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Abstract Lakes and reservoirs present contrasting

differences regarding origin, age and trophic state that

may influence their biological communities. In the

face of the inevitably rising number of reservoirs

worldwide, our objective was to investigate the

differences in zooplankton community structure and

diversity patterns from 98 tropical shallow lakes and

reservoirs (northeast Brazil). We tested the hypothesis

that reservoirs have less diverse communities, which

could be associated with ecosystem age or high

productivity (a typical local pattern). The results show

that most reservoirs are eutrophic ecosystems that hold

distinct zooplankton communities in comparison with

lakes. Despite their higher productivity, reservoirs

played an essential role in subsidizing zooplankton

diversity as they had higher gamma diversity because

of the number of exclusive species, especially for the

Rotifera group. The zooplankton density and biomass

were also higher in the reservoirs, but this pattern was

not associated with higher species dominance. Lakes

also played a central role in zooplankton diversity,

having a distinct species composition. Jointly, lakes

and reservoirs help to maintain the zooplankton

species pool at a regional level, suggesting the

importance of complementarity in community com-

position between artificial and natural aquatic
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ecosystems on large-scale patterns of zooplankton

biodiversity.

Keywords Local diversity � Regional diversity �
Ecosystem age � Eutrophication � Drylands � Caatinga
biome

Introduction

Natural lakes (hereafter lakes) and reservoirs are

inland water ecosystems recognized for their ecolog-

ical, economic and social importance (Tundisi and

Matsumura-Tundisi 2003; Irz et al. 2006; Manatunge

et al. 2008; Downing 2010; Fang et al. 2016). They

constitute an essential source of water resources for

ecosystem services and biodiversity development,

besides acting as fundamental components for hydro-

logical and biogeochemical cycles (Tranvik et al.

2009; Cooke et al. 2016). Lakes are usually ancient

ecosystems formed by geomorphological processes

(Havel et al. 2005; Dodson et al. 2007), while

reservoirs are human-made environments, which have

been recently implemented (& 50–100 years) to

fulfill a variety of human needs, such as recreation,

hydroelectricity production, waste disposal, drinking

water and irrigation (Lehner and Döll 2004; Lehner

et al. 2011). In this sense, lakes and reservoirs differ in

origin, age, basin morphology, hydrological processes

and human use (Timms 2009; Branstrator 2010;

Doubek and Carey 2017). Such differences may

influence community diversity through differences in

patterns of species richness, composition, and popu-

lation abundance (Pinto-Coelho et al. 2005; Simões

et al. 2015).

Studies about biological diversity in lentic ecosys-

tems are primarily conducted in lakes, with many gaps

about how biological communities respond to the

differences presented by lakes and reservoirs (Merrix-

Jones et al. 2013). Understanding how biological

diversity differs between lakes and reservoirs is

central to community conservation of inland water

biodiversity, owing to the increasing fraction of global

inland surface waters turning into reservoirs and the

concomitant reduction in the number of lakes world-

wide (Nilsson 2009; Pekel et al. 2016). This scenario is

even more prominent in drylands (i.e., arid and

semiarid regions), where extreme droughts are

becoming more frequent due to climate changes,

leading to the disappearance of small lakes and ponds

and the need to construct artificial inland water bodies

(Pekel et al. 2016).

In low-latitude regions of Brazil, reservoirs are

usually built to supply electricity and for general

anthropogenic water demands (Rosenberg et al. 2000;

Lazzaro et al. 2003; Havel et al. 2005; Moss 2009). In

northeast Brazil, where the semiarid climate determi-

nes water shortages, reservoirs and lakes are subjected

to detrimental effects of irregular rainfall and high

evaporation (Sousa et al. 2008; Da Costa et al. 2016).

Reservoirs in this region are generally small

(\ 1 km2) and constitute the primary water source

for the local populations (Molle 1991; Bouvy et al.

2001). Under this scenario, they have suffered with the

impacts of increasing nutrient concentrations causing

eutrophication (Chellappa and Costa 2003; Costa et al.

2006), which may act as an environmental filter

selecting species that are adapted to eutrophic and

hypereutrophic conditions and resulting in the

decrease in local species diversity (Crossetti et al.

