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Abstract: Aim: We analyzed the relationship between zooplankton species richness and the area of   
34 natural and 55 artificial lakes in Brazil (total of 89), with area varying between 0.01 to 2,430 km2. 
Methods: A total of 33 studies were found in the specialized bibliography, containing data from 
zooplankton sampled in the limnetic areas, here analyzed through descriptive statistics, nonparametric 
group comparisons, Spearman correlation, and non-linear regression. Results: The relationship 
between zooplankton richness and area in Brazilian lakes depend both on the size and type of the 
environments. Contradicting aspects of the biogeographic theory, in small environments (up to 6 km2) 
there is no significant influence of the area on the richness, whether it is natural (ponds) or artificial 
(dams, reservoirs). The natural lakes present greater richness and habitat variation independent of 
the size, possibly due to a more diverse composition of niches. Large natural lakes are scarce in Brazil 
but, with dams, area and zooplankton richness are positively correlated on an intermediate scale, up 
to 39 km2, critical point of size from which species’ richness stabilizes. Conclusions: For the artificial 
lakes of large or intermediate size in Brazil, area and richness of microcrustaceans have a point from 
which richness starts to stabilize, as would be expected by the biogeographic theory. But in small size 
environments there is no evidence confirming this association. Also, it is observed that the natural 
lakes present higher and more variable values for richness than the artificial ones. 
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Resumo: Objetivo: Nós analisamos as relações entre a riqueza de espécies zooplanctônicas e a 
área de 34 lagos naturais e 55 artificiais no Brasil (total de 89), lagos com tamanhos variando entre 
0,01 e 2430 km2. Métodos: Foram consultados 33 artigos disponíveis na bibliografia especializada, 
contendo dados de zooplâncton amostrados nas zonas limnéticas, analisados nesse estudo por meio 
de estatísticas descritivas, correlação de Spearman e regressão não-linear. Resultados: A relação entre 
a riqueza de espécie zooplanctônicas e a área de lagos brasileiros depende do tamanho e do tipo de 
ambiente. Contradizendo aspectos biogeográficos teóricos, em ambientes pequenos (até 6 km2) 
não há influência significativa da área sobre a riqueza, em lagos naturais e artificiais (reservatórios e 
açudes). Lagos naturais apresentam maiores riquezas e variação de habitat independente do tamanho, 
possivelmente devido a composição mais diversa de nichos. Grandes lagos naturais são escassos no 
Brasil, mas em reservatórios, a area e a riqueza do zooplâncton são positivamente correlacionadas 
em uma escala intermediária, até 39 km2, um ponto crítico de tamanho de área para que a riqueza 
estabilize. Conclusões: Para lagoas artificias de tamanho grande ou intermediário no Brasil há um 
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after the 1950’s for hydropower generation, 
aquiculture, or water supply.

Both natural and artificial lakes tend to have 
eutrophication of their waters, slowly or quickly, 
depending on several variables, such as nutrients 
concentrations, depth, water retention time, etc. 
Due to the age and historical processes, natural lakes 
have more species than artificial lakes, explained 
by the stabilization of the community in general 
(but not excluding immigration, relaxing and 
extinction in different rates), including many types 
of habitats, egg banks and, its availability in the 
sediment, etc. If this idea is true, other questions 
can be investigated, including whether the area size 
is more important that all these appointments on 
the number of species. Additionally, what are the 
implications of human interventions in the artificial 
lakes? In Brazil, there is no information relating to 
these questions. One reason is the scarcity of natural 
lakes in this country, as found in other continents, 
including North America, Africa, Europe, and Asia. 
Any comparison of natural and artificial lakes in 
Brazil is restricted to the small-sized environments.

