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Abstract

:

The Western Amazon is a highly biodiverse area. Zooplankton diversity studies in the region have been primarily conducted in Peru and Colombia, with limited research in the Ecuadorian Amazon. To address this gap, our research aimed to enhance taxonomic knowledge and understand zooplankton diversity patterns in the Napo and Pastaza lower basins at different spatial and temporal scales. Two sampling expeditions were conducted in the high waters of 2021 and rising waters of 2022. Dry conditions in 2021 led to lower-than-expected water levels. The study identified 107 zooplankton species, revealing variations in richness and composition between years, lakes, and depth strata. Grande Lake, deeper and wider than Delfincocha, exhibited significant turnover variations across strata in both seasons. Despite a relative longitudinal homogenization between channels and floodplains during high waters, beta diversity across vertical and temporal gradients highlighted complex dynamic zooplankton communities in both lakes. In addition, we include the first records of 44 taxa for the Ecuadorian Amazon and 36 for Ecuador. These findings emphasize the need for targeted research and conservation efforts in the face of escalating environmental threats to the Western Amazon.
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1. Introduction


Freshwater biodiversity is driven by biotic process that include interspecific competition and predation, as well as abiotic factors such as environmental variability, water chemical conditions and productivity, and habitat type, size, and location within the river network [1,2]. Neotropical freshwater ecosystems are characterized by a high diversity of zooplankton, but this diversity is higher within the Amazon drainage [3]. Tropical floodplains, due to their temporal and environmental variability, represent a good model for the study of zooplankton diversity in its scales: alpha, beta, and gamma [4]. Floods trigger a process of homogenization of aquatic habitats, as a result of a dilution of the organic matter and chemical elements, accompanied by a reduction in beta diversity [5]. On the contrary, during the season of low waters, the local environmental conditions increase their influence on community structure [5].



For aquatic ecosystems, hydrological connectivity is of utmost importance because it mediates the structure and function of aquatic ecosystems [6], as well as the structure of their biological communities [2], by reducing beta diversity and productivity [7] or increasing alpha diversity and the density of organisms [8]. Seasonal variation in environmental parameters, such as water chemistry and the physical configuration of aquatic habitats, together with changes in the distribution, structure, and composition of aquatic animals and plants, is notable and consistent for these ecosystems [6].



The Western Amazon, recognized as one of the key areas of global diversity, harbors an unparalleled wealth of aquatic life [9]. However, knowledge about zooplankton diversity remains incipient compared to what is known for other regions. In Colombia, studies of cladocerans are still in their early stages, with scarce works [10]. As for Cladocera in Ecuador, 16 species are registered in the coastal region, 22 species for the Andes, 2 species for Galápagos, and 0 species for the Amazon [11] until our study. The Cladocerans and Protozoa reported in this study are the first records for the entire Ecuadorian Amazon. Rotifera Monogononta has been better documented for the Ecuadorian Amazon compared to the rest of the zooplankton groups, with 228 species corresponding to 57 genera from 25 families [12]. Knowledge about Copepoda remains nonexistent in this region due to the lack of studies and specialists for such a complex group. In our study, we present new registers for Rotifera and Copepoda for the Ecuadorian Amazon.



In a similar fashion, most studies of zooplankton diversity in the Western Amazon have been developed in Peru [13] and Colombia [14], where research remains scarce. Consequently, the taxonomic knowledge and the diversity patterns of zooplankton from the Napo and Pastaza lower basins is currently in very short supply.



On the other hand, anthropogenic disturbances, including disruptions in connectivity, nutrient inputs, deforestation, and overexploitation of resources, cause changes in the structure and dynamics of these freshwater ecosystems and their communities, and put their long-term conservation at risk [15]. In the Western Amazon, these disturbances are frequently related to the oil and gas industry’s development [16], as well as by illegal gold mining, and agricultural and urban development [17].



