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Abstract The intensification of agriculture has

caused severe environmental damage affecting

numerous ecosystem services, such as freshwater

quality. Understanding and monitoring its impact on

the aquatic biota is fundamental to improve the water

quality. In this paper, we investigated the influence of

environmental condition established by an agropas-

toral landscape on the local and regional diversity of

rotifers. For this, the local and regional diversity were

modelled with generalized additive mixed models and

canonical correspondence analysis, respectively. Our

results indicated that both the local and regional

structures of the rotifer assemblage are affected by

high nutrient concentrations and other environmental

variables. Spatial distance also influences the regional

structure, accounting for 23% of the variation in the

beta-diversity. The environmental variables are

responsible for 9% of the variation in the beta-

diversity and the surrounding matrix for 5%. Together,

these components and the interactions among them,

account for 54% of the regional structure of the rotifer

assemblage. Based on our study, we concluded that

agriculture lands, primarily citrus crops, adversely

influence the rotifer assemblage both locally and

regionally. That negative impact, in turn, results in a

cascade effect in the aquatic ecosystem, leading

mainly to the loss of species-poor taxa.

Keywords Bottom-up effects � Community

structure � Water quality � Zooplankton � Nutrients

Introduction

As part of the zooplankton community, rotifers play a

key role in tropical freshwaters. They are dominant in

many aquatic ecosystems (Roth, 2009; Rico-Martı́nez

et al., 2016), including many eutrophic environments

(Liang et al., 2020), so that their high abundance

results from their mode of reproduction and short

regeneration time (Wallace et al., 2006). Rotifera also

represents one of the richest components of the

zooplankton community in freshwaters (Sampaio

et al., 2002; Lucena et al., 2015; Rosińska et al.,
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2019; Karpowicz et al., 2020; Li & Chen, 2020).

Moreover, they play an essential link between the

phytoplankton and the carnivorous fish larvae and

invertebrates (Roth, 2009; Wallace et al., 2015), and

respond to changes in the trophic state and aquatic

environment (Sládecek, 1983; May & O’Hare, 2005;

Wen et al., 2011; Gopko & Telesh, 2013; Ismail &

Adnan, 2016), reflecting their useful role in the

monitoring and management of the ecosystem (Sláde-

cek, 1983; Saksena, 1987; Jeppesen et al., 2011;

Perbiche-Neves et al., 2013; Li & Chen, 2020; Liang

et al., 2020).

Small and shallow reservoirs are natural or artificial

lakes used as a source of water supply, which are

characterized and permanently influence by the water-

sheds (Bucci et al., 2015). They are vital to humanity

because they provide water for human and animal

consumption, irrigation, industrial activities, energy

generation, transport, recreation and the dilution of

waste (Postel & Carpenter, 1997; Lanna & Braga,

2015). But the reservoir ecosystem is susceptible to

anthropogenic impact that can alter the patterns of

water quality and consequently, affect its biota and

restrict its use for humans (Naiman et al., 1995;

Rhodes et al., 2001; Sperling, 2012; Tundisi et al.,

2015; Hoffmann et al., 2019). In tropical countries,

many farms have small reservoirs or ponds built by

damming streams and used for human and animal

water consumption and agricultural irrigation (Postel

& Carpenter, 1997; Mioduszewski, 2012; Tundisi

et al., 2015).

Due to their utility and location close to cultivated

areas and urban centres, these small reservoirs typi-

cally contain an ecosystem very susceptible to

anthropogenic impact that can alter water quality

(Alsharif & Fouad, 2012; Zhang et al., 2015; Giri &

Qiu, 2016; Winton et al., 2019) and affect its biota

(Naiman et al., 1995; Norton et al., 2013; Turcotte

et al., 2017). Erosion, pollution and contamination are

among the primary anthropogenic impacts that affect

aquatic ecosystems and lead to the loss of biodiversity

(Janse et al., 2015; Tundisi et al., 2015; Bashir et al.,

2020). Consequently, water quality and productivity

are modulated by the quantity and the type of external

nutrient loadings (Rockström et al., 2017; Withers

et al., 2018; Hoffmann et al., 2019). Those nutrient

inputs reflect the climatic regime, soil type and

adjacent land use (Kennedy & Walker, 1990).

