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ABSTRACT
In Brazil, although, high-altitude shallow lakes comprise large
parts of conservation units and are considered highly important
environments for biodiversity studies, little is known about the
factors that regulate the zooplankton community. In the present
study, we sought to identify the effect of regional (hydroperiod
and altitude) and local (lake area and macrophyte cover) factors
on the zooplankton communities in eight shallow high-altitude
lakes (from 1080m a.s.l. to lakes above 1200m a.s.l.) in the
Espinhaço Mountain Range (Brazil). Of the 116 zooplankton spe-
cies identified, 66 (56%) showed a high degree of spatial aggrega-
tion, occurring in only a few lakes. Accessory species occurred
predominantly in small lakes, while rare species were better repre-
sented in the larger lakes, suggesting species sorting associated
with the niche effect. Zooplankton richness was strongly influ-
enced by hydroperiod, indicating that temporary lakes can con-
gregate species resistant to the environmental filter of the
drought, playing an important role in the diversification of the
zooplankton community. We identified environmental heterogen-
eity (macrophyte cover) as the factor that most influenced the
species diversity: zooplankton responded positively to increased
macrophyte cover, confirming that the presence of aquatic plants
constitutes a strong environmental filter to explain the variation
of the zooplankton community. Zooplankton species composition
and abundance differed among lakes, indicating a certain degree
of heterogeneity in assemblage structure, but no influence on
zooplankton diversity was observed. Our results provide evidences
that altitude did not influence zooplankton diversity and this may
affect the regional diversity (ß diversity) of tropical high-altitude
lakes, and merits further study.
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Introduction

High-altitude lakes are unique environments. Although, these waterbodies occupy only a
small fraction of montane regions, they can contain pristine aquatic zones that are refer-
ences in terms of water quality. Compared to lowland lakes, high-altitude lakes have rela-
tively small catchments, which can determine their morphometric features including
water characteristics, lake area, depth and hydroperiod (temporary or permanent). The
effect of altitude is decisive for aquatic montane-lake biota. Exposure to intense radiation,
especially UV-B during the day and the sudden drop in temperature at night produce the
wide daily temperature variations that are a distinctive feature of high-altitude lakes
(Calkins and Thordardottir 1980; Cabrera et al. 1997). Altitude also influences remoteness
and connectivity, which are fundamentally related to the assembly structure of aquatic
communities, especially the composition, richness and species diversity (Frisch
et al. 2012).

Richness, diversity and equitability are important components of biodiversity, used to
characterize communities and ecosystems, and key aspects of biological diversity. Richness
refers to the number of different kinds of individuals regardless of their abundances, while
the diversity index of Shannon considers species richness and their relative contribution
to total abundance (Shannon and Weaver 1949). Equitability, however, measures how
similar the frequencies of the different variants are, with low evenness indicating domin-
ance of one or a few types, a typical aspect of selective environments (Magurran 2004).
These powerful concepts of diversity have been explored to understand the spatial and
temporal variation of biodiversity, including the strength of local and regional factors in
shaping diversity of species. Many studies in lowland lakes have examined the effects of
local and regional filters on zooplankton communities, including environmental hetero-
geneity (Warfe and Barmuta 2004; Celewicz-Goldyn and Kuczynska-Kippen 2017), con-
nectivity (Cottenie et al. 2003; Thomaz, Bini et al. 2007; Lopes et al. 2014; Loewen et al.
2019), lake area (Oertli et al. 2002; Søndergaard et al. 2005; Scheffer et al. 2006) and
hydroperiod (Seminara et al. 2008; Vanschoenwinkel et al. 2009; Zokan and Drake 2015).
These studies have clarified the individual and combined effects of regional and local fac-
tors on zooplankton communities. However, little attention has been devoted to under-
standing the role of factors that shape zooplankton community structure in high-elevation
shallow lakes in tropical regions.

Despite the importance of research in montane habitats for ecological theory and bio-
diversity conservation, there are still major gaps concerning zooplankton diversity in
Brazilian high-altitude shallow lakes. Studies of the zooplankton community in these
waterbodies are in their infancy, and have focused primarily on species descriptions, com-
position and temporal dynamics (Santos-Wisniewski et al. 2002; Moreira et al. 2019).

Investigations of the relationship between zooplankton biodiversity indexes and envir-
onmental filters may help to clarify important paradigms of theories in community ecol-
ogy. For example, small lakes may potentially harbor more-diverse zooplankton than
larger lakes, because of the high environmental heterogeneity, especially the presence and
tridimensional nature of macrophytes (Carpenter and Lodge 1986; Meerhoff et al. 2003).
However, it is not known whether this pattern holds for the zooplankton in high-altitude
shallow lakes in tropical regions. Additionally, the effects of hydroperiod and altitude on
zooplankton diversity has not been considered in studies performed in Brazilian high-alti-
tude lakes.