Considering the above, this study aimed to assess the structure and diversity of zooplanktonic communities. We expected to find differences in community composition between rivers and lakes due to their different lotic versus lentic conditions and between hydrological seasons because of the changes in habitat connectivity, reduced water levels, and variations in physical–chemical water parameters. The exploration of these variations in zooplankton community structure could be helpful in identifying potential risks concerning global climatic change and other environmental threats. Additionally, at a much finer temporal and spatial scale, we wanted to explore the temporal changes in community composition along the water column and across hydrological seasons.




2. Materials and Methods


2.1. Study Area


Sampling was conducted in the western Ecuadorian Amazon, within the Napo and Pastaza watersheds. Sampled water bodies within each watershed are shown in Figure 1. Both the Pastaza and the Aguarico have tributaries within the Peruvian Amazon, which, together with the rivers of the Amazon basin in northern Peru and southern Colombia, make up the Napo Moist Forest Ecoregion (Figure 1).




2.2. Sampling Protocols


Sampling journeys were conducted during June 2021 and April 2022, which corresponded to the seasons of high and rising waters, respectively. However, during 2021, conditions were particularly dry [18], and water levels were lower than expected. Zooplankton samples were collected using a 5 L van Dorn collection bottle (Royal Eijkelkamp, EN Giesbeek, The Netherlands) (collection permit No. MAAE-DBI-CM-2021-0161). For the integrated samples, 30 L of water were filtered in a 63 µm net that was collected. The integrated samples were collected at 3 sites (1 in the center and 2 at the margins of each water body) at a 50 cm depth. For the analyses of zooplankton vertical migration, we selected the Lakes Grande and Delfincocha, where 3 samples were collected in the center of the lakes at three different depths: 50 cm (surface), 150 cm (middle), and 300 cm (bottom), during a 24 h period at intervals of 3 h for each one of the depth levels. For each depth level, 10 L were filtered to collect the zooplankton. Samples were preserved using a 10% formalin solution. The identification and counting of the specimens were carried out using an Olympus CKX41 inverted microscope (Biomed Instruments, Quito, Ecuador) with magnifications between 5, 10, 20, 40× with the Utermöhl method [19]. Counts were made from subsamples ranging from 1.6 to 32 mL, depending on the densities or organisms in the samples, for all taxa. We identified the specimens using taxonomic keys and checklists of the different taxonomic groups [20,21,22,23,24], as well as general manuals [25] and specialized websites [26]. We measured total dissolved oxygen, water temperature, pH, chlorophyll, conductivity, and total dissolved solids with an In Situ Aqua Troll 500 Multiparametric Sonde (In-Situ Co., Fort Collins, CO, USA) and water depth and transparency with a Secchi disk. These water parameters are provided in Supplementary File S2.




2.3. Statistical Analyses


First, based on the integrated samples, proportions of species by clades based on total richness (Rotifera, Cladocera, CO, and Amoebozoa) were compared through a Chi2 test based on 2000 simulations. We also ran a species indicator analysis using the indicspecies package [27] of R to identify indicator species of the different water bodies. For that, we first conducted K means clustering analyses based on species abundances in each water body separately for each season.



We initially estimated alpha diversity with q0, q1, and q2 Hill numbers, which represent species richness, and diversity of rare and of common species, respectively [12], for each sampled water body and for each season separately. Then, with the combined data of the main watersheds (Aguarico, Napo, and Pastaza), using the R programming language packages hillR [28] and iNEXT [29], for these main hydrological units, rarefaction curves were plotted to assess sample completeness [29] based on density (numbers of individuals by 100 mL water). Statistical comparisons of alpha diversities between watersheds were conducted through Kruskal–Wallis tests. Comparisons of zooplankton diversity were conducted using the integrated samples’ Hill numbers q0, q1, and q2, which were used to calculate alpha, beta, and gamma diversity indices for each sampled year, 2021 and 2022. The Hill number q0 is equivalent to species richness, while q1 and q2 are equivalent to the Shannon and Simpson diversities, of which the first gives more weight to rare species and the second to the most abundant species [30,31].