The use of fertilizer is one of the agricultural

practices closely associated with a considerable loss of

biodiversity (Foley et al., 2005; Isbell et al., 2013).

When applied to the soil, many fertilizers, especially

nitrogen and phosphorus, are transported to the

freshwater ecosystem via stormwater runoff, causing

pollution of water bodies (Liu et al., 2019) and,

consequently, their eutrophication (Tilman et al.,

2001; Huang et al., 2017). As result of the eutroph-

ication, cyanobacteria populations grow excessively

triggering a cascade effect that alters the aquatic food

web (McCarthy et al., 2007; Du et al., 2015; Li &

Chen, 2020), and lead to loss of biodiversity and

reduced ecosystem functions (Schoumans et al.,

2014). Since some species are very sensible to

eutrophication, it is possible to observe changes in

the rotifer species composition (Sládecek, 1983)

which can be measured by beta diversity.

The negative effect of the high concentrations of

nutrients on the alfa diversity from aquatic environ-

ments has been reported by different studies (Pinto-

Coelho, 1998; Leibold, 1999; Matsumura-Tundisi &

Tundisi, 2005; Brito et al., 2011; Jeppesen et al., 2011;

Wen et al., 2011; Major et al., 2017; Li & Chen, 2020).

Other studies have reported the influence of nutrients

on the beta diversity (Soininen et al., 2007; Ji et al.,

2013; Symons et al., 2014; Mantovano et al., 2015; Oh

et al., 2017; Li & Chen, 2020). However, the great

majority of these studies did not identify the causal

relationships between predictor and response vari-

ables. They also did not integrate both local (alpha)

and regional (beta) diversity. Mokany et al. (2011)

highlight that combining alpha and beta diversity

represents a powerful way to help fill gaps in

knowledge of the structure of ecological communities,

especially for that including highly diverse and poorly

studied taxa. Furthermore, those studies did not

analyze how different agropastoral landscapes influ-

ence the zooplankton diversity. Besides that,

approaches that investigate the influence of different

types of crops on zooplankton diversity are vital for

understanding the dynamics of modified landscapes

and for supporting decision-making in effective nature

conservation (Scholz et al., 2012; Hritonenko &

Yatsenko, 2013).

The influence of the nutrients in the beta diversity

has been also reported by several studies (Soininen

et al., 2007; Ji et al., 2013; Symons et al., 2014;

Mantovano et al., 2015; Oh et al., 2017; Li & Chen,
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2020), but no study has effectively analyzed how

agropastoral landscapes influence the beta diversity of

zooplankton. Considering that different plants show

different nutritional requirements (FAO, 2004) and

their crops may be conditioned to different tillage and

management practices (Pradhan et al., 2011), it is

expected that different types of crops influence the

diversity of reservoirs in different ways. The loss of

biodiversity and reduced ecosystem functions in the

aquatic ecosystem are among the adverse environ-

mental consequences of eutrophication (Schoumans

et al., 2014). However, some aspects of the zooplank-

ton community structure, like phylogenetic diversity,

are not well explored and only superficially

understood.

Thus, this study aimed to investigate whether

special variables associated with agropastoral land-

scape influence the local and regional diversity of

rotifers in shallow reservoirs. Based on an integrative

and effective data analysis, our investigation sought to

understand the relationships between the differences

found for pasture and sugarcane and citrus crops with

species sharing, species richness and taxonomic

distinctness. Moreover, we searched the direct influ-

ence of an agropastoral landscape on beta-diversity,

discriminating the types of landscape components and

relating the environmental and geographical spaces.

Through this approach, we could understand the

regulatory and structuring processes being influenced

by agriculture.

Materials and methods

Study area

We sampled eight reservoirs built by damming of

small rivers in three watersheds in the northwestern

State of São Paulo-Brazil: (1) São José dos Dourados

Basin, (2) Baixo-Tietê Basin and (3) Turvo-Grande

Basin (Fig. 1). These reservoirs are located in an area

of transition between the Atlantic Forest and Cerrado

(Brazilian Savanna), with an agropastoral landscape

composed of cattle pasture, sugarcane and oranges

(Fig. 1). The sampled reservoirs are located in a region

with a temperate climate that is characterized by dry

winters and hot summers, with temperatures typically

higher than 22 �C, according to Köppen–Geiger (Peel

et al., 2007).