2008; Arthaud et al. 2012). Despite this, the reservoirs

may contain exclusive species that contribute to the

regional species pool in lentic ecosystems, since they

constitute hybrid systems (i.e., lotic and lentic char-

acteristics) and harbor species adapted to lotic

conditions.

Contrasting with these patterns, the geomorpho-

logical and hydrodynamic changes that occurred

throughout the history of the lakes have subjected

the biological community to a long process of adaptive

selection to such conditions (Wellborn et al. 1996;

Albrecht andWilke 2008). According to the structural

heterogeneity hypothesis, habitats that have existed for

more extended periods are structurally more complex.

Such complexity may act as an environmental filter for

the regional species pool, selecting different combi-

nations of functional traits and increasing the com-

munity diversity (McKindsey and Bourget 2001).

Similarly, the ecological time hypothesis states that

old habitats (such as lakes when compared to reser-

voirs) had more time to be colonized and therefore

should have higher diversity (Pianka 1988).

In the face of the inevitably rising number of

reservoirs worldwide, our objective was to verify the

contribution of reservoirs and lakes on the patterns of

local and regional diversity of zooplankton commu-

nities. Zooplankton constitute a diverse and abundant
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group, with species that vary greatly in size, ontoge-

netic development, growth, reproductive and feeding

strategies, and trophic levels (Brown et al. 1996;

Figuerola and Green 2002; Beisner et al. 2006). These

species play an essential role in the aquatic food webs,

linking primary production to upper trophic levels

(Soranno et al. 1993; Harris et al. 2000; Suthers and

Rissik 2009). The high diversity of trait variability and

dispersal capacity across zooplankton species makes

them very sensitive to changes in aquatic ecosystems

across space and time (Leibold 1999; Dodson et al.

2000) and consequently to the processes governing

community assembly at local and regional scales

(Beisner et al. 2006; Allen 2007).

Following these conjectures, we expect that: (1)

lakes should have higher alpha diversity (local scale)

than reservoirs when expressed by indices such as

species richness, Simpson diversity and evenness, and

higher gamma diversity, when expressed by total

species richness at the regional scale. This scenario

will dictate higher species dominance and regional

homogenization in reservoirs due to environmental

conditions that favor the emergence of fewwidespread

tolerant species (Ghidini et al. 2009; Wojciechowski

et al. 2017). In addition, (2) total local zooplankton

community biomass and density are expected to be, on

average, higher in reservoirs due to higher nutrient

concentrations. Finally, (3) although reservoirs are

expected to harbor more homogeneous communities

than natural lakes, they may play a significant role in

the regional biodiversity conservation as they host a

fraction of exclusive species from the regional pool.

Materials and methods

Study area

This study was performed using data from 98 low-

latitude lentic freshwater environments (30 lakes and

68 reservoirs) sampled during the dry season (Septem-

ber 2012) (Fig. 1). Ecosystems were predominantly

shallow (91%\ 4 m deep) with small surface areas

(87% \ 1 km2) (Table 1). Only two lakes and five

reservoirs presented depths varying between 4 and

9 m. Their distribution spans about 36,000 km2 from

the coastal region (tropical humid and tropical semi-

humid climatic subdomains; annual precipita-

tion & 800–1200 mm) to the semiarid region

(semiarid climatic subdomain; annual precipita-

tion & 400–800 mm) (Diniz and Pereira 2015;

INMET 2015). Despite the large geographic distribu-

tion of the sampled ecosystems, all of them were

perennials (SUDENE 2010). The sampled reservoirs

consisted of systems formed by stream damming,

constructed in 1915 by the National Department of

Works for Drought Control (DNOCS 2015). They

were built to store water, so that there are no water

outflows unless the water level rises above the dam.

These reservoirs present low outflow and high water

residence time associated with a negative hydric

balance and high temperatures during most of the

hydrological cycle (Barbosa et al. 2012). They are

generally surrounded by shallow and low-permeable

soils, which prevent groundwater accumulation. The

sampled lakes are mostly coastal systems originating

from the tertiary period with subsequent quaternary

sediment deposition, are mainly surrounded by sandy

soils, and primarily supplied by groundwater (Esteves

et al. 2008).

Sampling procedures of zooplankton

and environmental variables

The sampled lakes and reservoirs were not stratified.

Therefore, water samples for zooplankton and phys-

ical/chemical analysis were collected from the sub-

surface (approximately 0.3 m deep) portion of the

water column with a Van Dorn bottle. Samplings were

taken from six different spots in each ecosystem.