The present study investigated the factors that may shape the zooplankton commun-
ities in shallow high-altitude lakes in the Espinhaço Mountain Range, the second-largest
mountain range in Brazil (central-eastern region). This study, to our knowledge, is the
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first to address this subject in a Brazilian high-altitude environment. We hypothesized
that regional (hydroperiod and altitude) and local factors (lake area and macrophyte
cover) influence the zooplankton richness, diversity, equitability and occurrence of rare
and accessory species in these environments. We predicted that: (I) Permanent lakes
would show higher species richness, diversity, equitability and a higher frequency of rare
species compared to temporary lakes, because temporary aquatic habitats limits the occur-
rence of zooplankton species; (II) Because they are spatially more isolated and with little
connectivity, higher-altitude shallow lakes would have lower zooplankton richness, diver-
sity, equitability and a higher frequency of rare species compared to shallow lakes situated
at lower altitudes; (III) small lakes would show higher species richness, diversity and
equitability, besides a higher frequency of rare species compared to larger lakes; (IV) shal-
low lakes with low macrophyte cover (lower environmental heterogeneity) would show
lower richness, diversity, equitability and lower frequency of rare species compared to
shallow lakes with high macrophyte cover and (V) The structure of zooplankton commu-
nity (considering the balance between composition of species and their relative abundan-
ces) is influenced by the regional and local factors investigated.

Materials and methods

Sampling area

The eight lakes studied are located in the Espinhaço Mountain Range (Figure 1), where
elevations range from 900m to 2000m and landforms include hills, tablelands, steep
slopes and deep river valleys (B€unger et al. 2014). Different groups of organisms show
high levels of endemism, even though the area has not been thoroughly inventoried, and
the region is considered a hotspot for biological conservation. The region has a tropical

Figure 1. Map of the studied region and representations of the altitudinal lakes in the Espinhaço Mountain Range.
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alternating wet and dry climate with a mean annual rainfall between 125 and 200mm –
the rainy period lasts from October to March – and mean annual temperature between
20 and 26 �C (Da Silva and Bates 2002). The shallow lakes (maximum depth < 3m) are
fed mainly by rainfall and groundwater. Coutos and Grande lakes are located on the
Gandarela Ridge; the other lakes are located in State Conservation Units: Serra do Cip�o
National Park (Bonita, Pedras, Rasgada and Ossada lakes), Itacolomi State Park (Seca
Lake) and Ouro Branco State Park (Gorila Lake). The lakes were assumed to lack con-
nectivity, since they show no evidence of direct connections to other lakes or nearby wet-
lands. Pedras, Ossada, Rasgada and Bonita lakes, although, located near the Cip�o River,
are not influenced by flooding, which does not occur on this stretch of the river (Callisto
et al. 2002). Coutos is the only lake where fishes are reported (exclusively Oreochromis
niloticus, personal note of the author). All other lakes are fishless (personal note of
the author).

Sampling procedures of zooplankton and environmental variables

Sampling was carried out at the end of the rainy period, in February and March 2015,
always in the daytime. The years 2014 and 2015 were exceptionally dry, with mean rain-
fall below the historical norm, and few temporary lakes filled, which prevented us from
selecting a larger number of temporary environments. The altitude of the lakes (m a.s.l.)
was obtained with an Oregon altimeter with a precision of 1m. Lake surface area was
estimated with a long (100m) vinyl measuring tape and included only the open water
zone present during the sampling (methodology adapted from Herrera et al. 2018). The
lakes were classified in two categories according to water fluctuation: permanent or tem-
porary (lake that dry at least once a year). To determine these categories (permanent or
temporary), data from previous studies of the lakes (Moreira et al. 2015; Moreira et al.
2016) and information provided by the management of the Conservation Units were
used. The values (lake area, altitude, macrophyte cover) and categories (permanent and
temporary) were applied in the multivariate analyses (PERMANOVA) as an independent
variable to explain the variations in the richness of zooplankton species. The mean depth
was obtained by taking measurements in each sector with a depth gauge (10m). For a
limnological characterization of the lakes, data for water temperature (�C), pH and elec-
trical conductivity (lS cm�1) were obtained with a Horiba U-50 Multiparameter probe,
with several measurements in each section of the lakes (margins and center).
Concentrations of total phosphorus (lg L�1) and total nitrogen (lg L�1) were obtained
after digestion of samples with potassium persulfate by the ascorbic-acid method, accord-
ing to APHA (1998). Chlorophyll-a (lg L�1) was determined as described by Jespersen
and Christoffersen (1988). Limnological characteristics of the lakes were considered only
to the environmental description of the studied lakes.

The degree of coverage of aquatic macrophytes was used as an indicator of lake hetero-
geneity. Macrophyte cover was estimated from a quadrat (50� 50 cm), from each sam-
pling point, using the following ranking: 0 (no coverage), 25, 50, 75 or 100% (full quadrat
fill) of the bottom covered (methodology adapted from Kosten et al. 2009).

