.718




	
% of variance explained

	
45.82

	
20.43

	
14.09

	
44.94

	
22.00

	
11.47




	
Cumulative % explained

	
45.82

	
66.25

	
80.34

	
44.94

	
66.94

	
78.41




	
Correlations of environmental variables and canonical axes (Intraset correlations of terBraak, 1986)




	
Temperature

	
−0.574

	
-0.216

	
0.3545

	
−0.313

	
0.278

	
−0.734




	
K25

	
0.883

	
0.193

	
0.2506

	
0.825

	
0.267

	
0.282




	
DO.

	
0.212

	
0.612

	
0.2370

	
0.316

	
0.801

	
−0.490




	
pH

	
0.453

	
0.569

	
0.5143

	
0.455

	
0.631

	
−0.309




	
Chlorophyll a

	
0.828

	
0.360

	
0.2724

	
0.868

	
0.473

	
−0.115




	
ZEU

	
−0.847

	
0.301

	
−0.1624

	
−0.867

	
0.236

	
0.146
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Figure 1. The “Lagunas de Montebello” National Park Lake District, Chiapas, Mexico. (The lakes included in this study are indicated). (Lake names abbreviations as in Table 1). (The black shape in the upper right inset map identifies the Río Grande de Comitán basin). 
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Figure 2. Singularity of the microcrustacean taxa in the lakes of the “Lagunas de Montebello” National Park, Chiapas. (SMC: total microcrustacean assemblage, SCAL: calanoid copepods, SCYC: cyclopoid copepods, CCLAD: cladocerans). 
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Figure 3. Chlorophyll-a concentration (Chl-a) (average + standard deviation), and microcrustaceans abundance and biomass in the cold/dry (a,c,e) and the warm/rainy (b,d,f) seasons, in the studied lakes of the “Lagunas de Montebello” National Park, Chiapas. (Lake names abbreviations as in Table 1). 
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Figure 4. Microcrustaceans contribution by size-classes to abundance and biomass in the cold/dry (a,c) and the warm/rainy (b,d) seasons in the studied lakes of the “Lagunas de Montebello” National Park, Chiapas. [S: small (400–740 µm), M: medium (750–950 µm), L: large (1000–1400 µm)]. (Lake names abbreviations as in Table 1). 
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Figure 5. Heatmaps based on abundance (a) and biomass (b) values of the microcrustacean taxa in the studied lakes of the “Lagunas de Montebello” National Park, Chiapas. (Lake names abbreviations as in Table 1). 
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Figure 6. Canonical correspondence analysis (CCA) triplots of the microcrustacean taxa in the studied lakes of the “Lagunas de Montebello” National Park, Chiapas. (a) based on microcrustacean abundance, and (b) based on microcrustacean biomass. (Lake names abbreviations as in Table 1 and taxa names abbreviations as in Table 4 and CL = 9, 12–14; CM = 10, 11, 15–17, 19; CS = 11, 15–21). The arrows represent the environmental constraints (T = Temperature, DO = Dissolved oxygen, ZEU = Euphotic depth, Chl-a = Chlorophyll a concentration, K25 = Electrical Conductivity). 
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Table 1. Morphometric parameter and thermal types of the studied Lakes of the “Lagunas de Montebello” National Park, Chiapas. (ZMAX: maximum depth, ZMEAN: mean depth, A: surface area, LMAX: maximum length). (According to [29]).
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Lake

	
ZMAX

	
ZMEAN

	
A

	
LMAX

	
Thermal Type




	
(m)

	
(m)

	
(ha)

	
(km)






