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Abstract Deforestation of riparian areas is a major

driver of biodiversity loss in aquatic ecosystems. Thus,

we investigated the influence of forest cover and

physical and chemical characteristics of streams on

zooplankton communities in the southeastern Ama-

zon. We addressed the following questions: (1) Are

environmental factors (water physical and chemical

characteristics and landscape variables) and dispersive

processes (reflected in the spatial structure among

sampling sites) efficient predictors of zooplankton

communities in different hydrologic seasons? (2) Can

zooplankton species be indicators of watersheds’

forest-cover levels? We sampled 15 streams located

in nine rural settlements in northern Mato Grosso,

Brazil, in the dry (August) and rainy (March) seasons

of 2017. The forest-cover level had a significant effect

on the physical and chemical characteristics (conduc-

tivity, dissolved oxygen, and temperature) of streams

and also on the structure and composition of zoo-

plankton communities, mainly of rotifers and testate

amoebae. Areas with low vegetation cover had

seasonal changes in species richness, individuals

density, and zooplankton community structure. Envi-

ronmental and spatial variables had no significant
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effect on the structure of zooplankton communities,

which may indicate the strong influence of stochastic

factors. Species from three zooplankton groups (ro-

tifers, microcrustaceans, and testate amoebae) were

indicators of forest-cover classes. This study provided

valuable contributions to the conservation of riparian

ecosystems and the use of biological indicators in

environmental monitoring programs.

Keywords Environmental filters � Spatial filters �
Ottocoded basins � Forest-cover class

Introduction

Numerous human activities affect neotropical aquatic

ecosystems (Bailly et al. 2016; Rı́os-Touma and

Ramı́rez 2019). Deforestation is one of the main

drivers of biodiversity loss (Rockström et al. 2009;

Steffen et al. 2015), particularly in regions with

endemic species, such as the Amazon (Reyer et al.

2015; Trumbore et al. 2015; Lathuillière et al. 2016).

Along with large-scale agropastoral activities, rural

settlements have contributed to intense deforestation

and forest cover loss, especially in southeastern

Amazon (Alencar et al. 2015; Mullan et al. 2018;

Roriz et al. 2017). In this sense, it is necessary to

understand how multiple anthropic disturbances sys-

tematically interact with environmental, local, and

spatial variables in order to holistically assess human

impacts on the functioning of aquatic ecosystems

(Heugens et al. 2001; Bozelli et al. 2009; Nobre et al.

2020).

Anthropogenic disturbance gradients, particularly

in riparian zones, have affected the structures and

environmental conditions of Amazonian streams

(Castello and Macedo 2016; Zimbres et al. 2018a),

directly influencing aquatic biological communities

(Kozlowski et al. 2016; Betts et al. 2017), such as

phytoplankton (Bleich et al. 2015), zooplankton

(Brasil et al. 2019), macroinvertebrates (Brito et al.

2020), and fish (Leão et al. 2020). Among these

communities, zooplankton plays important roles in

different aspects. For example, these organisms act as

primary and secondary consumers that are subse-

quently consumed by larger organisms, such as fish,

exercising a fundamental role in matter and energy

transfer in the aquatic food web (Caroni and Irvine

2010; Du et al. 2015; Garcı́a-Chicote et al. 2018).

Due to the relatively short life cycles of zooplank-

ton organisms that can vary from a few days (testate

amoebae and rotifers) to a few months (microcrus-

taceans) (Lampert and Sommer 2007), zooplankton

communities respond quickly to environmental

changes of both natural origin, e.g., hydrological

changes (Gomes et al. 2020) and anthropogenic

(Attayde and Bozelli 1998; Xiong et al. 2019). As a

result, some zooplankton species can be indicative of

riparian vegetation cover levels, also known as

indicator species (Medeiros et al. 2019). After the

indicator species delimitation, the detected organisms

can be used in biological monitoring and conservation

programs (Carignan and Villard 2002).