For collection of zooplankton, each lake was divided into four sections; the grid was
oriented north-south and east-west, using a compass. At the margin and center of each
section, water samples (40 L) were obtained with a 5 L Van Dorn bottle. Samples were
taken from the water surface, middle and bottom in lakes deeper than 1m and from the
subsurface (5 cm depth) in very shallow (<0.5m) lakes. A sample was obtained for each
section of the lake, totalizing 8 samples in from Seca, Gorila, Boi, Rasgada and Pedra lakes
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and for Grande lake, we analyzed 7 samples. In Coutos and Ossada lakes, because of the
small area during the sampling (<5m2) and small water volume (both are 0.5m deep or
less), collections (2 samples) were made in only two quadrants, at margin and central of
the quadrant, at subsurface of the water column. In the total, there were obtained 49 sam-
ples of water and zooplankton. Zooplankton was obtained by filtering 40 L of water from
the bucket through plankton net (68 mm mesh). The samples were preserved in 4% buf-
fered formaldehyde solution and stored in 150-mL plastic jars.

For taxonomic identification, organisms were inspected under an optical microscope
and identified to genus or species when possible. Rotifers were identified to the lowest
taxonomic level possible, following the keys of Ruttner-Kolisko (1974), Koste (1978) and
Stemberg (1979). Additional information available at the website http://cfb.unh.edu/
cfbkey/html/begin.html was also consulted. For cladocerans, taxonomic references
included those by Brooks (1959), Elmoor-Loureiro (2007) and Van Damme and Dumont
(2010) and the descriptions found in the following website: https://cladocera.wordpress.
com/. For copepods the taxonomic keys by Reid (1985) and Fernando (2002). For the
quantitative analysis, 5 1-mL subsamples were placed in a Sedgwick-Rafter chamber and
analyzed under an optical microscope. The entire sample was then actively searched for
rare species. The species richness and relative abundance (%) were calculated from the
sample counts.

Data analysis

The possible influence of regional (hydroperiod and altitude) and local (lake area and
macrophyte cover) factors on zooplankton community was analyzed based on four
indexes: species richness (i.e. a diversity), diversity (Shannon’s index), equitability
(Pielou’s index) and frequency of occurrence of rare and accessory species (i.e. species
that showed frequency of occurrence up to 20%, between 21% and 50% and greater than
50%, respectively), according to De Bernardi (1984). Each index was tested for set of sam-
ples sorted within the factors investigated in this study. The frequency of occurrence was
considered as the relationship between the occurrence of the different taxa and the total
number of samples. Only one species (the rotifer Lecane bulla) was classified as constant
and excluded from the subsequent analyzes. A species accumulation curve was con-
structed to visualize the increase of species in all the lakes, based on the number of sam-
ples analyzed. The accumulation curve was projected to assure that the small numbers of
samples wouls allow us to explore in the best way our results. The curve was estimated by
the method of random permutations of the data without replacement. The normality and
homoscedasticity of richness, diversity, equitability and the percentage of rare and acces-
sory species were tested using the Kolmogorov–Smirnov and Bartlett tests, respectively.
The Mann–Whitney test was used to determine possible differences in richness, diversity,
equitability and percentages of rare, accessory and constant species based on hydroperiod
(temporary vs. permanent lakes), altitude (lakes located up to 1080m a.s.l. vs. lakes
located above 1220m a.s.l.) and area (smaller than 200m2 vs. larger than 280m2). The
Kruskal–Wallis ANOVA was used with the Mann–Whitney test for post hoc pairwise
comparisons to assess differences in species richness, diversity, equitability and percentage
of rare, accessory and constant species among lakes under five levels of macrophyte cover:
0%, 25%, 50%, 75% and 100%. Additionally, the PERMANOVA was used to test the influ-
ence of local and regional factors on zooplankton community structure (based on relative
abundance data). Posteriorly, Bray–Curtis similarity matrices and non-metric multidimen-
sional scaling (NMDS) plots were produced for each factor tested to visualizing
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dissimilarities among samples. Hydroperiod and altitude were considered regional factors,
while the lake area and macrophyte cover were considered as local factors. Statistical anal-
yses followed the recommendations of Zar (1996) and Anderson (2001). All analyses were
conducted using the software R version 3.4.0 (R Core Team 2011) with the vegan package
(Oksanen et al. 2013).

Results

Environmental variables

Limnological conditions of the surveyed lakes indicated the prevalence of neutral to acid
conditions (pH from 7 to 5.8). Water temperature (oC) revealed the altitudinal influence
in Gorila, Grande and Seca lakes (>1080 masl), with median values from 18.6 �C to
22.5 �C. Eutrophic conditions were prevalent, with high values of chlorophyll a (ranging
from 10.1 and 71.5 ug.L�1) and total nitrogen (from 553.3 and 1117.2 ug.L�1; Table 1).