	
Balantetic

	
BAL

	
3

	
1.7

	
13.6

	
814

	
Warm polymictic




	
Chajchaj

	
CHA

	
12

	
5.3

	
9.2

	
448

	
Warm polymictic




	
San Lorenzo

	
LZO

	
67

	
11.8

	
181.3

	
3091

	
Warm monomictic




	
Bosque Azul

	
BOS

	
58

	
7.1

	
52.5

	
1332

	
Warm monomictic




	
La Encantada

	
ENC

	
89

	
27.5

	
8.2

	
385

	
Warm monomictic




	
San José

	
JOS

	
30

	
10.3

	
60.6

	
1761

	
Warm monomictic




	
Esmeralda

	
ESM

	
7

	
3.6

	
1.1

	
140

	
Warm polymictic




	
Ensueño

	
ENS

	
35

	
21.6

	
2.7

	
220

	
Warm monomictic




	
Agua Tinta

	
TIN

	
24

	
14.7

	
3

	
210

	
Warm monomictic




	
Montebello

	
MON

	
45

	
12.3

	
96.2

	
1687

	
Warm monomictic




	
Cinco Lagos

	
CIN

	
162

	
42.5

	
23.7

	
817

	
Warm monomictic




	
Pojoj

	
POJ

	
198

	
35.2

	
43.7

	
1057

	
Warm monomictic




	
Kichail

	
KIC

	
22

	
9.5

	
12.5

	
582

	
Warm monomictic




	
Tziscao

	
TZI

	
86

	
28.9

	
306.6

	
3201

	
Warm monomictic




	
Patianú

	
PAT

	
26

	
10.8

	
3.4

	
262

	
Warm monomictic




	
Yalalush

	
YAL

	
23

	
9.9

	
11.5

	
539

	
Warm polymictic




	
Dos Lagos

	
DOS

	
42

	
25.2

	
5.2

	
336

	
Warm polymictic
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Table 2. Main physicochemical variables and chlorophyll-a concentration of the studied lakes of the “Lagunas de Montebello” National Park, Chiapas. (x: average, s.d.: standard deviation, ZEU: euphotic zone, T: temperature, DO: dissolved oxygen concentration, pH; potential of hydrogen, K25: electrical conductivity, Chl-a: chlorophyll-a concentration).
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Variable

	
Trophic

	
Annual

	
Mixing

	
Stratification




	

	
Status

	
x

	
s.d.

	
x

	
s.d.

	
x

	
s.d.






	
ZEU (m)

	
Eu

	
4.1

	
2.7

	
2.6

	
1.7

	
2.6

	
1.5




	

	
Oligo

	
21.1

	
9.2

	
20.6

	
9.0

	
22.3

	
9.7




	
T (°C)

	
Eu

	
18.88

	
1.35

	
18.34

	
1.36

	
19.79

	
0.87




	

	
Oligo

	
19.80

	
2.04

	
18.15

	
0.64

	
21.46

	
1.53




	
DO (mg L−1)

	
Eu

	
5.64

	
5.52

	
6.78

	
6.85

	
3.73

	
2.02




	

	
Oligo

	
5.60

	
1.49

	
6.37

	
1.26

	
4.83

	
1.33




	
pH (pH units)

	
Eu

	
8.05

	
0.42

	
8.26

	
0.41

	
7.70

	
0.03




	

	
Oligo

	
8.00

	
0.36

	
8.25

	
0.24

	
7.76

	
0.30




	
K25 (μS cm−1)

	
Eu

	
685

	
224

	
748

	
242

	
579

	
177




	

	
Oligo

	
308

	
187

	
303

	
194

	
313

	
189




	
Chl-a (μg L−1)

	
Eu

	
56.7

	
48.9

	
79.0

	
48.4

	
19.5

	
19.5




	

	
Oligo

	
0.7

	
0.3

	
0.6

	
0.3

	
0.7

	
0.4
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Table 3. Taxonomic composition of the microcrustacean and their distribution among the studied lakes of the “Lagunas de Montebello” National Park, Chiapas. (Lake names abbreviations as in Table 1). (Green identifies impacted/eutrophic lakes, while blue non-impacted/oligotrophic lakes).
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	Copepoda Taxa
	BAL
	CHA
	LZO
	BOS
	ENC
	JOS
	ESM
	ENS
	TIN
	MON
	CIN
	POJ
	KIC
	TZI
	PAT
	YAL
	DOS



	Calanoida
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Mastigodiaptomus montezumae
	
	
	X
	X
	X
	
	
	
	
	
	
	
	
	
	
	
	



	Mastigodiaptomus nesus
	X
	X
	
	
	X
	X
	
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X



	Mastigodiaptomus maya
	
	
	X
	
	X
	
	X
	
	X
	X
	X
	X
	X
	
	X
	
	X



	Leptodiaptomus cuauhtemoci
	X
	
	X
	X
	X
	X
	
	X
	X
	X
	X
	X
	X
	X
	
	X
	



	Aglodiaptomus clavipes
	
	
	
	
	
	
	
	
	
	
	
	
	
	X
	
	
	



	Cylopoida
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Macrocyclops albidus
	
	
	
	
	
	X
	
	
	
	
	
	
	
	
	
	
	



	Macrocyclops fuscus
	
	
	
	
	
	
	
	X
	
	
	
	
	
	
	
	
	



	Ectocyclops sp.
	