Three sampling spots were randomly positioned near

the shores of the littoral region, and the other three

were taken from limnetic habitats, near the central

portion of the water body. The six water samples from

each lake were mixed and integrated into a single

sample in a graduated bucket from which aliquots to

analyze abiotic water parameters and zooplankton

were taken. Dissolved oxygen (DO) concentration (%

of saturation) was measured in the field with a

portable digital multiparameter system (YSI), and

values were averaged across the six sampling spots.

Aliquots of water (500 ml) were stored in pre-washed

plastic vials and frozen until laboratory analysis of

chlorophyll-a (Chl-a) determination, according to

Jespersen and Christoffersen (1987), total phosphorus

(TP), according to Murphy and Riley (1962), and total

nitrogen (TN) (nitrogen analyzer TOC-V Shimadzu).

The ecosystem area was calculated for each lake and
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Fig. 1 Map of the study area showing the 98 lentic aquatic systems distributed across the state of Rio Grande do Norte, in northeast

Brazil. The dotted line on the map indicates the transition between the tropical humid (on the right) and semiarid regions (on the left)

Table 1 Descriptive statistics of the environmental variables and ecosystems size (area) for the sampled lakes and reservoirs

Chl-a (mg L-1) TP (mg L-1) TN (mg L-1) DO (%) Temp (�C) Area (km2)

Natural lakes (n = 30)

Average 0.05 0.17 4.03 78.8 27.7 0.40

Median 0.009a* 0.13a* 4.05a* 93.9a* 27.5 0.11

Standard deviation 0.11 0.19 1.80 39.8 1.3 1.29

Maximum 0.39 1.04 9.18 150.5 30.3 7.25

Minimum 0.0003 0.02 1.36 5.4 25.6 0.0023

Reservoirs (n = 68)

Average 0.07 0.25 5.30 57.5 27.3 0.94

Median 0.02b* 0.20b* 4.95b* 31.0b* 27.2 0.16

Standard deviation 0.12 0.20 2.35 45.4 1.4 2.29

Maximum 0.63 0.99 13.18 194.9 30.6 13.29

Minimum 0.001 0.02 0.91 3.5 23.6 0.0022

Different letters superscript to average or median values for a given variable between lakes and reservoirs depict statistical

differences (*P\ 0.05; t test for area and Mann–Whitney test for the other variables)

Chl-a Chlorophyll-a, TP total phosphorus, TN total nitrogen, DO dissolved oxygen saturation and Temp water temperature
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reservoir using the software ArcGIS 10.5.1 (ESRI

2011). To describe the parameters related to the

landscape properties and land cover across the lakes

and reservoirs, we measured a set of variables related

to the morphometry of the aquatic ecosystems and

their catchments, as well as the land use on these

catchments. To delineate catchments for each of the 98

aquatic ecosystems, a 30-m digital elevation model

(DEM) mosaic comprising the states of Rio Grande do

Norte and Paraı́ba was gathered from the Brazilian

Geomorphometric database (TOPODATA), available

at http://www.dsr.inpe.br/topodata/acesso.php. The

‘‘fill sinks’’ function was used as a DEMmanipulation

procedure to fill any existing depressions in the DEM

file that could obstruct water flow. Delineation of

catchments was based on polygon shapefiles for the

lakes and reservoirs and was performed using the Arc

Hydro 2.0 Toolbox (ESRI 2011) in ArcGIS 10.5.1.

Morphometric variables that can potentially affect the

degree of connectivity between aquatic and terrestrial

systems, including catchment area (CA), lake area

(LA) and catchment area/lake area ratio (CA/LA),

were calculated for each lake and reservoir and

catchment in ArcGIS 10.5.1 (ESRI 2011).

Land use was characterized for individual catch-

ments, using 2012 data for land-use classification for

the Caatinga and Atlantic Forest biomes, available

through the MapBiomas Initiative—v.2.3 (http://

mapbiomas.org/). The MapBiomas classification of

land use provides a suite of precise classifications of

diverse natural vegetation physiognomies and human

use, including forests, fields, natural non-forest areas,

agriculture, pasture, urban, developed, water, among

others. The area of each land-use type was calculated

using the ‘‘tabulate area’’ tool in ArcGIS 10.5.1.