Sampling design

Rotifer sampling was conducted during the rainy

season of 2008 and 2009. Samples were taken by

vertical hauls, from the bottom to the surface, with a

45 lm plankton mesh net in the littoral and pelagic

zones of all reservoirs. The depth of the sampling sites

varied from 0.45 to 5.1 m, with the littoral zones

presenting average depth of 1.45 m (± 0.35) and

pelagic zones with average depth of 3.3 m (± 0.34). A

minimum of 300 l of water was filtered in each of the

samples. The littoral zones of some reservoirs were

sampled twice because one of their margins was

covered by native vegetation and the other one by an

agropastoral practice (pasture, citrus crop or sugar-

cane crop). Eight samples from the pelagic zone and

10 from the littoral zone were collected. The collected

rotifers were anaesthetized with carbonated water and

posteriorly fixed with 4% formalin. In addition, we

measured temperature, pH, dissolved oxygen (DO),

total nitrogen (TN) and phosphorus (TP) concentra-

tions. The thermal profile, dissolved oxygen and pH

were measured using a multiparameter Horiba U-10 in

three depth (surface, middle and bottom); averages of

the three depths were used. Moreover, 500 ml of water

was collected from all sampling sites to estimate the

TN and TP concentration, following methods pro-

posed by Mackereth et al. (1978), and Strickland &

Parsons (1972), respectively.

Statistical analyses

Alpha diversity was characterized by species richness

and taxonomic distinctness. The total species richness

was estimated using the Chao1 index. Taxonomic

distinctness was calculated using the average taxo-

nomic distinctness (D?) and the variation in the

taxonomic distinctness (K?) proposed by Clarke &

Warwick (1998, 2001) and Warwick & Clarke (1998).

Both the species richness and taxonomic distinctness

indices (D? and K?) were modelled as dependent

variables with TP, TN, DO, temperature and pH

(independent variables). For this, generalized additive

mixed models (GAMM) were used for modelling. We

specified a Poisson error distribution for species

richness and a Gaussian error distribution for D? and

K?. Moreover, we applied the penalized smoothing

term thin plate regression spline (s) for independent

variables (TP, TN and Temperature) and the tensor
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product smoothing term (te) for the independent

covariables (DO and pH). The pH was also treated

as a dependent variable and modelled with TN and TP

concentrations (independent variables) based on the

Gaussian distribution. For the models with pH as

dependent variables, we applied the tensor product

smoothing term for both TN and TP. The TN was

logarithmic to decrease the sizable value discrepancy

and allow the detection of possible non-linear rela-

tionships. All models included the limnologic zones

and the type of agropastoral landscape as random

effects, along with spatial autocorrelation. Five struc-

tures of spatial autocorrelations were tested (expo-

nential, Gaussian, linear, spherical, and quadratic

rational). The models with the best fit were chosen

based on the Akaike Information Criterion (AIC) and

residual variance. For this, we calculated the DAIC
and multiplied the residual variance ((residual stan-

dard deviation)2) with DAIC ? 1, so that for species

richness models it was considered the Pearson resid-

uals. In this way, the best fitted model should present

the lowest value of that selection criterion. Alfa

diversity was estimated using functions of the R

package vegan version 2.0-8 (Oksanen et al., 2020),

and modelled with functions of the package mgcv

version 1.8-31 (Wood, 2020).

Beta diversity (variation in species composition

among sites) was analyzed following Legendre et al.

(2005). For this, the partial canonical correspondence

analysis (pCCA; ter Braak, 1988) was applied incor-

porating the same independent variables used to model

the alpha diversity and the limnologic zones as a

conditional factor. Legendre & Gallagher (2001)

emphasise that CCA should only be applied when it

is needed to give high weight to rare species under

particular environmental conditions. We then per-

formed the pCCA, since the surrounding agropastoral

landscape could affect water quality (Schoumans

et al., 2014; Mockler et al., 2017; Nhiwatiwa et al.,

2017; Liu et al., 2019; Paula-Filho et al., 2019). Water

quality, in turn, can influence the assemblage structure

of rotifers (Sládecek, 1983; Saksena, 1987; Jeppesen

Fig. 1 Maps showing the study area in the northwestern São Paulo State, Brazil. The lower panel shows the relative position and spatial

distance of the reservoirs. Coordinates in WGS 84; map projection: Mercator
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et al., 2011; Perbiche-Neves et al., 2013; Li & Chen,

2020; Liang et al., 2020) because species richness is

negatively affected by nutrient concentration recorded

in the study area. In addition, CCA was chosen

because it employs unimodal associations (ter Braak

& Verdonschot, 1995; Legendre & Legendre, 1998)

like those expected for some of the environmental

variables, like TN, pH and temperature.