The present study analyzed relations between 
the species richness of microcrustaceans and areas 
in natural and artificial (reservoirs) lakes in Brazil. 
The aims were: (1) To check if areas of Brazilian 
aquatic environments and microcrustaceans species’ 
richness are positively correlated, according to 
the biogeographical theories; (2) Compare the 
relations species-area in natural and artificial aquatic 
environments, supposing major richness in the 
natural systems; and (3) To estimate the critical 
value for aquatic environment areas, from which 
occurs a stabilization of microcrustaceans’ species 
richness. Our data also contributes to the knowledge 
of the areas sizing for environmental conservation.

2. Material and Methods

The study was based on values of species 
richness and areas of lakes in Brazil (Figure  1) 
found in literature, using these key-words in 
digital basis: Cladocera; cladocerans; Copepoda; 
copepods; limnology; zooplankton; reservoirs 
in Brazil; natural lakes Brazil; marginal lakes; 
floodplain lakes; species richness. There were used 
the follow basis: Google Schoolar; Scopus; Scielo 
and ISI Web of Knowledge. The selected papers 

1. Introduction

Biodiversity is a widely used term but its 
definition is not always clear. In a simple and robust 
way, biodiversity is commonly measured by the 
species’ richness (a kind of diversity alpha, local), 
referring to the number of species that inhabit a 
specific area or sample unit (Barros, 2007).

The increase of species richness (S) with area 
(A) is one of the fundamental rules in ecology and 
biogeography. Many studies report, characterize, 
and interpret the mechanisms of relations of 
species-area (SARs), practically for all biomes 
and taxa (Connor & McCoy, 1979, 2001; 
Williamson, 1988; Rosenzweig, 1995; Lomolino, 
2001; Drakare et al., 2006; Albert & Reis, 2011; 
Perbiche-Neves et al., 2014). Many studies confirm 
that this tendency of richness increases with area.

There are different ways to establish the 
best methods to analyze these relations. Some 
revisions have been published to try to standardize 
them (Dengler, 2009), however because of the 
number of biotic and abiotic factors acting on the 
communities, points of stabilization of richness 
increases lacks in literature, presenting a gap in 
knowledge about this variation. For example, the 
estimation of this critical point could be helpful 
for the sizing of environmental conservation units 
pointing if a minimum size of area is necessary to 
be considered for stabilizing the species richness of 
a selected community.

An increasing species-area relation was observed 
for fish (Albert & Reis, 2011) and for zooplankton, 
varying with the area of eco-regions (Abell et al., 
2008; Perbiche-Neves  et  al., 2014), referring to 
the hydrographic basins. The highest neo-tropical 
number of species of fish and zooplankton occurs 
in the Amazon and Paraná River basins (Albert & 
Reis, 2011; Perbiche-Neves et al., 2014).

In Brazil, there are no studies that compared 
zooplankton diversity between natural and artificial 
lakes. Most of the studies focus on artificial lakes, 
especially reservoirs for hydropower generation 
(Silva & Perbiche-Neves, 2016). Brazilian natural 
lakes are formed by erosion or deposition in river 
banks, for example in Amazon, Doce, Paraguay, 
and Paraná River basins. Generally, natural lakes are 
older than artificial lakes, which were constructed 

ponto no qual a riqueza estabiliza, como esperando nas teorias biogeográficas. Porém em ambientes 
pequenos não há evidências dessa relação. Também foi observados que lagos naturais exibem valores 
de riqueza maiores e mais variados do que os artificiais. 

Palavras-chave: Cladocera; Copepoda; ecologia; diversidade.
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are listed in the Table 1, from 1984 to 2016. Data 
from 33 studies involving 83 natural and artificial 
lakes (dams, reservoirs, ponds) were tabulated for 
a conjunct analysis of these results. The variables 
extracted were: area of lakes, type of environment 
(natural and artificial) and the species richness of 
Cladocera and Copepoda. Litoranean sites were not 
added. We found 34 natural lakes and 55 reservoirs, 
totalizing 89 environments. Same places studied by 
different authors were added as different studies.

The correlation between richness of cladocerans 
and copepods was performed using the Spearman´s 
correlation coefficient ρ and tested to the 5% 

significance level. Descriptive statistical techniques 
were used to study the trend of the species richness 
according to the area and environment type (natural 
and artificial lakes). Due the similar tendency of 
microcrustaceans’ species, we decide to use a joint 
analysis (total richness).