	
	
	X
	
	
	
	X
	
	
	
	
	
	
	
	
	



	Thermocyclops tenuis
	
	X
	X
	X
	
	
	
	
	
	
	
	
	
	
	
	
	X



	Thermocyclops crasssus
	
	
	
	X
	
	
	
	
	
	
	
	
	X
	
	X
	
	



	Thermocyclops inversus
	
	
	
	X
	X
	X
	X
	
	X
	X
	
	X
	
	
	X
	X
	X



	Mesocyclops aspericornis
	
	X
	
	X
	X
	
	
	
	
	
	
	
	
	
	
	
	



	Mesocyclops longisetus
	
	
	X
	
	
	
	
	
	
	
	
	
	X
	
	
	
	



	Diacyclops puuc
	
	X
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Mesocyclops thermocyclopoides
	X
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Mesocyclops edax
	X
	
	
	
	X
	
	
	
	X
	
	
	X
	X
	X
	
	X
	X



	Microcyclops dubitabilis
	
	
	
	
	
	
	
	
	X
	
	X
	
	
	X
	X
	
	



	Microcyclops ceibaensis
	
	X
	X
	X
	X
	
	X
	X
	
	X
	X
	
	
	
	
	
	



	Apocyclops panamensis
	
	X
	X
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Eucyclops tziscao
	
	
	
	
	
	
	
	
	
	
	
	
	
	X
	
	
	



	Tropocyclops prasinus prasinus
	
	
	
	X
	
	X
	
	
	
	X
	X
	
	X
	
	
	
	



	Cladocera Taxa
	BAL
	CHA
	LZO
	BOS
	ENC
	JOS
	ESM
	ENS
	TIN
	MON
	CIN
	POJ
	KIC
	TZI
	PAT
	YAL
	DOS



	Daphnia ambigua
	
	
	
	
	
	
	
	
	
	X
	
	
	
	X
	
	
	X



	Daphnia cheraphila
	
	
	
	
	
	X
	
	
	
	X
	
	
	
	
	
	
	



	Daphnia cf. galeata
	
	
	
	
	
	X
	
	
	
	
	
	X
	
	X
	
	X
	X



	Daphnia gessneri
	
	
	
	
	
	X
	
	
	
	
	X
	X
	X
	
	X
	X
	X



	Daphnia cf. hyalina
	
	
	
	
	
	
	
	
	
	
	
	
	X
	
	
	
	



	Daphnia obtusa
	X
	
	X
	X
	X
	
	
	
	
	
	
	
	X
	
	
	
	



	Eubosmina tubicen
	X
	
	X
	X
	X
	X
	X
	
	X
	
	X
	X
	
	X
	X
	
	X



	Ceriodaphnia dubia
	X
	
	X
	X
	X
	X
	
	X
	X
	
	X
	
	X
	X
	X
	
	



	Moina micrura
	X
	X
	X
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Moinodaphnia
	X
	
	
	
	
	
	X
	
	
	
	
	
	
	
	
	
	



	Diaphanosoma
	
	
	
	X
	X
	X
	X
	X
	X
	X
	X
	X
	
	X
	X
	
	



	Microcrustacea
	BAL
	CHA
	LZO
	BOS
	ENC
	JOS
	ESM
	ENS
	TIN
	MON
	CIN
	POJ
	KIC
	TZI
	PAT
	YAL
	DOS



	Total Copepoda
	4
	6
	7
	9
	8
	5
	3
	5
	6
	6
	6
	5
	7
	6
	5
	4
	5



	Total Cladocera
	5
	1
	4
	4
	4
	6
	3
	2
	3
	3
	4
	4
	4
	5
	4
	2
	4



	Grand total
	9
	7
	11
	13
	12
	11
	6
	7
	9
	9
	10
	9
	11
	11
	9
	6
	9
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Table 4. Microcrustacean taxa that contributed the most to dissimilarity among the lakes of the “Lagunas de Montebello” National Park, Chiapas, during the mixing (cold/dry) and stratification (warm/rainy) seasons. (Diss. = contribution to dissimilarity, Cum. = cumulative contribution to dissimilarity). (Lake names abbreviations as in Table 1).
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Mixing (Cold/Dry)




	
Copepoda

	
Diss. (%)

	
Cum. (%)