Then, we assessed the effects of environmental conditions on the structure of zooplankton communities through a Redundancy Analysis (RDA) [32] based on species densities in each water body during both seasons. To select the parameters to include in the RDA, first, we calculated paired Pearson correlations between chlorophyll, dissolved oxygen, water pH, depth, total dissolved solids, conductivity, and season (Supplementary File S3).



From the Lakes Grande and Delfincocha, we took subsamples of 1.6 mL and counted the zooplankton, after which we calculated the vertical and temporal shifts of community composition at three water depth levels, 50 cm, 150 cm, and 300 cm, across the different time intervals encompassing 24 h. We examined species replacement through the turnover index, which calculates the proportion of species that differ between time points [33], and comparisons were made between seasons for each lake separately, using the codyn package in R [33]. In addition, we compared zooplankton abundance over time of the day and water depth strata with two-way ANOVAs for each lake separately for 2021 and 2022. With the turnover indices, we conducted linear models with dissolved oxygen and temperature as explanatory variables for both lakes separately with the combined data of the two seasons.





3. Results


3.1. Zooplankton Diversity Patterns in the Floodplains of the Napo and Pastaza Watersheds


Overall, we found 107 zooplanktonic species, distributed as follows: 21 Cladocerans, 43 Rotifers, 15 Copepods, and 28 Ameboidae (Table S1, Supplementary File S1). Of these, 44 are new registers for the Ecuadorian Amazon and 36 for Ecuador (Table S1). Rotifers contributed the highest proportions of species richness across sampling sites, except for Grande Lake and Kusutkao River. Within Grande Lake, Copepoda and Cladocera contributed the highest proportions of species richness (Figure 2). In contrast, these clades were absent from Kusutkao, where Amoebozoa exhibited the highest proportions of zooplankton richness (Figure 2). We found that the distribution of species richness across clades was significantly different (Xi2 = 74.69, p ˂ 0.001) among water bodies.



Regarding the composition of zooplankton species in the study area, the dominant taxa within the cladocerans were Bosminopsis deitersi, Bosminopsis sp., Daphnia cf. gessneri, and Ceriodaphnia cornuta. Among the rotifers, primarily planktonic genera were dominant, with a high abundance of Filinia longiseta, Polyarthra dolichoptera, Asplanchna sp., Brachionus zahniseri, and Keratella cf. cochlearis.



Rarefaction curves indicated that samples within the Aguarico and Napo Rivers had high completeness since they reached their asymptotes at low abundances but not for the Pastaza River since the curve did not reach an asymptote (Figure 3).



The analyses of alpha, beta, and gamma diversity showed that there was a reduction in the three scales of zooplankton diversity for the entire study area during the high waters season of 2022, which had abnormally low water depths (Table 1) although more pronounced for the gamma component. Additionally, the decreases in beta diversity during the rising waters of 2022 highlight a tendency towards homogenization of zooplankton communities at higher water levels.



The groupings made for the indicator species analyses with high waters distinguished Limoncocha and Canangueno Lakes as two different groups, 1 and 3, while the other sites were clustered in group 2. Three species were identified as indicators of these two groups combined (Table 2). For rising waters, only Zancudococha and Delfincocha Lakes were separated as different groups, 2 and 3, and the other sites were clustered in group number 1. Only one species of rotifer was established as an indicator species for these two lakes (Table 2).



Comparisons of Hill numbers between seasons through Kruskal–Wallis tests resulted in non-significant differences. This implies that the decreased zooplankton alpha diversity detected during rising waters was not of a great order of magnitude for the entire study area. During rising waters, Canangueno Lake showed the highest zooplankton richness, which also resulted in higher diversity of both rare and common species (Table 3). During the abnormal high waters season, the highest zooplankton richness was observed within Delfincocha Lake, but the highest diversities of both rare and common species was detected in the Cuyabeno River (Table 3).