While reservoirs areas ranged from 0.01 up to 
2430 km2, the natural lakes showed areas smaller 
than 6 km2 (with the exceptions of Saco de Tapes 
(189 km2), Tarumã Mirim (10 km2) and Batata lakes 
(25 km2)). The correlation between total richness 
and area for each environment was analyzed using 
a Spearman’s ρ and tested using t-distribution; the 
comparison of richness distribution in natural lakes 
and reservoirs was made using the non-parametric 
test of Wilcoxon and the homogeneity of variance 
was studied with Brown-Forsythe test, being all 
made with 5% of significance level.

For reservoir data, the relation between total 
richness and area was described by a piecewise 
linear model with smooth transition (Equation 1), 
given by Griffiths & Miller (1973) and Watts & 
Bacon (1974). Similar piecewise formulations were 
applied by Toms & Lesperance (2003) in an attempt 
to estimate ecological thresholds. The  model is 
described as:

( ) =β +β − − τ + γ  
22y     x  x  0 1  (1)

where: y is the total richness in log scale; x is the area 
in log scale (km2); β β  and 0 1 are parameters associated 
with the linear phases (pieces) to be joined in 
the piecewise model; γ is a smoothing constant 

Figure 1. Distribution of the natural (red circles, N = 32) 
and artificial (blue circles, N = 51) lakes used in this study.

Table 1. List of studies used in our analysis.
Name Lake type Name Lake type

Almeida et al. (2009) Artificial Mitsuka & Henry (2002) Artificial
Arcifa (1984) Artificial Neves et al. (2003) Natural
Arcifa (1999) Artificial Nogueira (2001) Artificial
Bessa et al. (2011) Artificial Nogueira et al. (2008) Both
Bohrer et al. (1988) Artificial Nogueira & Panarelli (1997) Artificial
Bozelli (1992) Natural Perbiche-Neves et al. (2007) Artificial
Branco et al. (2000) Artificial Perbiche-Neves et al. (2013) Artificial
Branco et al. (2002) Artificial Perbiche-Neves & Nogueira (2010) Artificial
Brito et al. (2011) Artificial Pinese et al. (2015) Natural
Campanelli Mortari & Henry (2016) Natural Reid et al. (1988) Both
Corgosinho & Pinto-Coelho (2006) Artificial Sampaio et al. (2002) Artificial
Di Genaro et al. (2015) Artificial Santos-Wisniewski et al. (2002) Both
Espíndola et al. (2000) Artificial Sousa et al. (2008) Artificial
Eskinazi-Sant’Anna et al. (2013) Artificial Takahashi et al. (2009) Artificial
Ghidini et al. (2009) Artificial Velho et al. (2001) Artificial
Lopes et al. (1997) Artificial Vieira et al. (2005) Natural
Maia Barbosa et al. (2008) Natural
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arbitrarily defined (γ = 0.1); and the parameter τ is the 
critical value for log of area from which the richness 
seems to stabilize. The log transformation was 
necessary due to the different orders of magnitude 
in area measurements.

The fitted model is graphically described as two 
intercepting straight lines, =β +βy   x 0 1  and =β +β τy   0 1  
(horizontal line), which are joined by a smooth 
hyperbolic function with curvature controlled by 
the parameter γ . The inclusion of the hyperbolic 
transition is made only to overcome statistical 
problems in estimation and inference for nonlinear 
regression, which appear when models have 
discontinuous derivatives (see Seber & Wild, 1989). 
Thus, it allows obtaining more reliable estimates for 
parameters of the model.

The model was fitted by nonlinear least square 
technique and non-parametric bootstrapping 
(2,000 samples) was used for make inferences about 
the parameters (Bates & Watts, 1988). All the 
statistical analyses were carried out with R software 
(R Core Team, 2018).