Community composition and spatial distribution

One hundred and sixteen zooplankton taxa were identified in all lakes. Rotifera was the
most diverse group (72 species), followed by Cladocera (28 species) and Copepoda (16
species). Seven species were the most frequent (62.5%), occurring in at least 5 of the lakes
studied: the rotifers Lecane bulla, Lecane lunaris and Lepadella patella, the cladocerans
Alona ossiani, Alonella dadayi and Anthalona verrucosa and the cyclopoid copepod
Microcyclops anceps. Of the zooplankton species, 56% (66 species) occurred only in two
lakes, suggesting a high degree of spatial aggregation. The most abundant species were the
rotifers Polyarthra vulgaris (58.8%), Polyarthra dolichoptera (34.0%), Lecane bulla (32.9%),
members of Bdelloidea (29.3%), Anuaeropsis fissa (26.6%), Tricocherca similis (24.3%),
Lecane curvicornis (23.7%) and Mytilina ventralis (18.7%); the cladocerans Ephemeroporus
tridentatus (26.6%), Alonella dadayi (15.2%) and Chydorus sp. (13%), followed by cyclo-
poid copepods (16.8%) and the calanoid Notodiaptomus sp. (16.3%) Rotifers dominated
the zooplankton community in all the temporary lakes in terms of abundance (Ind.L�1)
and number of species, while in permanent lakes cladocerans and copepods were more
abundant (except for Pedras lake where rotifers were more abundant). (Supporting
Information Figure S1). A complete list of species and their relative abundances (%) is
given in Table 2. As seen in Figure 2, maximum zooplankton diversity was obtained in all
the lakes and no species was unsampled, even considering the low number of samples.

Richness, diversity and equitability and frequency of occurrence vs. local and
regional factors

Total zooplankton richness was higher in the samples from temporary lakes (average of
22.8 species) than from permanent lakes (average of 16.8; Table 3; Figure 3(A)). Despite
the greater richness, zooplankton from temporary lakes was characterized by dominance
of species, reflected by the lower equitability value (0.56) in relation to permanent lakes
(0.65; Table 4; Mann–Whitney p< .01; Table 3; Figure 3(B)). The diversity and frequency
of rare and accessory species were not influenced by hydroperiod (Mann–Whitney
p> .01) Table 4. Zooplankton richness, diversity and equitability as well as the contribu-
tion of rare and accessory species showed no differences between lakes situated at higher
(>1220m a.s.l.) and lower (<1080m a.s.l.) altitudes (Table 4).
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Table 2. Zooplankton occurrence and relative abundance (%) in the studied lakes.

Zooplankton species

Permanent Temporary

Bonita Gorila Grande Pedra Rasgada Coutos Ossada Seca

ROTIFERA
Anuraeopsis fissa (Gosse 1851) 1.1 26.6 0.3 1.2
Anuraeopsis navicula (Green, 196) 9.6 0.4
Bdelloidea NI 0.2 0.6 3.62 0.1 29.3 0.4 1.1
Brachionus falcatus (Zacharias 1898) 1.1
Brachionus mirabilis (Daday 1897) 0.1
Cephalodella gibba (Ehrenberg 183) 0.4 0.3
Collotheca edentata (Collins 1872) 1.4
Collotheca mutabilis (Hudson 1885) 0.2 0.1 0.1
Collotheca sp. 0.1 1.2 4.6
Colurella sulcata (Stenroos 1898) 2.8
Colurella uncinata (M€uller 1773) 0.9 0.2
Dipleuchlanis propatula (Gosse 1886) 0.4 0.3 1.8
Euchlanis calpidia (Myers 1930) 0.4
Euchlanis dilatata (Ehrenberg 1832) 0.4 0.4 5.8
Euchlanis triquetra (Ehrenberg 1838) 0.4 0.2
Keratella quadrata (M€uller 1786) 0.1
Lecane aculeata (Jakubski 1912) 0.1 0.5
Lecane bulla (Gosse 1851) 0.2 3.1 0.3 10.5 8.4 32.9 1.6
Lecane clara (Bryce 1892) 0.3
Lecane closterocerca (Schmarda 1859) 0.3 0.2 2.2
Lecane copeis (Harring and Myers 1926) 0.3
Lecane crenata (Harring 1913) 0.3 0.9
Lecane curvicornis (Murray 1913) 0.1 2.3 23.7
Lecane flexilis (Gosse 1886) 1.3 0.31
Lecane furcata (Murray 1913) 5.5
Lecane hornemanni (Ehrenberg 1834) 0.1
Lecane leontina (Turner 1892) 0.7 3.2 1.6
Lecane luna (Muller 1776) 2.8
Lecane lunaris (Ehrenberg 1832) 0.1 0.2 0.3 0.7 21.8 16.4
Lecane mira (Murray 1913) 0.4
Lecane pumila (Rousselet, 196) 0.1
Lecane quadridentata (Ehrenberg 1832) 0.1
Lecane ruttneri (Hauer 1938) 0.2
Lecane stichaea (Harring 1913) 0.2 3.0
Lecane tudicola (Harring and Myers 1926) 1.0
Lecane ungulata (Gosse 1887) 0.5 3.1
Lecanie ohioensis (Herrick), Altindag and Sozen (1996) 2.8
Lepadella acuminata (Ehrenberg 1834) 0.9 0.5 0.3
Lepadella cristata (Rousselet 1893) 0.1
Lepadella cryphaea (Harring 1916) 0.1
Lepadella patella (Muller 1773) 4.5 0.1 0.7 5.9 2.7 0.8
Lepadella venefica (Myers 1934) 0.2
Macrochaetus collinsi (Gosse 1867) 2.6 1.9
Microcodon clavus (Ehrenberg 183) 0.1 0.1
Monommata longiseta (M€uller 1786) 4.1 0.1 2.2 7.3
Monommata sp.1 0.1 2.0 1.2 0.1
Monommata sp.2 0.1
Monommata sp.3 0.9
Mytilina ventralis (Ehrenberg 1832) 0.5 18.7 0.2
Platyias quadricornis (Ehrenberg 1832) 1.3
Polyarthra dolichoptera (Idelson 1925) 0.2 1.1 34.0 1.9
Polyarthra remata (Ehrenberg 1834) 0.8
Polyarthra vulgaris (Carlin 1943) 58.8
Ptygura sp. 0.2 0.1 0.3 0.2
Rotifer sp.1 2.5 3.3 1.3 2.1
Rotifer sp.2 0.7 3.9 2.7
Rotifer sp.3 0.5
Rotifer sp.4 0.9
Rotifer sp.5 0.3