Based on the Pearson correlations (Supplementary File S3), we conducted the RDA with water temperature, dissolved oxygen, transparency, and depth as explanatory variables. The RDA indicated 0.75 constrained variance and 0.25 of unconstrained variance, and the model was significant (p = 0.049, F = 5.29, and 4 df). The first two constrained axes explained 61% and 14% of the variance, respectively. Water temperature had a significant effect (F = 3.22, p = 0.02), and dissolved oxygen had a marginally significant effect (F = 15.65, p = 0.06).



Water bodies were separated by their environmental conditions, zooplankton community structure, and by season. Limoncocha was characterized by high levels of dissolved oxygen during high waters and by high densities of Keratella cf. cochlearis (Figure 4). Canangueno Lake showed high water transparency during rising waters. The majority of water bodies, such as Zábalo River, the Lakes Tinkias and Pilchicocha, and Lagartococha during rising waters, were characterized by low levels of temperature and dissolved oxygen, with higher depths, and also by higher densities of Asplanchna sp3 and Filinia pejleri. Additionally, Pilchicocha was characterized by high temperatures during high waters. Grande Lake showed high densities of Asplanchna sp1 and sp2, Bosminiopsis sp., and Brachionus zahniseri during rising waters and of Bosminiopsis deitersi during high waters. These species, together with Polyarthra cf. dolychoptera, were associated with high water temperatures (Figure 4).




3.2. Temporal and Vertical Zooplankton Diversity Patterns within Delfincocha and Grande Lakes


The temporal turnover across the water column varied greatly in the two studied lakes. In Grande, this index ranged from 0.15 to 0.66 during high waters and from 0.3 to 0.64 in rising waters. Significant differences in species turnover between strata were observed during both seasons (Figure 5). However, in the abnormal high waters, the turnover index progressively increased with depth, whereas in rising waters, the turnover index was higher in the mid stratum.



In Grande Lake, cladoceran abundance exhibited high daily variation across strata during high waters, which was more pronounced in the first two strata, between 50 and 150 cm (Figure S1), and between midnight, at 24:00 h, to 3:00 AM in the morning. Amoebozoans were distributed mostly in deeper waters (300 cm). Copepods were distributed indiscriminately but were more abundant at late hours (21 to 24 h). In this lake, time of the day (F = 2.88, p < 0.01) and water stratum (F = 9.05, p < 0.01) had significant effects on zooplankton abundance during high waters, but only time had a significant effect (F = 3.98, p < 0.01) during rising waters. The abundances across strata during high waters were remarkably different in Delfincocha, where Amoebozoa was the most abundant taxa in the three strata throughout the day (Figure S2). The abundances of copepods and cladocerans were very low in comparison to the other taxa. These patterns persisted during rising waters. We did not find significant differences in zooplankton abundances by depth strata or time in Delfincocha in any season. Our results provide evidence that there is a clear stratification in zooplankton communities in Grande Lake that is persistent across hydrological seasons.



In Delfincocha Lake, the turnover index ranged from 0.38 to 0.83 during high waters and from 0.23 to 0.76 during rising waters. No significant differences in species turnover between depth strata were observed in high waters, but differences were observed in rising waters, when the turnover pattern was opposite to that of Grande Lake in high waters, as the index progressively decreased with depth (Figure 6).



On the other hand, the turnover index showed significant temporal fluctuations in Grande Lake in all three depth strata during both sampled seasons (Figure 6). However, this index tended to be higher in the deepest stratum in high waters (300 cm), ranging between 4.5 to over 6.5 (Figure 6). In this lake, during rising waters, fluctuations tended to be more drastic, indicating a higher species replacement throughout the day, which was much more pronounced at a 300 m depth. Additionally, it was observed that variations in the turnover index occurred in all three strata during the same time intervals. In the surface stratum (50 cm), a peak was observed at time interval 5, corresponding to 6:00 in the morning. In the middle stratum (150 cm), this peak was observed at time interval 7, corresponding to 12:00 noon, while in the deepest stratum (300 cm), drastic declines were observed at time interval 4, corresponding to 3:00 in the morning, followed by an increase at time interval 6, corresponding to 9:00 in the morning. All these variations indicate that within Grande Lake, zooplankton execute daily predictable movements across the water column throughout the seasons.