In this context, research on the responses of

zooplankton communities to environmental patterns

(natural and anthropogenic), spatial, and seasonal

variations (rain and drought), from a local and regional

perspective, may allow the assessment of environ-

mental degradation impacts on this community. Thus,

to evaluate the influence of forest cover and physical

and chemical characteristics of streams on the zoo-

plankton communities located in rural settlements in

southeastern Amazon, we investigated the following

questions: (1) Are environmental factors (water phys-

ical and chemical characteristics and landscape vari-

ables) and dispersive processes (reflected in the spatial

structure among sampling sites) efficient predictors of

zooplankton communities in Amazonian streams in

different hydrological periods (rainy and dry)? (2) Can

zooplankton species be indicators of watersheds’

forest-cover levels?

We expected greater discharge of sediment from

terrestrial areas to water bodies in deforested areas

with low forest cover than in forested areas (Thomas

et al. 2004), which means that deforested areas are

expected to have lower soil water infiltration and,

consequently, increase discharge during rainy events

(Zhang et al. 2017; Nóbrega et al. 2018). Also, as the

soil is bare due to deforestation, there will be no water

infiltration in the riparian zone, which facilitates soil

erosion, carrying more sediments to the aquatic

system. Therefore, we expected a significant variation

in zooplankton communities structure in streams

according to the forest-cover level and local environ-

mental characteristics, since the deforestation level

should favor the establishment of specific taxa since
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the increase in sediment deposition due to discharge in

the rainy season suffocates the respiratory organs of

sensitive taxa (Buendia et al. 2013; Hauer et al. 2018).

Materials and methods

Study area

We conducted the study in 15 streams (sample units)

of the Brazilian Amazon Basin, located in nine rural

settlements in the north of Mato Grosso (Fig. 1): ETA,

Bonjaguá, Cachimbo II, Alto Paraı́so, Pinheiro Velho,

Cotrel, São Cristóvão, Carlinda, and Cachoeira da

União. We selected the sampling units seeking to

encompass as much forest-cover gradient as possible

in the areas where the settlements’ streams were.

The climate in Mato Grosso, Brazil, is predomi-

nantly super-humid tropical monsoon, with a mean

temperature of 24 �C and a maximum of 40 �C, and
mean annual precipitation above 1500 mm (Nimer

and Brandão 1989; Marcuzzo et al. 2011). We

collected the samples in the rainy (March) and dry

(August) seasons of 2017.

Environmental variables

We measured the limnological environmental vari-

ables once per sample unit. For this, we measured the

aquatic variables, temperature (�C), electric conduc-

tivity (lS cm-1), oxy-reduction potential (mV), pH,

turbidity (NTU), and dissolved oxygen (mg L-1),

using a multiparameter probe (U-50, HORIBA

Advanced Techno Co. Ltd., Kyoto, Japan). Addition-

ally, we collected 500 mL water samples in the water

column (% 50 cm) and froze them for laboratory

analysis. We used the water samples to determine the

concentrations of ammonia (mg L-1), total phospho-

rus (mg L-1), nitrate (mg L-1), nitrite (mg L-1), and

TKN (total Kjeldahl nitrogen) (mg L-1). To perform

the analyses, we followed the American Water and

Waste Association’s Standard Method for the

Fig. 1 Location of sample units in the north of Mato Grosso, Brazil. Circles represent sampling units. Numerical codes represent the

level-six Ottocoded basins
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Examination of Water and Waste-Water (APHA

2005), with adaptations.

Zooplankton communities

To relate the limnological environmental variables

with the zooplankton communities, we collected the

organisms and measured the environmental variables

in the same places. For each sample unit, we collected

one water sample from the water column. So, we

collected 300 L of water and filtered it through a

20-lm mesh opening plankton net using a bucket.

Subsequently, we put the filtrate in 200-mL poly-

ethylene bottles, fixed with a 4% formaldehyde

solution, buffered with sodium tetraborate. In the

laboratory, the samples were concentrated to a known

volume, between 10 and 20 mL, for identification.