The pCCA was performed without species exclu-

sively recorded in a single sample site and with data

transformed using the chi-square distance (Legendre

& Gallagher, 2001). Significant relationships of the

environmental variables were estimated with ANOVA

based on 100,000 permutations. The significance of

the variation explained by the three first axes was also

estimated by ANOVA with 100,000 replications.

Moreover, a variance partitioning analysis was con-

ducted to check the contribution of spatial distances,

environmental variables and the surrounding matrix

on the beta diversity variation. The adjusted coeffi-

cient of determination for pCCA was calculated from

permutation processes and, considering that such

processes can present some volatility for low number

of permutation (Oksanen et al., 2020), the variance

partitioning analysis was performed with 1,000,000

permutations (Fig. 2).

The spatial distance was computed using the

Principal Coordinates of Neighbourhood Matrix

(PCNM). The significance of the relationship between

spatial distances and the species sharing among

reservoirs was also checked with a pCCA and

subsequent ANOVA based on 100,000 permutations.

This analytical procedure was also conducted to check

the significant influence of the agropastoral landscape

on the beta diversity of rotifers. Furthermore, a spatial

partitioning and a permutations test were performed to

check the spatial independence of the pCCA residuals.

Beta diversity was analyzed using functions of the R

package vegan version 2.0-8 (Oksanen et al., 2020).

All statistical analyses were performed using the R

environment version 4.0.0 (R Core Team, 2020).

Results

Environmental factors

The water temperature varied between 24.53 and

28 �C (mean 25.76 �C; s.d. 0.88 �C), the dissolved

oxygen ranged between 1.14 and 7.70 mg l-1 (mean

4.565 mg l-1; s.d. 1.60 mg l-1) and the pH varied

from 5.02 to 8.35 (mean 6.496; s.d. 0.82). As for

nutrients, the TN concentration recorded in the

sampling points varied between 70.5 and

4,273.33 lg l-1 (mean 590.705 lg l-1; s.d.

1,063.237) and the TP concentration ranged from

0.06 to 55.94 lg l-1 (mean 14.419 lg l-1; s.d.

18.317 lg l-1). The pH responded to the TP and TN

concentrations, decreasing linearly and non-linearly

with increasing of TP and TN, respectively (Adjusted

R2 = 0.486; F3,9 = 615.741; P\ 0.0001; Table 1;

Fig. S1).

Alpha diversity

In total, 112 species of rotifers were collected in 7

reservoirs, with an average of 28.37 species (± 14.23)

per reservoir. The species richness (S) estimated by

Chao1 for each sample was equal to the sampled

species number, and TN concentration plus tempera-

ture and pH explain 66.2% of its variation modelled by

GAMM with a Gaussian spatial correlation structure

Fig. 2 Relationships between the species richness (S) and the explanatory variables that compound the best-fitted model (R2 = 0.662;

F4,8 = 477.685; P\ 0.0001; Tables 1, S1)
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(F4,8 = 477.685; P\ 0.0001; Tables 1, S1). Species

richness decreased with TN concentration and increas-

ing temperature and was higher in reservoirs with

neutral pH (Fig. 2).

The D? ranged from 50.182 to 76.923 (mean =

65.129; s.d. = 8.061), so that the lowest D? is based

on 11 species, 6 genera, 4 families and 1 order, while

the highest D? is represented by 13 species, 11 genera,

9 families, 3 orders and 2 superorders. About 29.8% of

the variation of D? was explained by the TP concen-

tration modelled by GAMM with Rational correlation

structure (F2,10 = 680.198; P\ 0.0001; Tables 1, S1),

from a negative relationship (Fig. 3A). We found the

prevalence of the species-richest Order Ploima, with a

great number of species of LecaneNitzsch in reservoir

with the high nutrient concentrations. On the other

hand, species-poor taxa, such as belong to the Order

Table 1 Parameters of the best fitted models that explain the alpha diversity of Rotifera in reservoirs located at an agropastoral