In Delfincocha Lake, drastic variations in the turnover index took place in the three depth strata during the abnormal high waters season (Figure 6), implying significant species replacements at different water depths within a 24 h period. However, these variations were more pronounced at 300 cm, where the turnover index ranged between 0.4 and over 0.6. This pattern persisted and became even more pronounced during rising waters. In contrast to Grande Lake, we did not find similar zooplankton species turnover patterns between seasons, indicating that variations in this lagoon are more stochastic.



The linear models of the turnover indices with water temperature and dissolved oxygen showed contrasting results for Delfincocha and Grande Lakes. In the former, there was a significant negative relationship only with temperature. In Grande Lake, there was a positive relationship of turnover with temperature and a negative one with dissolved oxygen (Table 4).





4. Discussion


Our study encompasses spatial and temporal variation patterns of zooplankton, from the broader scale of the Ecuadorian northern and central Amazon region to the finest one of movements across the water column throughout 24 h of a day. To our knowledge, this is the first study of this kind for the Ecuadorian Amazon.



4.1. Zooplankton Diversity Patterns in the Floodplains of the Napo and Pastaza Watersheds


Species richness and diversity tended to be higher in the Aguarico Watershed in comparison to the Napo Watershed, where there is a longer history of anthropogenic intervention [34,35]. We registered a total of 107 species, which is higher than the richness of 79 species observed in 15 water bodies of the Colombian Amazon [3] or the 69 species observed in the floodplain of the Trombetas River in Brazil [36]. The observed richness is high, considering that we sampled only two hydrological seasons. For instance, in the floodplain of the Yangtze River, China, 128 zooplanktonic species were sampled in a study encompassing four hydrological seasons [37]. However, the estimated zooplankton diversity is lower than in Loktak Lake in India, which was also sampled during two seasons but where 142 to 162 species were recorded [38]. In addition, our collection of zooplankton showed high completeness in the Napo and Aguarico Watersheds and their different water bodies but not in the Pastaza.



Firstly, at a broad taxonomic resolution, we observed significant differences in clade distributions between water bodies and habitats that were sampled during the high waters of 2021 and rising waters of 2022, as indicated by the Chi2 analysis. Amoebozoa species were more diverse in Kusutkao River. Some amoebas are positively correlated to dissolved oxygen and can be dominant in these environments due to their generalist diets [39]. Also, higher turbulence can propitiate the transportation of these organisms from the sediments to the water column [40]. Rotifers were the most diverse taxa in the study area, a widespread pattern in tropical floodplains [37,41], which was favored by these organisms’ opportunistic life history strategies [42] and a trend that is typical of mesotrophic systems of low altitudes [43] and high turbidity [40]. Cladocerans and copepods, on the contrary, were more diverse in lentic water bodies, such as the Lakes Pilchicocha and Grande, which might be related to the presence of aquatic or submerged vegetation [44,45]. We found that the rofifers Keratella cf. cochlearis, Hexarthra intermedia braziliensis, and a copepod of the order Calanoidea are indicators of lentic conditions.