The organisms’ identification had quantitative and

qualitative steps. For quantitative identification, we

sub-sampled the concentrated sample with a Hensen-

Stempel pipette and inserted it in a Sedgewick-Rafter

counting chamber. After this procedure, we evaluated

the samples qualitatively to check if there were new

species that were not identified in the quantitative

samples. For this, we collected the material sedi-

mented in the samples using a Pasteur pipette and also

inserted it in the Sedgewick-Rafter counting chamber.

We followed these steps until new species were not

registered.

Samples that did not have 200 individuals after we

identified 10% of the concentrated volume in the

quantitative analysis were identified throughout.

Therefore, we gradually collected the entire contents

of these samples using a Pasteur pipette and inserted it

into the counting chamber until the sample was empty.

We counted and identified the individuals held in this

chamber to the lowest possible taxonomic level. After

the identification, we estimated the proportion of

individuals per m3 (Bottrell et al. 1976). We identified

the organisms to the lowest possible taxonomic level,

based on their morphological characteristics, checking

identification keys for each group: testate amoebae

(Ogden and Hedley 1980), cladocerans (Elmoor-

Loureiro 1997), copepods (Silva 2003; Neves 2011),

and rotifers (Koste 1978; Joko 2011).

Pfafstetter coding system and forest cover

We used the hydrographic base made by the Brazilian

National Water Agency (ANA), based on Otto Pfaf-

stetter’s coding method of hydrographic basins (Otto-

basins) (Pfafstetter 1989; ANA 2006). This method is

a hierarchical and multiscale coding logic for water-

sheds, in which vector data are extracted from digital

elevation models (Guenther 2001; El-Sheimy et al.

2005) derived from the Shuttle Radar Topography

Mission (Farr and Kobrick 2000; Farr et al. 2007) with

a spatial resolution of 90 m, allowing a more realistic

representation of the watershed ridgelines. In ANA’s

coding system, Ottobasins vary from levels 1 to 6,

according to their aggregation level. We used level 6

because it encompasses the smallest number of

sampling units. For each Ottobasin, we used the

following hydrographic parameters: total area (km2),

altitude (mean and standard deviation), slope (mean

and standard deviation), the sum of drainage length

(SDL) (km), and the ratio between SDL and Ottobasin

area (SDLAR).

For each Ottobasin, we determined the following

environmental data associated with forest cover, using

the SAGA software (Conrad et al. 2015): forest cover

(% and km2), total edge (perimeter) of forest frag-

ments (TE), relative amount of edge and landscape

area (ED), mean edge per forest fragment (MPE),

mean forest-fragment size per class (MPS), number of

forest fragments of one class (NumP), median of forest

fragments’ size (MedPS), standard deviation of frag-

ments’ size (PSSD), the sum of the ratio between

forest-fragment perimeter and area divided by the

number of forest fragments (MPAR).

Data analysis

We performed all statistical analyses in the statistical

program R (Team 2018). We evaluated the effect of

seasonality on zooplankton communities’ structure

with Permutational Multivariate Analysis of Variance

Using Distance Matrices (PERMANOVA). Before the

PERMANOVA, we standardized the zooplankton and

zooplankton groups’ data using the Hellinger method.

Then, we used those data for the construction of

Euclidean distances matrix. We performed this anal-

ysis using the adonis 2 function of the vegan package

(Oksanen et al. 2013).
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To verify and compare the influences of the

environmental and spatial predictors on the zooplank-

ton community, we performed a partial redundancy

analysis (pRDA), but only in cases where global

variable selection tests showed significant values, as

described below. To select the environmental vari-

ables used in the global model, we performed a

variance inflation factor (VIF) analysis and excluded

those with values above 20 (Borcard et al. 2018).

Then, we selected the most important environmental

and spatial variables determining the structure of the

zooplankton communities using the forward selection

(Blanchet et al. 2008) with the ordistep function from

the vegan package. For this, first, we performed a

global test with the sets of variables and each of the

zooplanktonic groups and then proceeded to ordistep

only in case the global redundancy analysis (RDA)

presented significant results (P\ 0.05).