region in the southeastern Brazil

Formula (DV * IVs) Adj. R2 Estimate P Random

effects * 1|

zone, matrix

Spatial correlation

structure: range

S * logTN ? s(Temp) ? te(pH) 0.649 Intercept: 5.111 Intercept:\ 0.001* 0.331 Gaussian: 7.62e-06

logTN: - 0.397 logTN:\ 0.001*

s(Temp): 1.892 s(Temp): 0.017*

te(pH): 2.897 te(pH): 0.011*

D? * TP 0.298 Intercept: 68.739 Intercept:\ 0.001* 1.27e-04 Rational: 6.10e-06

TP: - 0.259 TP: 0.010*

K? * te(DO) 0.413 Intercept: 503.15 Intercept:\ 0.001* 6.44e-04 Gaussian: 0.38

te(O2): 2.21 te(O2):\ 0.001*

pH * TP ? te(logTN) 0.486 Intercept: 6.133 Intercept:\ 0.001* 1.87e-05 Exponential: 0.503

TP: 0.025 TP: 0.008*

te(logTN): 2.453 te(logTN): 0.002*

DV dependent variable, IVs independent variables, S species richness, D? average taxonomic distinctness, K? variation in taxonomic

distinctness, logTN total nitrogen concentration in logarithm scale, Temp temperature (�C), TP total phosphorus concentration, DO
dissolved oxygen

*Significance level for P\ 0.05

Fig. 3 Taxonomic distinctness of Rotifera in reservoirs in an

agropastoral region in the southeastern Brazil. A Relationship

between average taxonomic distinctness (D?) and the total

phosphorus (R2 = 0.298; F2,10 = 680.198; P\ 0.0001;

Tables 1, S1). B Relationship between variation in taxonomic

distinctness (K?) and dissolved oxygen (R2 = 0.413;

F2,10 = 147.974; P\ 0.0001; Tables 1, S1)
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Flosculariaceae and Collothecacea, were absent in the

most reservoirs with high nutrient concentrations.

The K? ranged between 99.556 and 670.014

(mean = 493.286; s.d. = 162.215), with highest K?

represented by 36 species, 15 genera, 11 families, 2

orders and 2 suborders, while the lowest K? value was

determined based on 12 species of 8 genera, 6 families

and a single order. Its variation was best explained by

the DO concentration modelled by GAMM with

Gaussian correlation structure (F2,10 = 147.974;

P\ 0.0001; Tables 1, S1), with a positive relationship

and an asymptote between 5.8 and 7.7 mg l-1 of DO

(Fig. 3B).

Beta diversity

According to the pCCA, beta diversity is influenced by

TP, TN, DO and pH (Table 2). The considerable

variations observed for these explanatory variables are

mainly associated with orange crops (Fig. 4A, B). The

temperature showed no significant relationship with

the sharing of rotifer fauna (Table 2). The variation

partition analysis indicated that 9% of species sharing

is explained by the four environmental variables above

(F5,10 = 1.753; P\ 0.0001), 23% by the relative

distance among the sample sites (F6,11 = 2.471;

P\ 0.0001) and 5% by the agropastoral landscape

(F2,15 = 2.136; P\ 0.0001) (Fig. 4C).

The pCCA indicated two distinct groups of reser-

voirs, one surrounded by a predominantly citrus

agricultural landscape and the other surrounded by a

pasture and sugarcane agricultural landscape (Fig. 4A,

B). These groups are represented along the first pCCA

axis, which showed 32.99% of the beta-diversity

variation representing the eutrophication gradient. On

the other hand, the rotifer fauna in the reservoirs

bordered by pasture and cane sugar were reflected in

the second pCCA axis (Fig. 4A, B). In the reservoirs

surrounded by the citrus matrix, six species are at the

extreme of the first pCCA axis: Anuraeopsis navicula

Rousselet, Brachionus havanaensis Rousselet, Kelli-

cottia bostoniensis (Rousselet), Keratella americana

Carlin, Keratella tecta (Gosse) and Trichocerca

pusilla (Jennings). Our findings suggest those species

are commonly found in eutrophic environments. On

the other hand, three species, Brachionus dolabra

Harring, Filinia pejleri Hutchinson and Microdon

clavus Ehrbg, are located at the opposite extreme of

the first axis (Fig. 4B), in those reservoirs surrounded

Fig. 4 Beta diversity analysed by partial Canonical Correspon-

dence Analysis (pCCA; see Table 2 for details); A relationships

among the sampling sites and environmental vectors, B rela-

tionships between species and environmental vectors in the

agropastoral landscape (see Table S2 for species codes), and

C variation Partition based on CCA and 1,000,000 replications.