(continued)
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Table 2. Continued.

Zooplankton species

Permanent Temporary

Bonita Gorila Grande Pedra Rasgada Coutos Ossada Seca

Rotifer sp.6 0.9
Rotifer sp.7 0.9
Stephanoceros fimbriatus (Goldfuze 1820) 1.0 0.4
Testudinella incisa (Stenroos 1898) 0.3
Tetrasiphon notommata (Ehrenberg 184) 1.2
Trichocerca brachyura (Gosse 1851) 1.2
Trichocerca cylindrica (Imhof 1891) 0.1
Trichocerca insignis (Herrick 1885) 1.2
Trichocerca intermedia (Stenroos 1898) 7.0
Trichocerca lophoessa (Gosse 1886) 1.5 0.3 1.4
Trichocerca porcellus (Gosse 1851) 6.0
Trichocerca rattus (M€uller 1776) 0.1 0.1
Trichocerca similis (Wierzejski 1893) 1.7 24.3 0.7
CLADOCERA
Alona dentifera (Sars 191) 0.1
Alona glabra (Sars 191) 0.3
Alona guttata (Sars 1862) 3.0 0.5
Alona iheringula (Sars 191) 0.5 0.7
Alona ossiani (Sinev 1998) 0.5 2.2 0.6 0.3 4.1
Alona yara (Sinev and Elmoor-Loureiro 2010) 0.5
Alonella dadayi (Birge 191) 7.7 0.6 15.2 2.2 0.2
Anthalona verrucosa (Sars 1901) 0.2 3.8 1.0 0.8 0.2
Celsinotum candango (Sinev and Elmoor-Loureiro 2010) 0.3
Ceriodaphnia cornuta (Sars 1885) 1.3
Chydorus cf sphaericus (M€uller 1776) 0.1
Chydorus eurynotus (Sars 1901) 0.7
Chydorus pubescens (Sars 1901) 3.2 5.6 0.8
Chydorus sp.1 2.0 1.0
Chydorus sp.2 13.0 0.3
Daphnia gessneri (Herbst 1967) 4.0
Ephemeroporus barroisi (Richard 1894) 2.8 3.5 6.8
Ephemeroporus hybridus (Daday 195) 3.2 0.3 0.9
Ephemeroporus tridentatus (Bergamin 1931) 26.2
Graptoleberis occidentalis (Sars 1910) 2.0 0.1
Ilyocryptus spinifer (Herrick 1882 ) 0.8 3.5 1.2 0.3 1.4
Leydigiopsis ornata (Daday 1950) 0.1
Macrothrix elegans (Sars 1910) 0.4 1.6 0.3
Macrothrix paulensis s (Sars 1888) 0.3 0.4 7.5 0.4
Macrothrix squamosa (Sars 1900) 2.5 7.8 0.4
Moina macrocopa (Straus 1820) 0.4
Pseudosida ramosa (Daday 1940) 1.5
Simocephalus exspinosus (De Geer 1778) 4.7
COPEPODA
Argyrodiaptomus furcatus (Sars 1910) 5.2
Attheyella sp. 2.7 0.1 0.3
Calanoida NI 10.3 5.3 8.5 1.0 8.8 3.7 1.3 1.4
Cyclopoida NI 6.2 16.8 2.3 3.5 1.9 7.6 2.0
Dactylodiaptomus pearsei (Wright 1927) 1.2 0.9
Ectocyclops rubescens (Brady 1940) 5.2
Ectocyclops sp. 3.7 6.8 2.8
Mesocyclops aspericornis (Daday 1960) 0.2
Mesocyclops sp. 0.2 0.6
Microcyclops anceps (Richard 1897) 5.5 8.3 0.6 0.9 0.2
Microcyclops sp. 0.8 0.2
Notodiaptomus sp. 16.3
Paracyclops chiltoni (Thomson G.M. 1883) 0.1
Scolodiaptomus corderoi (Wright 1936) 0.9
Thermocyclops decipiens (Kiefer 1929) 1.2 0.3
Tropocyclops prasinus prasinus (Fischer 1860) 13.9 2.0
Zooplankton Total Relative Abundance (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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Figure 2. Cumulative curve of zooplankton richness based in the samples taken from studied lakes.