For the spatial variables, we initially converted the

coordinate values of the sample units to the Cartesian

plane through the geoXY function of the SoDA

package. Afterward, we submitted the coordinates to

an ordering of distance-based Moran’s eigenvector

maps (dbMEM) with the dbmem function of adespatial

package (Dray et al. 2017). We then performed

another global analysis of the spatial predictors of

the zooplankton community and proceeded only in

case the analysis of variance (ANOVA) RDA test

showed significant values (P\ 0.05).

After these steps, and only in case the global values

of the environmental and spatial variables were

significant, we performed a partial redundancy anal-

ysis (pRDA) (Legendre and Legendre 2012) to

evaluate the effect of local environmental character-

istics and the spatial structuring as predictors of the

zooplankton communities. In the pRDA, the predic-

tors comprised the environmental and spatial variables

selected by the forward selection. We tested the

significance of each component with ANOVA (Bor-

card et al. 2018). We performed the same analyses

(pRDA) with the occurrence (presence/absence) val-

ues of the species. For these analyses, we converted

the biological variables into binary values.

We divided sampling units into three classes, based

on forest-cover ratios of their Ottobasins, using the

k-means method (Legendre and Legendre 2012): low

(1 to 15%), medium (16 to 30%), and high (31–50%).

We performed dependent sample t-tests to evaluate the

effect of seasonality (rainy and dry seasons) per forest-

cover class on the environmental characteristics of

water bodies and their influence on total species

richness and total density of individuals in zooplank-

ton communities.

We performed an indicator-species analysis, indi-

cator-value index analysis (indval), to evaluate

whether zooplankton species can indicate forest-cover

levels in the Ottobasins (Legendre and Legendre

2012).

Results

We selected twelve factors as predictive variables with

VIF method: temperature, turbidity, total dissolved

solids, conductivity, total phosphorus, sum of the

perimeter/area ratio divided by the number of frag-

ments (MPAR), median fragment size (MedPS),

dissolved oxygen, depth, TKN, total number of

fragments of a class (Nump), and Ottobasin area.

The divisions of the sampling units according to the

level of forest cover were low (1 to 15%)—6 sampling

units: 1, 2, 4, 7, 10 and 11; medium (16 to 30%)—4

sample units: 3,9,13 and 14; and high (31–50%)—5

sample units: 5, 6, 8, 12 and 15 (Table SM.1).

In areas with low forest cover, water temperature

and electrical conductivity were higher in the rainy

and dry seasons, respectively. In areas with medium

forest cover, the pH was higher in the dry season

(Table 1). Sampling units in areas with high forest

cover had higher water temperature and oxidation

potential in the rainy season, while total phosphorus

concentrations were higher in the dry season (Table 1).

A total of 206 taxa and 674,240 ind m-3 were

identified, considering both seasons. Testate amoebae,

rotifers, and microcrustaceans had 98, 72, and 36 taxa

and 661,374, 3889, and 8977 individuals, respectively

(Table SM.2). The class with low forest cover was the

only one with seasonal differences in species richness,

individuals density, and zooplankton community

structure (Table 2). Rotifers had higher species

richness in the rainy season (mean of 10.5 species)

than in the dry season (mean of 4 species). Total

zooplankton and testate amoebae had higher densities

in the dry season (mean of 36,985 and 36,468

individuals, respectively) than in the rainy season

(mean of 15,135 and 14,920 individuals, respectively).

On the other hand, rotifers presented higher densities

in the rainy season (mean of 160 individuals) than in
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the dry season (mean of 42 individuals). Regarding

community structure, total zooplankton and testate

amoebae presented significant differences between

seasons for low forest-cover class (Table 2).