TP total phosphorus, logTN total nitrogen in logarithmic scale,

DO dissolved oxygen, ResAPel Pelagic sample of the reservoir

A, ResALitM Littoral sample of the reservoir A bordered by

surrounding matrix, ResALitF Littoral sample of the reservoir A

bordered by forest, ResBPel Pelagic sample of the reservoir B,

ResBLit Littoral sample of the reservoir B bordered by

surrounding matrix, ResCPel Pelagic sample of the reservoir

C, ResCLitM Littoral sample of the reservoir C bordered by

surrounding matrix, ResCLitF Littoral sample of the reservoir C

bordered by forest, ResDPel Pelagic sample of the reservoir D,

ResDLitM Littoral sample of the reservoir D bordered by

surrounding matrix, ResEPel Pelagic sample of the reservoir E,

ResELitM Littoral sample of the reservoir E bordered by

surrounding matrix, ResFPel Pelagic sample of the reservoir F,

ResFLitM Littoral sample of the reservoir F bordered by

surrounding matrix, ResGPel Pelagic sample of the reservoir G,

ResGLitM Littoral sample of the reservoir G bordered by

surrounding matrix, ResHPel Pelagic sample of the reservoir H,

ResHLitM Littoral sample of the reservoir H bordered by

surrounding matrix. Yellow polygon orange crop matrix, blue
polygon sugarcane crop matrix, green polygon pasture matrix

123

Hydrobiologia (2021) 848:1059–1072 1065



by the sugarcane matrix and characterised by rela-

tively low nutrient concentrations.

Discussion

Understanding the interference of agricultural land

management with the local and regional aquatic

communities is essential to maintaining biodiversity

and ecosystem services (Brauman et al., 2007; Hoff-

mann et al., 2019). This study indicates that both local

(alpha) and regional (beta) rotifer diversities are

influenced by nutrients that are linked primarily to

land management. The intensification of agricultural

uses affected the quality of surface waters and

modified the biogeochemical cycles of nutrients,

altering ecohydrological processes in areas where

fertilizer use was intensified (Schoumans et al., 2014;

Mockler et al., 2017; Nhiwatiwa et al., 2017; Liu et al.,

2019; Paula-Filho et al., 2019).

Castilho-Noll et al. (2012) reported that most of the

reservoirs in the rural areas of São Paulo suffer from

eutrophication, especially in areas of excessive fertil-

izer use. Those fertilizers are a source of nutrient

loading, primarily nitrogen and phosphorus. Filoso

et al. (2003) pointed out that TN export from citrus and

sugar cane crops is among the primary sources

contributing to the concentration of this nutrient in

the reservoirs of southeastern Brazil. However, the

highest values of TP and TN were recorded in

reservoirs surrounded by citrus crops, despite this

type plantation requires, respectively, lower and

similar rates of phosphorus and nitrogen, respectively,

compared to those required by sugar cane crops.

The impressive high concentrations of TP and TN

in reservoirs associate with citrus crops suggested this

type of plantation is over-fertilized. In contrast,

reservoirs surrounded by sugar-cane and pasture areas

showed relatively low concentrations of TP and

greater faunistic similarities among them than with

citrus areas (Fig. 4A, B). Zeni et al. (2017) also

reported no taxonomic and functional differences in

fish fauna of basins with pasture and sugar-cane

landscapes. In the last two decades, the fertilizer use in

Brazil has increased much more than the average rate

of cropland expansion (Withers et al., 2018), and

intensive agricultural production consequently has

resulted in over-fertilization (Francia-Martı́nez et al.,

2006; Oelofse et al., 2010).T
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Local characteristics, spatial distance and the

agropastoral landscape can influence the regional

structure of the tropical Rotifera assemblage

(Fig. 4C), such as found by Kuczyńska-Kippen &

Basińka (2014) for a European region with intense

anthropogenic interference. The TP concentration did

not influence the species richness but negatively

affected the D?, selecting closer related species from

the regional species pool. In contrast, TN adversely

affected the species richness, along with temperature

and extremes in pH (Fig. 2). Vilmi et al. (2016)

reported different relationships between D? and

nutrients for different taxa and emphasized that values

of this index may be dependent on the organismal

group.