Floodplains are highly dynamic systems, where flooding processes can affect biodiversity in distinct ways. Flooding from hyporheic origin and from the main channel could propitiate a pulse in nutrients that could favor a rise in primary productivity [46]. In a similar fashion, for copepods and cladocerans, favorable conditions in water temperature, increased aquatic vegetation diversity, and vegetation cover during rising waters can trigger the hatching of sediment resting eggs, increasing the diversity of zooplankton both locally and regionally [47]. However, we observed higher gamma diversity during high waters when the water levels were abnormally low. Remarkably, even though gamma diversity decreased during rising waters, we did not find significant differences in alpha diversity between years. As for gamma diversity, in the floodplain of the Paraná River, reductions in alpha diversity did not result in decreased gamma diversity because the loss of some species in some localities was compensated with the maintenance of the species pool by others via dispersal processes at periods of higher connectivity [48]. For our entire study area, alpha diversity (q0) decreased in approximately five species from one season to the next in comparison to a reduction in 33 species regionally, as indicated by the results of gamma diversity (q0). Consequently, our results suggest that the changes in alpha diversity might not be the cause of the variations in gamma diversity between years, and instead, the reduction in beta diversity during rising waters could have played a substantial role in the decrease in gamma diversity observed that year. Variations in zooplankton abundances as a response to the dilution of nutrients during high water levels, together with the higher exchange of organisms between the pelagic and the littoral zones as well as between floodplain lakes and channels have been linked to decreasing beta diversity [5,49].



On the other hand, higher connectivity during the rising waters of 2022 within the floodplains of the Napo and Pastaza Rivers favored a certain degree of longitudinal homogenization between channels and lakes, manifesting in lower beta diversity during that season. On the contrary, during the high waters of 2021, beta diversity was higher for both common and rare species, as indicated by the q1 and q2 Hill numbers. These patterns are consistent with the longitudinal homogenization of communities during high waters [5,50].



Water temperature and dissolved oxygen were the variables that determined the structure of zooplankton communities in the study area [49]. Chlorophyll, total dissolved solids, or conductivity did not have significant effects on zooplankton distribution, but this might have resulted from narrow gradients of these variables in our study area [37]. Our RDA showed that there was considerable difference in zooplankton composition among water bodies during the high waters of 2021, but this season showed abnormal levels that seem to have contributed to this differentiation, while the higher levels during rising waters increased the similarity in environmental parameters and zooplankton composition [36]. The environmental conditions affected the taxa differently [51]. The rotifer Keratella cf. cochlearis was associated with high dissolved oxygen, while the cladocerans Bosminiopsis sp. and B. deitersi were associated with higher temperatures. Therefore, our research implicates that alterations of these parameters, resulting from global change, could impact the zooplankton species distribution and community structure. Likewise, understanding the ecological processes behind the species distribution is key for their future conservation.




4.2. Vertical and Temporal Zooplankton Diversity Patterns


Vertical migration of zooplankton is driven by light, temperature, predation, reproduction, and foraging conditions, as well as by organism density [52,53]. Upwards movements can result from unfavorable conditions in the deeper strata, related to decreased dissolved oxygen concentrations [54]. Water transparency can also determine migration amplitude [55]. In our study, at a coarse taxonomic scale, there was little variation in the dominant taxa between years in both Grande and Delfincocha Lakes. Nevertheless, there were differences in zooplankton abundances and composition between lakes and across depth strata that might be related to contrasting environmental conditions. For instance, Grande Lake is deeper and wider than Delfincocha, which makes it more prone to a vertical stratification in light and oxygen, especially at high water levels. In Grande Lake, we observed that species turnover varied significantly across strata during both seasons. For instance, turnover was higher between 150 to 300 cm during high waters, but only at 150 cm during rising waters. On the contrary, in Delfincocha, these variations in turnover occurred mostly during rising waters, at higher water levels. In Delfincocha, turnover was higher at 300 cm during 2021 and at 50 cm during rising waters. A strong effect of wind mixing during low waters could have prevented the stratification of zooplankton communities in Delfincocha in the high waters of 2021 [56]. These results show that although there was a homogenization of zooplankton communities among sampling sites during the rising waters season of 2022, at a local scale, beta diversity was marked across the vertical and temporal gradients within both lakes. The turnover index showed that in Grande and Delfincocha Lakes, there were remarkable daily fluctuations in the species present in the three strata [33], demonstrating that these zooplankton communities are highly dynamic, despite contrasting environmental conditions between lakes.