Subsequently, categories of land use provided by

MapBiomas were grouped in three main groups: forest

cover, agriculture/pasture cover and urban cover

(Table S1).

Zooplankton samplings were performed by filtering

a known volume of water (30 to 70 L depending on the

number of suspended particles in the water) from the

bucket through plankton net (50-lm mesh). The

samples were rapidly fixed with a sugar formaldehyde

solution (4% final concentration) and stored in 150-ml

glass flasks. Zooplankton individuals (Rotifera, Cope-

poda, and Cladocera) were identified to the species

level using a Sedgewick-Rafter camera and micro-

scope (for Rotifera), a Bogorov camera and stereo

microscope (for Copepoda and Cladocera), and taxo-

nomic guides (e.g., Elmoor-Loureiro 1997; Koste

1978; Santos-Silva 2000). Identification and counting

were performed on three replicates per sample with at

least 100 individuals of the most abundant organisms

in each. The samples were thoroughly evaluated to

search for rare species. Total zooplankton density (ind

m-3) was calculated by multiplying the number of

individuals by the total volume of water filtered.

To estimate Cladocera, Calanoida and Cyclopoida

biomass as dry weight (lm DW m-3) per sample, we

first determined the individual species weight by

measuring 30 random individuals of each species and

used their body sizes in allometric equations available

in the literature (e.g., Hall et al. 1970; Bottrell et al.

1976; Wetzel and Likens 1991). Then, we multiplied

the species biovolume by its density and summed this

over the species within each group. To determine

rotifers biomass (lm DW m-3), we used literature

data on average individual weight for each species

(e.g., Bottrell et al. 1976; Pauli 1989) and multiplied

them by each species density followed by summing of

the species. Total zooplankton biomass was then

estimated by summing the biomass of rotifers, clado-

cerans and copepods in a sample.

Data analysis

To test the average differences in abiotic parameters

that characterize the trophic status of the aquatic

ecosystems of natural lakes and reservoirs, we used the

Mann–Whitney test to compare the Chl-a, TP, TN, DO

and ecosystem area (these parameters were not

normally distributed) and the Student’s t test to

compare the water temperature (normally distributed

among samples).

We used individual-based rarefaction curves to

assess whether regional species richness (gamma

diversity) would be higher in lakes than in reservoirs.

This method allows us to compare regional zooplank-

ton species richness between lakes and reservoirs

while removing the effect of different sampling efforts

(i.e., differences in the number of sampled individuals)

(Gotelli and Colwell 2001). The rarefaction curves

were constructed by the bootstrap method, randomly

selecting the individuals according to a growing

sampling effort. The selection was repeated 1000

times to obtain an average pattern of species richness

for lakes and reservoirs. The 95% confidence interval
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(CIŜ) was estimated by IC = Ŝ ± s 9 1.96 (Manly

2006), where s is the standard deviation of the 1000

species richness values. We also performed a permu-

tational multivariate analysis of variance (PERMA-

NOVA; Anderson 2001) based on the Jaccard index

with 999 permutations to test whether lakes and

reservoirs differed in species composition, and a

principal coordinate analysis (PCoA) to assist visual-

izing the results of the PERMANOVA.

To test whether the total zooplankton community

biomass and density were, on average, higher in

reservoirs than in lakes, we first transformed data

(log10) to meet homogeneity of variances and then we

used the Student’s t test, considering individual lakes

and reservoirs as independent sample units. To

measure local zooplankton species diversity, we

calculated Simpson’s reciprocal index of diversity

(D): D ¼ 1PS

i¼1
p2
i

(where pi is the proportion of species

i, and S is the number of species). Zooplankton species

evenness (E) was based on Simpson’s reciprocal index

of diversity: E ¼ 1�Dð Þ
S

. We used the Mann–Whitney

test and the Student’s t test to compare the Simpson’s

diversity (not normally distributed) and the average

local zooplankton species evenness between lakes and

reservoirs.

All analyses were carried out in R 3.1.3 (R Core

Team 2015). We wrote the routine for individual-

based rarefaction curves. PERMANOVA, Simpson’s

reciprocal index of diversity and evenness were

calculated using the vegan package (Oksanen et al.

2015). The PCoA was performed using vegan and ape

packages (Paradis 2012). The Student’s t test and

Mann–Whitney test (Wilcoxon rank-sum test) were

calculated using the stats package (R Core Team

2015).