Both TN and TP are the determinants of eutroph-

ication (Conley et al., 2009). In general, phosphorous

is the main limiting factor for freshwater systems

(Conley et al., 2009; Schoumans et al., 2014). Stamou

et al. (2017) and Jiang et al. (1994) also reported

negative relationships between freshwater eutrophi-

cation and D? of rotifers and fish, respectively. The

negative relationship between D? and disturbed

habitats has been reported as result of the imbalanced

loss of species-poor higher taxa (Clarke & Warwick,

2001; Stamou et al., 2017; Jiang et al., 1994). As also

reported by Kuczynska-Kippen & Pronin (2018) and

Smaoune et al. (2020), we found prevalence of the

species-richest Order Ploima, mainly species of Bra-

chionus,Keratella, Trichocerca and LecaneNitzsch in

reservoir with the high nutrient concentrations. In

contrast, the species-poor taxa, such as Flosculari-

aceae and Collothecacea, are more frequent in olig-

otrophic reservoirs (Wærvågen & Andersen, 2018).

The eutrophication caused by high levels of N and P

results in dominance of some phytoplanktonic species

(Ho et al., 2019; GrIffith & Gobler, 2020), mainly of

Cyanobacteria (Rigosi et al., 2014; Josué et al., 2019;

Amorim & Moura, 2020). Usually, Cyanobacteria

blooms interrupt the grazing of zooplankton on

phytoplankton (Moustaka-Gouni & Sommer, 2020)

and block the energy transfer from producers to

consumers (Filstrup et al., 2014; Tian et al., 2017).

Consequently, this situation results in a bottom-up

effect and a decreasing in the diversity of freshwater

zooplankton (Amorim et al., 2020;Moustaka-Gouni &

Sommer, 2020). Our results show that this effect is

more accentuated in reservoirs surrounded by citrus

crops. Top-down and bottom-up biotic effects are

considered one of the most critical regulating factors

of the zooplankton community structure (Symons

et al., 2014; Du et al., 2015; Rosińska et al., 2019; Li &

Chen, 2020). Communities of rotifers are more

affected by bottom-up than top-down effects (Yoshida

et al., 2003; Sinistro, 2010; Rosińska et al., 2019).

Nhiwatiwa et al. (2017) pointed out that nutrient

runoff from agricultural areas can also change pH

levels in water systems, what would explain the

relationship found between pH and TP plus TN in the

present study (Table 1). Neutral pH favours the

occurrence of most zooplankton species so that the

highest species richness of zooplankton is found in

waters with a pH between 6 and 8.5 (Kalff, 2002). This

range in pH levels was corroborated in our study.

According to Cremona et al. (2020), pH can have

direct and indirect effects on zooplankton. The direct

effects are the physiological changes in the organisms,

and the indirect effects are on those organisms used as

food by the zooplankton, such as algae. The variation

in pH can cause physiological stress on diatoms and

also bias other aspects of the chemistry of the aquatic

ecosystem (Dalu et al., 2014). Consequently, this

physiological stress on phytoplankton influences the

rotifer assemblage via trophic cascade by decreasing

their food resources (Ji et al., 2013).

The low or non-sensitiveness of K? to environ-

mental degradation has been reported by other studies

(Bevilacqua et al., 2011; Alahuhta et al., 2017; Stamou

et al., 2017; Jiang et al., 1994). The relationship found

between K? and DO (Fig. 3B) indicates that low DO

concentrations support evolutionarily closer species,

because high values of K? represent great taxonomic

evenness of the higher levels in the hierarchical

classification (Clarke & Warwick, 2001). Karpowicz

et al. (2020) found that a large number of rotifer

species are tolerant of oxygen deficits, which would

confirm the absence of a relationship between species

richness and dissolved oxygen under these conditions.