Water temperature was a determinant of turnover across the water column in Grande and Delfincocha Lakes, but dissolved oxygen was important only in Grande. We speculate that Delfincocha, being shallower, goes through stronger mixing due to winds, which could prevent a significant stratification in oxygen. More strikingly, temperature was related to decreased turnover in Delfincocha, but within Grande, zooplankton turnover increased at higher temperatures and decreased at higher dissolved oxygen concentrations, which suggests that low dissolved oxygen levels at the deepest strata are a driver of species turnover, as well as higher temperature at the surface. However, it is possible that other factors that we did not consider, such as water transparency [55] and energy conservation [54], might also influence zooplankton turnover.



There were differences in abundances among clades across depth strata and time, particularly within Grande Lake. During high waters, Amoebozoans were more abundant at night and at the deeper strata, but during rising waters, their abundances were higher in the shallower strata, which, considering their small size, could be the result of predation avoidance. Cladocerans occupied the shallow strata across time during the abnormal high waters season, but the next year, the higher abundances of this clade were observed during the afternoon hours, also at the shallower strata. This distribution could reflect preferences for more transparent waters as well as fish predation avoidance [57] since predator fish such as planktivore catfish tend to occupy the benthic zone [58]. Cladocerans were also associated with littoral vegetation, which represent an important refugia for this clade [59,60].



Finally, this study has some limitations that need to be acknowledged. First, due to logistic difficulties, some water bodies could not be sampled during both hydrological seasons. Additionally, the number or sampling sites was not even for the Pastaza River, and the number of sampled lakes and rivers was also uneven. Likewise, there were limitations in the taxonomic resolution for copepods and other taxa that arise from the limited knowledge status for Copepoda and Cladocera of Ecuador [11,61]. Considering these shortcomings, we are not able to make clear cut conclusions about the differences in zooplankton diversities observed between Napo and Pastaza, and thus, further efforts are needed to unveil the diversity patterns between basins. Likewise, although we found a distinctive pattern in the distribution of Amoebozoa in the Kusutkao River, this was not consistent for other rivers, such as Cuyabeno or Lagartococha. However, here, we provide the first results of zooplankton diversity patterns at different spatial and temporal scales for the Napo and Pastaza floodplains, important tributaries of the Western Amazon. We expect these results to constitute a reference baseline for future studies on zooplankton diversity of the region and of the Ecuadorian Amazon.





5. Conclusions


Zooplankton communities in the Napo and Pastaza floodplains show high alpha and beta diversity, and their dynamics are complex. Their structure is determined by variations in environmental conditions across hydrological seasons as well as by habitat type and the local conditions within the water bodies. At high water levels, the increased connectivity between the river channels and their floodplains facilitates the longitudinal homogenization of zooplankton communities, although in a vertical axis, determined by water depth, zooplankton can show a clear stratification and high daily species turnover. At a regional scale, zooplanktonic gamma diversity seems to be greatly influenced by the loss of species, rather than by decreases in local alpha diversity.
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Figure 1. Study area showing the distribution of the Napo Moist Forest ecoregion in Ecuador, and the location of sampling sites in the Napo and Aguarico watersheds in the north (A), and in the Pastaza watershed in the south (B). 
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Figure 2. Proportions of species richness by clade within each sampling site for the high and rising waters of 2021 and 2022 combined. 
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Figure 3. Rarefaction curves of zooplankton diversity of the Aguarico, Napo, and Pastaza watersheds during the high waters of 2021 (top) and rising waters of 2022 (bottom). 
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Figure 4. RDA plot of zooplankton species densities by water body and season, and their relationships with water parameters. 
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Figure 5. Boxplots and Kruskal–Wallis test results of the turnover index comparisons across depth strata in Grande Lake (top) and Delfincocha Lake (bottom). P1 to P3 refer to depth strata. 
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Figure 6. Fluctuations of the zooplankton turnover index over 24 h in three depth strata in Grande and Delfincocha Lakes. 
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Table 1. Partition of zooplankton diversity in its alpha, beta, and gamma components for the entire study area.
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Hill Number