In general, environmental and spatial variables

were not important predictors of the zooplankton

community, for both density and species occurrence

data (Table 3). In the rainy season, environmental

variables explained only the structure of total zoo-

plankton (density) and testate amoebae (density). The

spatial variables explained only zooplankton density

in the rainy season. In the dry season, environmental

variables explained only the community structure of

rotifers (density).

The indicator species analysis suggests that in the

rainy season, harpacticoid copepods (indicator value,

IV, = 0.67, P = 0.032) and Lepadella patella (IV =

0.60, P = 0.030) were indicative of low forest-cover

areas, Centropyxis gibba (IV = 0.74, P = 0.030) were

indicative of medium forest-cover areas, and calanoid

copepodites (IV = 0.50, P = 0.047) were indicative of

high forest-cover areas. In the dry season, Arcella

discoides (IV = 0.60, P = 0.035) was indicative of

low forest-cover areas, Lecane crepida (IV = 0.79,

P = 0.019) indicated mean values, and Lesquereusia

epistomium (IV = 0.50, P = 0.049) indicated high

forest-cover areas.

Table 1 Seasonality

effects (rainy and dry

season) on environmental

variables for different

forest-cover classes

Low = forest cover

between 0 and 15%,

medium = forest cover

between 16 and 30%, and

high = forest cover between

31 and 50%. Significant

values are in bold

OD dissolved oxygen, ORP
oxidation potential, TDS
total dissolved solids, TKS
total Kjeldahl nitrogen, df
degrees of freedom

Forest-cover class Variable t test Season/mean

t df P Rainy Dry

Low Conductivity (lS cm-1) 2 2.89 5 0.034 0.03 0.05

OD (mg L-1) 2.88 5 0.035 8.11 4.75

ORP (mV) 1.15 5 0.301 261.50 222.50

pH 2 1.29 5 0.254 6.50 6.90

TDS 0.99 5 0.366 1.62 0.04

Temperature (�C) 4.05 5 0.010 27.03 23.38

TKN (mg L-1) 1.46 5 0.203 5.13 3.73

Total phosphorus (mg L-1) 1.80 5 0.131 0.82 0.24

Turbidity (NTU) 2 1.42 5 0.214 10.30 15.30

Medium Conductivity (lS cm-1) 2 2.20 3 0.115 0.02 0.03

OD (mg L-1) 0.48 3 0.664 7.86 7.14

ORP (mV) 2.06 3 0.131 303.00 232.30

pH 2 4.47 3 0.021 6.22 6.65

TDS 2 2.30 3 0.105 0.01 0.02

Temperature (�C) 1.41 3 0.255 26.01 23.91

TKN (mg L-1) 0.58 3 0.604 5.25 4.55

Total phosphorus (mg L-1) 2 1.14 3 0.336 0.09 0.19

Turbidity (NTU) 0.72 3 0.522 9.93 6.98

High Conductivity (lS cm-1) 2 0.69 4 0.530 0.01 0.01

OD ( mg L-1) 1.24 4 0.284 7.70 6.88

ORP (mV) 3.08 4 0.037 345.80 248.00

pH 2 2.34 4 0.079 5.48 6.12

TDS 1.00 4 0.374 1.16 0.01

Temperature (�C) 11.91 4 < 0.001 25.50 22.30

TKN (mg L-1) 0.00 4 1 4.76 4.76

Total phosphorus (mg L-1) 2 36.00 4 < 0.001 0.05 0.12

Turbidity (NTU) 0.44 4 0.682 7.50 6.88
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Discussion

Here, electrical conductivity, water temperature, pH,

total phosphorus concentrations, and oxidation poten-

tial presented seasonal variations according to the

forest-cover class. Indeed, different seasons have

different dynamics, with greater substrate stability in

the dry season and a lower drag effect due to the slower

water flow velocity and lower water volume (Bispo

et al. 2001), whereas in the rainy season, there is

greater availability of dissolved oxygen and increased

water flow, with direct effects on organisms (Statzner

et al. 1988; Callisto et al. 2001).