Supposedly species tolerant to low DO are more

related among them than to species that prefer high

DO concentrations. In this way, high K? values can

represent direct physiological diversity of rotifers or

indirectly indicate high diversity feeding traits, once

the rotifer feeding habits are related to their life history

(Wallace & Snell, 2001). A prerequisite for the

coexistence of different taxa is selectivity for different

food types (Walz, 1997). Obertegger & Flaim (2018)

found that feeding traits explain the extensive variety
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of rotifers in temperate lakes. Rotifers can be

bacterivorous, detritivores, phytoplanktivorous or

predatory (Walz, 1997; Wallace et al., 2015; Oh

et al., 2017; Rosińska et al., 2019).

Although the highest K? is a reservoir surrounded

by citrus crop, most of the sites with high K? is in

reservoir surrounded mainly by pasture lands. In a

general way, high K? values were determined by the

presence of rotifers of the Superorder Gnesiotrocha,

mainly of the Order Flosculariaceae. Most reservoir

surrounded by citrus crops showed from low to

medium K? values. However, the variation in taxo-

nomic distinctness presented the strongest spatial

correlation of the three alpha diversity measures

(Table 1), indicating that variation in the rotifer fauna

is conditioned by geographical distance and dispersion

events among water bodies.

Several studies have highlighted the need to adopt

mitigating measures to minimize the loss of nutrients

in the aquatic environment (Cherry et al., 2008;

Withers et al., 2011; Schoumans et al., 2014; Liu et al.,

2019) and ensure diverse ecosystem services (Swinton

et al., 2007; Hoffmann et al., 2019). Schoumans et al.

(2014) and Liu et al. (2019) concluded that controlling

agricultural drainage is the most critical action to

avoid nutrient runoff and accumulation and protect

water quality. However, in the past two years, the

Brazilian government released hundreds of pesticides,

demonstrating a disregard for that issue. If there were

no concerns over the release of highly toxic pesticides

for use in Brazilian agriculture, there are unlikely to be

concerns about controlling nutrient loss unless the

over-application of pesticides and eutrophication of

reservoirs results in a financial loss for growers and

operators. Based on Withers et al. (2018), nearly 70%

of the money spent on fertilisers could be saved with

improved agricultural practices.

In conclusion, our study indicated that, when

subjected to intensive agricultural practices, the rotifer

is negatively affected by nutrients at both local and

regional scales. We found that TN and TP concentra-

tions affected the structure of the rotifer assemblage in

different ways so that their combined effect can

magnify the loss of rotifer diversity. This effect

applies especially to reservoirs adjacent to land

managed for citrus crops. Acting as herbivores or

consumers of debris, rotifers form an essential link in

aquatic food chains, connecting the sources of organic

matter with the upper tiers of the aquatic food webs.

The loss of species diversity in rotifers is likely to

result in a cascade effect causing damage to the upper

trophic levels. Considering such problems, we believe

this study can draw attention to and raise awareness

among Brazilian authorities and farmers about the

influence of misguided agricultural policies, primarily

those associated with citrus plantations.
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Wærvågen, S. B. & T. Andersen, 2018. Seasonal quantitative

dynamics and ecology of pelagic rotifers in an acidified

boreal lake. Journal of Limnology 77: 147-163.

Wallace, R. L. & T. W. Snell, 2001. Phylum Rotifera. In Thorp,

J. P. & A. P. Covich (eds), Ecology and Classification of

North American Freshwater Invertebrates, 2nd edn. Aca-

demic, San Diego, pp 195-254.

Wallace, R. L., T. W. Snell, C. Ricci & T. Nogrady, 2006.

Rotifera: biology, ecology and systematics. In Seger, H.

(ed), Guides to the Identification of the Micro-invertebrates

of the Continental Waters of the World, Vol. 23, 2nd edn.

Backhuys Publishers, Leiden: 1–299.

Wallace, R. L., T. W. Snell & H. A. Smith, 2015. Phylum

Rotifera. In Thorp, J. H. & D. C. Rogers (eds) Thorp and

Covich’s Freshwater Invertebrates: Ecology and General

Biology, vol I. Elsevier, Amsterdam, pp 225-271.

Walz, N., 1997. Rotifer life history strategies and evolution in

freshwater plankton communities. In Streit, B., T. Städler
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