	
Diversity






	
High Waters—2021




	
q

	
Gamma

	
Alpha

	
Beta




	
0

	
81.00

	
19.40

	
4.17




	
1

	
22.9

	
6.54

	
3.50




	
2

	
15.64

	
3.62

	
4.28




	
Rising Waters—2022




	
q

	
Gamma

	
Alpha

	
Beta




	
0

	
48

	
14.27

	
3.36




	
1

	
21.5

	
6.65

	
3.23




	
2

	
14.95

	
4.02

	
3.72











 





Table 2. Zooplankton species selected as indicators of sites during the high waters of 2021 and rising waters of 2022.
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Indicator Species

	
A

	
B

	
Stat

	
p Value






	
High Waters—2021: Group 1 + 3: Limoncocha and Canangueno Lakes




	
Keratella cf. cochlearis

	
0.9942

	
1

	
0.997

	
0.049




	
Hexarthra intermedia braziliensis

	
0.9764

	
1

	
0.988

	
0.049




	
Copepoda Calanoida.sp3

	
0.9446

	
1

	
0.972

	
0.026




	
Rising Waters—2022: Group 2 + 3: Zancudococha and Delfincocha Lakes




	
Hexarthra intermedia braziliensis

	
0.9985

	
1

	
0.999

	
0.033











 





Table 3. Zooplankton q0, q1, and q2 diversity within the sampled water bodies during the two sampled seasons. NAs refer to sites not sampled during that season.
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Watershed

	
Water Body

	
High Waters—2021

	
Rising Waters—2022




	
q0

	
q1

	
q2

	
q0

	
q1

	
q2






	
Aguarico

	
Lagartococha River

	
22

	
12.34

	
8.23

	
21.00

	
10.90

	
6.49




	
Delfincocha Lake

	
40

	
19.30

	
11.20

	
28.00

	
8.06

	
3.75




	
Canangueno Lake

	
16

	
2.92

	
1.83

	
14.00

	
8.19

	
7.05




	
Grande Lake

	
33

	
9.26

	
5.68

	
16.00

	
7.48

	
5.13




	
Cuyabeno River

	
22

	
14.64

	
11.05

	
17.00

	
13.20

	
11.08




	
Zancudococha Lake

	
NA

	
NA

	
NA

	
6.00

	
3.05

	
2.32




	
Aguarico River

	
4

	
2.92

	
2.47

	
NA

	
NA

	
NA




	
Zabalo River

	
NA

	
NA

	
NA

	
11.00

	
4.92

	
2.91




	
Napo

	
Pilchicocha Lake

	
16

	
5.64

	
4.37

	
15.00

	
5.63

	
3.03




	
Pacuya River

	
NA

	
NA

	
NA

	
13.00

	
6.71

	
4.06




	
Limoncocha Lake

	
16

	
3.91

	
2.30

	
NA

	
NA

	
NA




	
Pañacocha Lake

	
16

	
4.43

	
2.35

	
NA

	
NA

	
NA




	
Pastaza

	
Kusutkao River

	
9

	
5.37

	
4.13

	
13.00

	
10.84

	
10.04




	
Nueva Tinkias Lake

	
NA

	
NA

	
NA

	
3.00

	
2.59

	
2.27











 





Table 4. Results of linear models of zooplankton turnover with water temperature and dissolved oxygen in Delfincocha and Grande Lakes, with the data of both seasons combined.
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Delfincocha Lake




	

	
Estimate

	
t value

	
p value




	
Temperature

	
−0.171

	
−3.190

	
0.003




	
Dissolved oxygen

	
0.034

	
0.257

	
0.799




	
Grande Lake




	

	
Estimate

	
t value

	
p value




	
Temperature

	
0.068

	
2.064

	
0.046




	
Dissolved oxygen

	
−0.077

	
−3.302

	
0.002
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