Table 3. Total number of species, biotic indices expressed as mean values of the Shannon diversity index (H0), spe-
cies richness (S), Pielou’s evenness index (J0) and frequency of occurrence of zooplankton species.

Total occurrence of species Richness
Diversity
(Shannon)

Equitability
(Pielou)

Frequency of occurrence (%)

Rare Accessory

Hydroperiod Temporary 65 22.8 1.73 0.56 52.3 13.8
Permanent 100 16.8 1.66 0.65 72 24

Altitude (m) < 1080 98 20 1.79 0.63 62.2 29.5
> 1220 66 15.8 1.42 0.65 45.5 48.5

Area (m2) < 200 69 16.4 1.65 0.62 52.2 34.8
> 280 99 18.8 1.69 0.64 68.7 25.3

Macrophyte coverage (%) 0 13 4.5 0.81 0.63 15.4 53.8
25 27 8.5 1.53 0.7 15 45
50 42 21.1 1.98 0.67 12 31
75 34 20.8 1.95 0.67 8.8 17.7
100 98 25.5 1.82 0.58 42.9 43.9

Figure 3. Total zooplankton richness (A) and equitability (B) in permanent and temporary lakes.

212 E. M. ESKINAZI-SANT’ ANNA ET AL.



Lake area did not explain the richness, diversity and equitability of total zooplankton
but larger lakes promoted a higher contribution of rare species compared to smaller lakes,
while smaller lakes presented a higher contribution of accessory species compared to
larger lakes (Figure 4). Analysis of the local predictor indicated that zooplankton richness,
diversity and equitability was more influenced by macrophyte cover (Kruskal–Wallis test,
p< .01). Macrophyte cover made notables contributions also in the abundance of rare
and accessory species (Kruskal–Wallis test, p< .01; Table 4; Figure 5).

PERMANOVA analysis based on the zooplankton community abundance indicated
that different zooplankton groups and total zooplankton were statistically different and
significantly influenced by a balance of regional (hydroperiod and altitude) and local (area
and macrophyte cover) factors (Table 5). Comparisons between communities revealed
that lake area, macrophyte cover and hydroperiod presented the most visible separation
of the sections in a multidimensional space used to illustrate univariate zooplankton com-
munity structure (Figure 6).

Discussion

The results of our study indicated that the high-altitude tropical shallow lakes in the
Espinhaço Mountain Range harbor a significant richness of zooplankton and that zoo-
plankton richness, diversity and equitability were strongly influenced by a balance
between some regional (hydroperiod) and local (macrophyte cover) factors.

The predictable and stable hydrological pattern of the permanent montane lakes did
not prevent zooplankton from showing higher richness in temporary habitats compared
to permanent ones, refuting our first hypothesis and confirming the magnitude of the
regional factor (hydroperiod) in affecting zooplankton richness. It is worthy to point out
that, most samples from permanent lakes contained many species that occurred only
once, in a single sample. Therefore, the high levels of constant species in temporary lakes
increased the richness in these lakes, although, the permanent lakes showed a high num-
ber of species occurrences.

Hydroperiod is one of the key selective agents that influences local adaptations of pop-
ulations and interactions of aquatic biota (Boven and Brendonck 2009; Incagnone et al.
2015). Although, dry periods can affect the viability of the resting-stage bank of zooplank-
ton in temporary waters (Brock et al. 2003; C�aceres and Tessier 2003), shaping zooplank-
ton community structure in short and long time, a positive effect of the fluctuating
hydroperiod on zooplankton richness has been described, including constraints on the
abundance and biomass of predators and increases in spatial and temporal heterogeneity
(Spencer et al. 1999; Jenkins et al. 2003).

Table 4. Nonparametric analysis (Mann–Whitney and Kruskal–Wallis) of the local and regional factors and the rela-
tionships between biotic indices and frequency of occurrence of zooplanktonic species.