	
Lakes




	
Microcyclops ceibaensis

	
10.11

	
10.11

	
CHA, LZO, BOS, ENC, ESM, ENS




	
Mastigodiaptomus maya

	
9.52

	
19.64

	
LZO, ESM, TIN, MON, CIN, POJ, KIC, PAT, DOS




	
Leptodiaptomus cuauhtemoci

	
8.70

	
28.33

	
LZO, ENC, ENS, TIN, MON, CIN, POJ, KIC, TZI, YAL




	
Mesocyclops aspericornis

	
8.40

	
36.73

	
CHA, BOS, ENC




	
Thermocyclops tenuis

	
8.32

	
45.05

	
CHA, LZO, BOS, DOS




	
Mastigodiaptomus nesus

	
8.18

	
53.23

	
BAL, CHA, JOS, ENS, TIN, MON, CIN, POJ, KIC, TZI, PAT, YAL, DOS




	
Mesocyclops edax

	
8.12

	
61.35

	
BAL, ENC, TIN, POJ, KIC, TZI, YAL, DOS




	
Mastigodiaptomus montezumae

	
8.08

	
69.43

	
LZO, BOS, ENC




	
Thermocyclops inversus

	
6.57

	
75.99

	
BOS, ENC, JOS, PAT, DOS




	
Apocyclops panamensis

	
6.03

	
82.02

	
CHA, LZO




	
Cladocera

	
Diss. (%)

	
Cum. (%)

	
Lakes




	
Diaphanosoma sp.

	
16.68

	
16.68

	
ENC, JOS, ESM, ENS, TIN, MON, CIN, POJ, TZI, PAT




	
Daphnia obtusa

	
16.51

	
33.19

	
BAL, LZO, BOS, ENC, KIC




	
Eubosmina tubicen

	
14.14

	
47.33

	
BAL, LZO, BOS, ENC, ESM, TIN, POJ, DOS




	
Ceriodaphnia dubia

	
12.14

	
59.47

	
BAL, BOS, ENC, JOS, ENS, TIN, CIN




	
Daphnia gessneri

	
11.87

	
71.34

	
CIN, POJ, KIC, PAT, YAL, DOS




	
Moina micrura

	
10.51

	
81.85

	
BAL, CHA




	
Stratification (warm/rainy)




	
Copepoda

	
Diss. (%)

	
Cum. (%)

	
Lakes




	
Microcyclops ceibaensis

	
10.08

	
10.08

	
CHA, LZO, BOS, ENC, ENS, MON, CIN




	
Mastigodiaptomus maya

	
9.80

	
19.87

	
ENC, ESM, TIN, MON, CIN, POJ, KIC, PAT, DOS




	
Thermocyclops inversus

	
9.07

	
28.94

	
BOS, ESM, TIN, MON, POJ, PAT, YAL, DOS




	
Mastigodiaptomus montezumae

	
9.06

	
38.00

	
LZO, BOS, ENC




	
Leptodiaptomus cuauhtemoci

	
7.74

	
45.74

	
LZO, ENC, ENC, JOS, ENS, MON, CIN, POJ, KIC, TZI, YAL




	
Mesocyclops edax

	
7.72

	
53.46

	
BAL, ENC, TIN, KIC, YAL, DOS




	
Mastigodiaptomus nesus

	
6.60

	
60.06

	
BAL, CHA, ENC, JOS, ENS, TIN, MON, CIN, POJ, KIC, TZI, PAT, YAL, DOS




	
Apocyclops panamensis

	
5.83

	
65.88

	
CHA, LZO




	
Thermocyclops tenuis

	
5.83

	
71.71

	
BAL, LZO




	
Tropocyclops prasinus prasinus

	
4.67

	
76.38

	
BOS, JOS, KIC




	
Mesocyclops thermocyclopoides

	
4.15

	
80.53

	
BAL




	
Cladocera

	
Diss. (%)

	
Cum. (%)

	
Lakes




	
Moina micrura

	
17.11

	
17.11

	
BAL, CHA, LZO




	
Diaphanosoma sp.

	
14.62

	
31.73

	
BOS, ENC, JOS, ENS, TIN, MON, CIN, POJ, TZI, PAT, YAL




	
Daphnia gessneri

	
13.58

	
45.31

	
JOS, CIN, POJ, KIC, PAT, YAL, DOS




	
Ceriodaphnia dubia

	
12.89

	
58.2

	
BAL, LZO, BOS, ENC, ENS, TIN, CIN, KIC, TZI, PAT




	
Daphnia obtusa

	
12.79

	
70.99

	
BAL, BOS, ENC, KIC




	
Eubosmina tubicen

	
12.19

	
83.18

	
BAL, LZO, BOS, ENC, JOS, ESM, TIN, CIN, TZI, PAT, DOS











[image: Table] 





Table 5. Microcrustacean sizes, size-classes, and biomass distribution per taxon in the studied lakes of the “Lagunas de Montebello” National Park, Chiapas. (L: large 1000–1400 µm, M: medium 750–950 µm, S: small 400–740 µm, DW: dry weight, ♂: males, ♀: females).
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Nr.