Results

Abiotic parameters describing the trophic status of the

aquatic ecosystems were statistically distinct between

lakes and reservoirs. Reservoirs had higher values of

Chl-a, TP, TN and lower values of DO than lakes. The

average values of water temperature and area were not

statistically different between the two types of

ecosystems (Table 1). Regarding the landscape prop-

erties and the patterns of land use, we observed that the

catchment area and the catchment area/ecosystem area

ratio were significantly higher for reservoirs compared

to lakes (Table S1). Only values referent to urban land

cover were significantly different between the two

kind of ecosystems, with lakes showing a slightly

higher proportion of catchment converted to urban

areas compared to reservoirs (Table S1).

For the zooplankton community, we recorded a

total of 179 species across all sampled ecosystems. In

lakes, 135 species were registered (16 copepods, 36

cladocerans, and 83 rotifers species), while in reser-

voirs a total of 148 species were found (19 copepods,

35 cladocerans, and 94 rotifers species) (Table S1).

Thirty-one species were found exclusively in lakes,

while 44 were exclusively from reservoirs (Table S2).

Zooplankton community composition between lakes

and reservoirs was statistically different (PERMA-

NOVA; F = 4.30; P = 0.001), with plot groups for

lakes and reservoirs separated in the ordination space

(Fig. 2).

The rarefaction curves showed that reservoirs had

proportionally more zooplankton species (gamma

diversity) than lakes (Fig. 3). Although at low sam-

pling effort the regional species richness accumulated

faster across lakes than in reservoirs, at the maximum

sampling effort for lakes (& 2,500,000 ind m-3)

reservoirs had a significantly higher number of

sampled zooplankton species (Fig. 3). Also, on aver-

age, reservoirs had higher total zooplankton abun-

dance and biomass than lakes (Fig. 3; P\ 0.001;

unpaired Student’s t test). Finally, we did not find any

Fig. 2 Ordination diagrams of principal coordinate analysis

(PCoA) for zooplankton communities from lakes (n = 30) and

reservoirs (n = 68). Numbers in parenthesis are the percentages

of variance associated with each principal coordinate axis
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statistical differences between lakes and reservoirs for

alpha diversity, concerning the average local species

richness (Fig. 4a; P = 0.241; unpaired Student’s

t test), Simpson’s diversity (Fig. 4b; P = 0.285;

Mann–Whitney test) and species evenness (Fig. 4c;

P = 0.882; unpaired Student’s t test).

Discussion

We analyzed the zooplankton diversity patterns

between lakes and reservoirs in northeast Brazil by

performing the first comprehensive comparative anal-

ysis of a large number of lentic aquatic ecosystems

with different origins and age from tropical regions.

As we expected, reservoirs had higher nutrient levels,

which could indicate eutrophication processes. How-

ever, these characteristics were not found to be

associated with zooplankton gamma or alpha diversi-

ties, contradicting our first hypothesis. This result was

a consequence of the high percentage of exclusive

species in the reservoirs, especially the Rotifera group.

We also observed that zooplankton biomass and

density were higher in reservoirs, confirming our

second hypothesis. However, this pattern was not

associated with higher species dominance as

predicted. Finally, we observed that both reservoirs

and lakes harbored significant zooplankton diversity in

tropical and shallow lentic ecosystems.

Although the reservoirs are more recent ecosystems

and our results showed that they are more productive

than the lakes (Table 1), the reservoirs had higher

gamma diversity than lakes but similar levels of alpha

diversity. We attributed the higher gamma diversity in

reservoirs to their high number of exclusive species,

especially rotifers that contributed to 61% of the

species registered solely in the reservoirs. The unique

species effect influenced the regional species pool by

increasing the gamma diversity observed in the

Fig. 3 Zooplankton gamma diversity (regional species rich-

ness) for lakes (n = 30) and reservoirs (n = 68). The curves are

individual-based rarefactions showing the average (solid lines)

accumulated zooplankton species richness and their ± 95%

confidence intervals (shaded areas). The scale number of

individuals is shown until that difference in species richness

for lakes and reservoirs is stabilized. The dashed vertical line

indicates the species richness at the comparison point. (Inset)

The bar graph shows average values and standard deviation

(log10-transformed) of total zooplankton density and biomass

for lakes and reservoirs

Fig. 4 Comparisons of local average zooplankton: a species

richness, b species diversity (measured as Simpson’s index) and

c species evenness (measured as the Simpson Evenness)

between lakes (n = 30) and reservoirs (n = 68). Differences in

local average zooplankton species richness and species diversity

were tested through a nonparametric Mann–Whitney test.