Mann–Whitney
Kruskal–Wallis

Hydroperiod Area Altitude Macrophyte cover

Richness (S) 0.01647 0.868 0.1316 9.042e-05***

Diversity (H0) 0.6463 0.1035 0.2123 0.0008643***

Equitability (J) 0.0005389 0.1126 0.07008 0.0008643***

Rare 0.3032 0.01481 0.0664 2.21e-06***

Acessory 0.315 0.01244 0.1751 2.789e-05***

Asterisks indicate significant differences at level p<¼.01. Bold values denote statistical significance at the p <
.05 level.
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Figure 4. Relative abundance (%) of rare and accessory species in lakes with <200 and >280m2 of area.

Figure 5. Effects of macrophyte cover on biotic indices of zooplankton community (A, B and C) and relative abun-
dance (%) of rare and accessory species an macrophyte cover (D and E). RA: relative abundance.

214 E. M. ESKINAZI-SANT’ ANNA ET AL.



Altitude was not a determining factor for the total zooplankton richness, which did
not differ between lakes at lower (<1008m a.s.l.) and higher altitudes (>1280m a.s.l.).
Even though in high-altitude montane areas (>3000m a.s.l.) the limiting effect of extreme
environmental conditions on the diversity of aquatic biota is amply documented
(Morales-Baquero et al. 1989; Coronel et al. 2007; Madsen et al. 2015). Our results
showed that these lower-altitude tropical montane lakes (<2000m a.s.l.) had very similar
zooplankton assemblages and can be considered a homogeneous community in terms of
species richness, diversity and equitability as well as regarding to the frequency of occur-
rence of rare and accessory species. Several factors may be associated with this homogen-
ization: similar environmental characteristics among the lakes (environmental
heterogeneity and limnological conditions, for example) and the dispersal and emergence
of individuals through propagules. Therefore, factors associated with dispersal and colon-
ization may help to explain this similarity between zooplankton assemblages between
higher- and lower-altitude lakes. In fact, the study by Eskinazi-Sant’Anna and Pace (2018)
showed that recolonization of the zooplankton through emergence from the resting-egg
bank is a strong force driving the zooplankton community in some of these temporary
high-altitude shallow lakes.

Our results indicated that a large variation of zooplankton species was influenced by
lake area (local factor), mostly because large lakes congregated a high portion of rare spe-
cies and smaller lakes presented a higher contribution of accessory species. Larger pools
may provide more microhabitats for aquatic biota, reducing the chance of local extinction
during the harsh seasonal period of dry, while the contribution of rare species is predicted
to be lower in small lakes (Eitam et al. 2004). Besides this, large pools can provide more
stable physicochemical conditions than smaller pools (Kiflawi et al. 2003), contributing to
enhance local biodiversity.

We identified that lakes with small area were determinant to the highest abundance of
zooplankton accessory species. Although, small lakes can be very limiting habitats for
some aquatic groups (e.g. fish), these waterbodies can show a reverse pattern of abun-
dance and richness for many other aquatic organisms, helping to preserve metapopula-
tions and communities (Leibold et al. 2004; Williams et al. 2004). Small lakes are more
exposed to frequent events of desiccation and inundations, which is a selection pressure
to zooplankton species with severe consequences for species with a longer life cycle such
as copepods and cladocerans. The high frequency of production of dormant stages can
contribute to the structure of the actual communities and the dominance of the species
less affected by the constrains imposed by environmental fluctuations in small lakes. The
higher contribution of accessory species in small lakes may reflect a higher dominance of
zooplankton species adapted to the fewer niches that small lakes can provide compared to
larger ones, which suggest that small lakes may promote increases in dominance of spe-
cific species in zooplankton communities of tropical high-altitude lakes.

Table 5. Results from multivariate PERMANOVA analysis testing differences in zooplankton community abundance
for differences between local (area and macrophyte cover) and regional (hydroperiod and altitude) factors and inter-
action between these factors.

Factor df SS MS F Model R2 p (Perm)

Hydroperiod 1 0.5774 0.57736 18.910 0.14060 .001***

Area 1 0.6019 0.60187 19.712 0.14657 .001***

Altitude 1 0.4102 0.41019 13.435 0.09989 .001***

Macrophyte Cover 2 1.2041 0.60204 19.718 0.29322 .001***

Residuals 43 1.3129 0.3053 0.31973
Total 48 4.1064 1.00000

Asterisks indicate significance differences.
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Macrophyte cover was the most prominent local factor that significantly influenced
zooplankton richness, diversity, equitability and the frequency of occurrence of rare and
accessory species. Many representatives of the zooplankton assembly present a strong rela-
tionship between the presence of aquatic vegetation and high levels of abundance and
diversity, been highly specialized to exploit microenvironments and substrate availability
provided by vegetation (Scheffer 2004; Forr�o et al. 2008). Others mechanisms associated
with zooplankton occurrence in densely macrophyte-covered aquatic ecosystems are also
described, including the less intense predation (Rennie and Jackson 2005), the antipreda-
dor refuge effect (Meerhoff et al. 2007), the increase of niche availability, including food
sources (Wellborn et al. 1996; Frisch et al. 2006; Waterkeyn et al. 2008) and the physical
complexity habitat provides by banks of macrophytes, which has been shown to be posi-
tively associated to zooplankton diversity (Bolduc et al. 2016).