3. Results

The species richness of Cladocera and Copepoda 
were positively associated with area by the Spearman’s 
rank correlation coefficient (ρ = 0.6782; p < 0.001; 
Figure 2). Using a preliminary descriptive analysis, 
we verified that cladocerans and copepods richness 

is similar in the way they are correlated with area 
of the environments. Thus, we opted in use the 
total richness of these two groups of organisms as 
response variable.

In natural lakes there was no correlation between 
richness and area (ρ = 0.0805; p = 0.6356). However, 
it is important to note that almost all natural lakes 
in Brazil are small in size (< 6 km2). As mentioned 
early, only three exceptions are found in our 
database.

Considering the small sized artificial lakes, 
similar result was obtained - in dams and reservoirs 
with area up to 6 km2, there was no significant 
correlation between richness and area (ρ = −0.1328; 
p = 0.5556). However, we observed a significant and 
positive correlation when the data for intermediate 
and large reservoirs (from 6 to 2430 km2) were 
included in the analyses (ρ = 0.6794; p < 0.001). 
The richness increases until a critical point, from 
which it seems to stabilize (Figure 3).

In small environments (< 6 km2) there was 
different distribution for richness of species in 
lakes and reservoirs (W = 524; p < 0.001), being 
the largest values found in natural lakes (Figure 4). 
We  also verify at this scale that the richness 
variance is smaller in reservoirs when compared 
with natural lakes, since the variances differ by the 
Brown-Forsythe test (W = 11.04; p < 0.001).

The estimated values obtained to describe total 
richness of microcrustaceans (copepods + cladocerans) 

Figure 2. Conjunct distribution of species richness of copepods and cladocerans (●, black circles) and Spearman 
coefficient pointing a positive association (p < 0.001) for these variables.
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in function of the reservoir area, by fitting the 
piecewise linear model (Equation 1) are presented 
in Table 2, and the fitted curve is shown in Figure 5. 

As expected, there was a critical point for area 
from which richness stabilizes. This point was 
estimated as being 3.66 (in log scale), corresponding 
to 38.86  km2. The 95% percentile IC for τ was 
[1.93, 5.49], indicating that the critical point 
belongs to the range from 6.89 up to 242.26 km2 
with 95% confidence.

4. Discussion

Comparing the natural and artificial lakes, 
natural lakes are richer and present greater variance 
in species richness. Even in small environments, 

Figure 3. Total richness of microcrustaceans (copepods plus cladocerans) in function to the area of natural lakes 
(●, black circles) and reservoirs (○, clear circles), considering lakes between: (A) 0 to 1.2 km2; (B) 0 to 30 km2; 
(C) 0 to 100 km2; and (D) 0 to 2430 km2.

Figure 4. Boxplot of total species richness of 
microcrustaceans (copepods + cladocerans) in natural 
lakes (L) and reservoirs (R) until 6 km2 of area. Clear 
circles are outliers.

Table 2. Estimates and percentile confidence intervals for 
the parameters of the fitted piecewise linear model with 
hyperbolic smooth transition.

Coefficient Estimative Percentile CI
2.5% 97.5%

β0 2.33 2.14 2.52
β1 0.18 0.11 0.27
τ 3.66 1.93 5.49

CI = confidence interval.
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natural lakes could present richness superior to 
that of the largest artificial lakes (Padovesi-Fonseca 
& Rezende, 2017). The reason may be the more 
diversified niche composition in these environments, 
age, and/or a great variety of biomes. Artificial lakes 
can be constituted of uniform environments, which 
give rise to a small richness of microcrustaceans, as 
reflected in our results.