	
Taxa

	
Size

	
Size

	
Biomass (µg DW L−1)




	
(µm)

	
Class

	
♂

	
♀

	
Ovigerous ♀






	
1

	
Mastigodiaptomus montezumae

	
1267 ± 82

	
L

	
4.4

	
3.8

	
4.9




	
2

	
Mastigodiaptomus nesus

	
1133 ± 108

	
L

	
5.4

	
5.7

	
7.8




	
3

	
Mastigodiaptomus maya

	
1833 ± 234

	
L

	
34.1

	
34.1

	




	
4

	
Leptodiaptomus cuauhtemoci

	
1067 ± 208

	
L

	
4.8

	
4.8

	




	
5

	
Aglodiaptomus clavipes

	
2000 ± 255

	
L

	
34.1

	
34.1

	




	
6

	
Macrocyclops albidus

	
1300 ± 123

	
L

	

	
6.6

	




	
7

	
Macrocyclops fuscus

	
1400 ± 267

	
L

	

	
6.6

	




	
8

	
Ectocyclops sp.

	
1000 ± 34

	
L

	

	
6.6

	




	
9

	
Thermocyclops tenuis

	
1100 ± 156

	
L

	

	
6.6

	




	
10

	
Thermocyclops crasssus

	
830 ± 53

	
M

	

	
6.6

	




	
11

	
Thermocyclops inversus

	
645 ± 67

	
S—M

	
2.0–3.1

	
2.0–3.1

	
2.9




	
12

	
Mesocyclops aspericornis

	
1000 ± 80

	
L

	

	
6.6

	




	
13

	
Mesocyclops longisetus

	
1050 ± 71

	
L

	

	
6.6

	




	
14

	
Diacyclops puuc

	
1000 ± 50

	
L

	

	
6.6

	




	
15

	
Mesocyclops thermocyclopoides

	
720 ± 57

	
S—M

	
2.0–3.1

	
2.0–3.1

	
2.9




	
16

	
Mesocyclops edax

	
750 ± 212

	
S—M

	
2.0–3.1

	
2.0–3.1

	
2.9




	
17

	
Microcyclops dubitabilis

	
613 ± 59

	
S—M

	
2.0–3.1

	
2.0–3.1

	
2.9




	
18

	
Microcyclops ceibaensis

	
457 ± 79

	
S

	
2.0

	
2.0

	




	
19

	
Apocyclops panamensis

	
610 ± 127

	
S—M

	
2.0–3.1

	
2.0–3.1

	
2.9




	
20

	
Eucyclops tziscao

	
430 ± 54

	
S

	
2.0

	
2.0

	




	
21

	
Tropocyclops prasinus prasinus

	
450 ± 40

	
S

	
2.0

	
2.0

	




	
22

	
Daphnia ambigua

	
700–1300

	
L

	

	
7.3

	
8.7




	
23

	
Daphnia cheraphila

	
1000–1500

	
L

	

	
7.3

	
8.7




	
24

	
Daphnia cf. galeata

	
800–1800

	
L

	

	
7.3

	
8.7




	
25

	
Daphnia gessneri

	
900–1550

	
L

	

	
7.3

	
8.7




	
26

	
Daphnia cf. hyalina

	
1000–1500

	
L

	

	
7.3

	
8.7




	
27

	
Daphnia obtusa

	
750–1850

	
L

	

	
7.3

	
8.7




	
28

	
Eubosmina tubicen

	
420 ± 50

	
S

	

	
2.8

	




	
29

	
Ceriodaphnia dubia

	
450–780

	
S

	

	
1.5

	




	
30

	
Moina micrura sp.

	
800 ± 100

	
M

	

	
2.3

	




	
31

	
Moinodaphnia sp.

	
590 ± 96

	
S

	

	
1.7

	




	
32

	
Diaphanosoma sp.

	
790 ± 124

	
M

	

	
2.9

	




	
33

	
Cyclopoid copepodite

	
273 ± 17

	
S

	

	
0.8

	




	
34

	
Large calanoid copepodite

	
656 ± 77

	
S

	

	
2.2

	




	
Small calanoid copepodite

	
439 ± 78

	
S

	

	
1.8

	




	
35

	
Large nauplii

	
278 ± 46

	
S

	

	
2.0

	




	
Small nauplii

	
105 ± 21

	
S

	

	
0.4

	




	
36

	
Daphnia juvenile

	
450–750

	
S

	

	
2.3
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