The phytoplanton Chl-a concentration was not significantly correlated to diversity and
richness of zooplankton, although, high availability has been detected in all studied lakes

Figure 6. Non-metric multidimensional scaling plot illustrating the model based on the zooplankton abundance com-
position and selected local (area and macrophyte cover) and regional (altitude and hydroperiod) factors. Symbols rep-
resent the different communities.
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(> Chl-a 10 mg.L�1). The direct trophic connection between zooplankton and Chl-a seems
to be less significant to zooplankton diversity in small, shallow lakes, densely covered by
macrophyte beds (Phiri et al 2011; Braghin et al. 2016) which are colonized mainly for
epibenthonic zooplanktonic species. For these species, the most abundant forms detected
in the present study, others food sources such as periphytic algae, bacteria and ciliates
present in macrophytes, can be the most important factor to influence diversity
(Hinojosa-Garro et al. 2010; Algarte et al. 2017).

Although, caution is needed when generalizing patterns extracted from different com-
munities, it is indubitable the extreme importance of the heterogeneity effect of macro-
phyte beds enhancing invertebrate diversity as indicated in our study, as also observed in
others no-altitudinal tropical lakes (Thomaz, Dibble et al. 2007; Maia-Barbosa et al. 2008).

It is worth mentioning that a potential predator–prey interaction between zooplankton
and fish and macroinvertebrates in the studied habitats was not considered in the present
paper due to the lack of data of fish and macroinvertebrates composition and abundance.
In particular, the presence and identity of predators can be affected by the hydroperiod
length with fish as the dominant predators in permanent ponds while in temporary ponds
invertebrates and larval amphibians are the dominant predators in fishless habitats (Pintar
and Resetarits 2018). The study of Tavares-Junior et al. (2020) reveals that tapdoles com-
munity presents an expressive species diversity in two of the studied lakes (Gorila and
Seca), but functional diversity of tapdoles was not quantified, making it difficult to assess
the potential impact of tapdoles predation on zooplankton.

The significant difference in the zooplankton structure (composition and abundance)
may be associated with the local environmental constrains, shaping the patterns of occur-
rence of rare and accessory species. Hydroperiod is considered to be decisive forcing force
to zooplankton community (Havel et al. 2000; Dias et al. 2017), mainly because they
influence the dynamics of populations subject to the severe conditions imposed by the
extension of the drought period. In addition, due to the small area and shallow depth of
the studied lakes, even little variations in environmental conditions (e.g. altitudinal local
effect, different mosaics and degree of macrophyte coverage) may represent decisive con-
ditions to zooplankton species selection in small waterbodies.

In summary, our results indicated that there was a noticeable influence of the local
and regional factors on the zooplankton community. The zooplankton richness, diversity,
equitability and the frequency of occurrence of rare and accessory species in the high-
altitude lakes of the Espinhaço Mountain Range are shaped by the action of different local
and regional factors, which affect the zooplankton groups in different ways. Hydroperiod
and lake area (regional), and macrophyte cover (regional) are the factors that positively
influenced the biodiversity indexes tested. Environmental heterogeneity can be considered
the most important factor affecting zooplankton community, since all indexes tested
responded significantly to increased macrophyte cover. The altitudinal lakes harbored zoo-
plankton assemblages consisting mainly of rare and accessory species, probably in
response to the strong environmental filter of drying on species that are most sensitive to
this type of disturbance. Rare species were better represented in the larger lakes, indicat-
ing species sorting associated with the niche effect.

Although, the zooplankton community structure has shown dissimilarities in abun-
dance and composition among the lakes, we did not observe a clear influence of altitude
in zooplankton richness, diversity and equitability, as opposed to observations in other
high-altitude environments, suggesting that in lower-altitude tropical montane environ-
ments the zooplankton community is subject to a greater effect of species homogeniza-
tion, which could influence the regional diversity (ß diversity). Further studies would be
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useful to better understand the influence of altitude on zooplankton richness in these still
insufficiently studied environments. To improve predictions derived from the present
study of the temporary and permanent lakes from Espinhaço Mountain Range, future
research should include a greater number of aquatic habitats (pools, ponds and lakes) and
the effects of biotic interactions specially competition and vertebrate and invertebrate pre-
dation. All around the globe, mountain areas are centers of endemism and diversity on
account of their isolation and altitudinal diversity. In view of its distinctive characteristics,
anthropic pressure and endemism, the Espinhaço Mountain Range was declared an area
of extreme biological importance (Drummond et al. 2005). The study is a first attempt to
elucidate the influence of local and regional factors on zooplankton diversity in aquatic
environments from a threatened and still insufficiently studied mountain range from
Southeast Brazil.
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