In small environments, the richness was different 
between natural and artificial lakes, with higher 
values for natural lakes. This result contrasts with 
Merrix-Jones  et  al. (2013), in which differences 
have not been found in zooplankton richness 
between 79 natural and artificial lakes in the 
world. However, the composition of species was 
different when considering the variables depth, 
productivity, longitude, and electrical conductivity. 
The greater richness in natural lakes in the present 
study can be attributed to the greater availability of 
ecological niches in these environments compared 
to the artificial lakes, which have less heterogeneity 
(Merrix-Jones  et  al., 2013). The history of the 
environment can also interfere as most natural 
lakes are older than reservoirs, which were generally 
built after 1950. In small and shallow natural 
environments, there are usually more aquatic 
macrophytes, which provide more niches and 
refuges for zooplankton (Padovesi-Fonseca & 
Rezende, 2017).

Natural lakes are associated with less recent 
events of formation, flood, and eutrophication. 
When they are of small extension, they have a 
uniform sedimentary condition and limnetic zones, 

making possible the proliferation of only a few 
species of microcrustaceans, as it has composition 
of poorer niches. In natural environments, the 
microcrustacean species also had more time to adapt 
and increase the egg banks in the sediment so that 
they could be resilient and avail, harmonically, all 
available resources in the physical environment. 
This  is commented on in the revision about egg 
banks in the sediment of Gyllström & Hansson 
(2004). Meanwhile, in the case of artificial 
reservoirs, recent disturbances may have affected 
the ecosystem in such a way that populations of 
microcrustaceans have efficiently occupied all of 
the niches that the environment offers, leading to 
the lowest richness.

The similar behavior to Copepoda and Cladocera 
richness according to the area can be justified by the 
habitats and resources that these organisms use. 
Variations in the vertical column of water and 
in benthic zones, such as phytoplankton density, 
luminosity, and flow, should similarly affect the 
richness of these groups, owing to their ecological 
similarities.

The differences in the relationship between 
species’ richness and size of area occurs in natural and 
artificial lakes. Although the natural environments 
do not exhibit a significant relationship between 
species area, it resembles the scarcity of large natural 
lakes in Brazil, and data on medium and large 
artificial lakes indicated effects of the area on the 
microcrustaceans’ richness.

In statistical problems of regression and 
correlation, it is known as the influence of the range 

Figure 5. Linear piecewise model with hyperbolic smooth transition fitted to describe total richness of microcrustaceans 
(copepods + cladocerans) in function of the reservoir area.
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of observations. It is common for conclusions to vary 
according to the data range (Seber & Wild, 1989). 
Our database for artificial environments presents an 
example of this effect: while a significant correlation 
between richness and area in small artificial lakes was 
not found, in the medium and large environments, 
the total richness of microcrustaceans tends to 
increase according to the area until it stabilizes 
to a maximum value. This increase can occur 
because reservoirs’ compartmentalization, new 
environments and niches, varying according to 
the morphometric condition and water residence 
time (Nogueira  et  al., 2008; Perbiche-Neves & 
Nogueira, 2013).

The stabilization point estimate is important 
because it can be used for the sizing of aquatic 
conservation areas, such as in the implementation 
of aquatic preservation areas of small environments. 
In  contrast, large systems will not increase the 
richness.

The critical point (stabilization) could be 
estimated at 39 Km2, but this estimate was 
imprecise since its confidence interval is quite wide 
(7 and 243 Km2). Generally, artificial lakes with 
less than 39 Km2 have microcrustacean richness 
up to ideal (equilibrium). The missing of diversity 
in the microfauna, in turn, places these small 
environments on the risks of ecological degradation, 
seen in the importance of microcrustaceans for the 
support of the trophic chain and quick response for 
environmental disturbances (Perbiche-Neves et al., 
2016).

It was observed that the area does not have 
any effect on the richness of these species of 
microcrustaceans in the lakes of small extension 
(less than six square kilometers), which have 
great richness variation. Natural small area lakes 
presented either low values of richness, or values 
higher than the largest reservoirs, showing the 
area as a bad predictor of richness in this type of 
environment. It is possible that the high variation 
masked the effect of the area on the richness of the 
species, contradicting a fundamental aspect of the 
biogeographic theory. The variability of richness 
among lakes of the same size was likely major 
compared to the richness area relation, therefore 
rejecting our hypothesis.
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