Boxes, horizontal bars and vertical solid lines represent the

interquartile range, median and the data range, respectively.

Difference in local average zooplankton species evenness

between lakes and reservoirs was tested through a t test. Vertical

bars depict the ± 95% confidence intervals
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reservoirs; however, it did not generate differences in

the alpha diversity between reservoirs and lakes. Also,

among newer ecosystems as the studied reservoirs,

age-mediated dispersal limitation may be a limiting

factor for zooplankton colonization and distribution

across the regional community, since organisms had

less time to transpose the terrestrial matrix (i.e.,

overland dispersion) and colonize new lentic habitats

(Shurin 2000; Figuerola and Green 2002; Bohonak

and Jenkins 2003). However, although the connection

between the tributaries and the reservoirs is sporadic in

the Brazilian semiarid (They et al. 2017), this process

can reduce or even compensate the age-mediated

dispersal limitation on the structure of reservoirs’

communities and facilitate the watercourse dispersion

(Havel et al. 2005), contributing to their gamma

diversity.

Regarding the influence of trophic state of the

reservoirs, areas with higher productivity are associ-

ated with larger temporal variation in species richness

and are more prone to have alternative stable states

(Chase and Leibold 2002). This factor might influence

species selection, the community assembly sequence

and species permanence, thus contributing to higher

regional richness in the reservoirs. Besides, among the

zooplankton groups, Rotifers had the highest number

of species in the two sets of ecosystems and con-

tributed considerably to the higher zooplankton

gamma diversity in reservoirs. The high dispersion

capacity (Koste 1978; Fernández-Rosado and Lucena

2001) and adaptability of rotifer species to productive

ecosystems (Araújo 1982; Sampaio et al. 2002;

Malveira et al. 2011) may have counterbalanced the

predicted adverse effects, not only for gamma diver-

sity, but also for alpha diversity in reservoirs. Rotifers

also produce resting eggs, which may be an adaptation

against environmental harshness (Gilbert 1974; Ricci

2001), such as the frequent drought periods that occur

in the Brazilian northeast region (Finan and Nelson

2001; Bouvy et al. 2003). Although resting eggs is also

a reproductive strategy adopted by Cladocera to

overcome environmental harshness, we believe that

this strategy may have been negatively counterbal-

anced in reservoirs because most of cladocerans are

not adapted to eutrophic and hypereutrophic ecosys-

tems such as the sampled reservoirs (Nogueira et al.

2008; Sendacz et al. 2006; Parra et al. 2009), and

because cladocerans are more affected by size-selec-

tive predation of planktivorous fish which are

widespread among the sampled ecosystems (Menezes

et al. 2012; Eskinazi-Sant’Anna et al. 2013).

Diverging from what we observed, Simões et al.

(2015) reported higher zooplankton gamma diversity

across lakes than reservoirs in the Paraná river basin in

southern Brazil. The authors argue that the reservoirs

are oligotrophic compared to natural lakes and

attributed the highest zooplankton gamma diversity

in lakes to the increased productivity. The predomi-

nance of oligotrophic reservoirs in southeast Brazil

was evidenced from the 31 reservoirs studied by

Pagioro et al. (2005). This scenario contrasts with our

results, where the reservoirs had higher levels of

nutrient concentrations related to productivity (e.g.,

Chl-a, TP, and TN), indicating that most of them are

eutrophic or hypereutrophic. In another study, Dodson

et al. (2007) did not record differences in zooplankton

species richness for lakes and reservoirs considering

the ecosystems age. However, they observed that for

lakes (9500 years) and reservoirs (3–37 years) located

in Wisconsin (USA), the watershed land use was more

important than the lake age for generating differences

in zooplankton richness. In our study, the higher

trophic state of reservoirs compared to lakes was not

apparently associated with the extent of land use of

their catchments as advocated by others (De Araujo

et al. 2006; Chellappa et al. 2009). Rather, patterns of

nutrient concentration in reservoirs mirrored the

patterns of catchment area and catchment area/

ecosystem area ratio of these ecosystems. Therefore,

compared to lakes, this result may indicate that

reservoirs are, on average, more eutrophic because

they have larger catchments which contribute with

greater entrance of allochthonous material per unit

area of the reservoirs.

Regarding ecosystem age, we hypothesized that

since lakes are older ecosystems, they would have

greater gamma and alpha diversity than zooplankton

(i.e., ecological time hypothesis—Pianka 1988). How-

ever, it is possible that the higher water residence time

in reservoirs is a more significant time-related variable

for the aquatic ecosystem dynamics studied than their

age in affecting the zooplankton diversities. Aquatic

communities of the reservoirs in northeast Brazil are

reset with lower frequency than those of lakes giving

the reservoirs high water residence times face the

frequent droughts (They et al. 2017). Meanwhile in

lakes, the more frequent inputs of water and

allochthonous organic matter may contribute to
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shifting the communities to an ‘‘early point’’ in

evolutionary time (Wilkinson et al. 2013; They et al.

2017).

Due to the high resource availability in reservoirs,

we predicted that the average local zooplankton

abundance and biomass would be higher in reservoirs

than in lakes. Similar to many studies that investigated

the importance of resource availability for population

and community abundance of zooplankton (Canfield

Jr and Watkins 1984; Corgosinho and Pinto-Coelho

2006; Havens and Beaver 2011), we also found

support for our predictions. However, the higher local

zooplankton abundance was not associated with the

success of a few dominant species adapted to the high

productivity of reservoirs. Consequently, no differ-

ences were observed in Simpson’s diversity and

evenness when comparing reservoirs and lakes. We

conducted our sampling procedure in the limnetic and

littoral regions, with the very majority of ecosystems

(& 83%) being colonized by aquatic macrophytes at

the littoral zone. The environmental heterogeneity

created by the presence of macrophytes is recognized

as harboring higher zooplankton species richness in

the littoral region than in the limnetic ones (Kuc-

zyńska-Kippen 2005; Maia-Barbosa et al. 2008). The

macrophytes structural framework also favors the

appearance of different niches colonized by specific

species (Masclaux et al. 2014; Rennie and Jackson

2005; Thomaz et al. 2008), allowing the specialist

species to coexist (i.e., narrow niches) and reducing

species dominance.

In conclusion, we observed that reservoirs play an

essential role in subsidizing zooplankton diversity,

despite their high productivity. Therefore, the likely

increase in the number of reservoirs in the landscape is

expected to be crucial for the maintenance of a

significant portion of aquatic diversity. Moreover, the

lakes also play a central role in zooplankton diversity

because they contain distinct species compositions.

About a quarter of the species found were exclusive of

either lake or reservoir systems. Hence, both ecosys-

tem types contribute to zooplankton species pool,

suggesting that the complementarity in species com-

position among artificial and natural aquatic ecosys-

tems is important for large-scale patterns of

zooplankton biodiversity in the studied region. In

addition, as zooplankton is a connector element in

trophic webs linking primary producers and higher

trophic levels (Soranno et al. 1993; Harris et al. 2000),

it is possible that the results found for zooplankton

diversity extend to other groups of aquatic organisms.

Therefore, we recommend that conservation and

management policies that intend to act in the preser-

vation of freshwater biodiversity on a regional scale

must consider a scenario that includes a combination

of reservoirs and lakes in the landscape.
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de reservatórios: padrões espaciais e temporais. Rima, São

Carlos, pp 17–38

Paradis E (2012) Analysis of phylogenetics and evolution with

R. Springer, New York

Parra G, Matias NG, Guerrero F, Boavida MJ (2009) Short term

fluctuations of zooplankton abundance during autumn

circulation in two reservoirs with contrasting trophic state.

Limnetica 28:175–184

Pauli HR (1989) A new method to estimate individual dry

weights of rotifers. Hydrobiologia 186(1):355–361

Pekel J-F, Cottam A, Gorelick N, Belward AS (2016) High-

resolution mapping of global surface water and its long-

term changes. Nature 540(7633):418

Pianka E (1988) Evolutionary ecology, 4th edn. Harper &Rows,

New York

Pinto-Coelho R, Pinel-Alloul B, Méthot G, Havens KE (2005)
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