Environmental variations in streams are common

over both time and space. Greater inputs of allochtho-

nous material can be expected at the beginning of the

rainy season, as precipitation favors the transport of

material from riparian forests or zones of influence of

the banks to water bodies from the catchment (Bambi

et al. 2017). Studies in tropical regions show that there

is a seasonal behavior in peak inputs of allochthonous

organic matter into streams during periods of drought

or associated with the beginning of the rainy season

(Gonçalves Jr et al. 2006; França et al. 2009) as a

function of temporal variability (Nobre et al. 2020).

Furthermore, deforestation of riparian vegetation is a

major source of environmental variation, associated

with the organic matter processing speed, nutrient

absorption, reduction in oxygen concentrations, and

increase in water temperature and electrical conduc-

tivity (Sweeney et al. 2004; Bleich et al. 2014;

Prudente et al. 2017).

Seasonal changes in species richness, individuals

density, and zooplankton community structure were

observed only in the low forest-cover class. That can

be a consequence of sediment deposition increase

during the rainy season in areas affected by anthropic

actions, since deforested areas have lower soil water

infiltration rates, immediately generating runoff

(Alaoui et al. 2018), which significantly contributes

to the decline in aquatic organism populations (Richter

et al. 1996). Some zooplankton species feed on

primary producers, and these are especially suscepti-

ble to physical and chemical variations caused by

hydrological changes due to the decrease in food

availability between trophic levels. Also, suspended

solids levels can cause reductions in zooplankton

density (Chará-Serna et al. 2019), leading to changes

in the local community composition in addition to the

cascade negative effects, decreasing the species fitness

and limiting the habitat (Richter et al. 1996; Wood and

Armitage 1997; Henley et al. 2000).

Table 2 Seasonality effects (rainy and dry season) on species richness and density of individuals (t-test) and zooplankton community

structure (PERMANOVA) for different forest-cover classes

Forest cover class Groups Richness Density PERMANOVA

T df P T df P F P

Low Zoop 2 0.03 5 0.978 2 2.61 5 0.048 1.57 0.028

Micro 2 0.99 5 0.367 2 1.47 5 0.201 1.25 0.227

Roti 4.70 5 0.005 3.31 5 0.021 1.21 0.228

TestA 2 1.46 5 0.203 2 2.59 5 0.049 1.57 0.026

Medium Zoop 2 0.40 3 0.719 0.98 3 0.399 0.96 0.548

Micro 0.59 3 0.595 1.02 3 0.381 1.15 0.353

Roti 1.11 3 0.348 1.02 3 0.384 0.86 0.719

TestA 2 1.89 3 0.155 0.54 3 0.630 0.96 0.569

High Zoop 0.43 4 0.692 2 1.33 4 0.254 1.40 0.085

Micro 0.50 4 0.646 0.54 4 0.618 1.73 0.14

Roti 2 1.58 4 0.190 2 1.56 4 0.194 0.93 0.612

TestA 1.61 4 0.182 2 1.30 4 0.262 1.40 0.077

df = degrees of freedom, low = forest cover between 0 and 15%, medium = forest cover 16 and 30% and high = forest cover

between 31 and 50%. Significant values are in bold

Zoop zooplankton, Micro microcrustaceans, Roti rotifers, TestA testate amoebae
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The increase in stream velocity due to rainfall

increase provides greater suspension of microorgan-

isms in the water column that use benthic and littoral

compartments (including fauna associated with the

surface of aquatic macrophytes) (Bonecker et al. 1996;

Fulone et al. 2008). Therefore, the pluvial regime in

streams with low forest cover had a greater influence

on communities’ structural variation, mainly on

rotifers’ species richness and individuals density of

rotifers, testate amoebae, and total zooplankton. Also,

the zooplankton community can be indirectly affected

by changes in riparian vegetation, which, in the case of

low forest cover, offers lower barriers for the entry of

allochthonous material. That factor may also have

been responsible for the variations in the testate

amoebae and rotifer densities in the low forest-cover

classes (Medeiros et al. 2019).

We suggest that the greater influx of allochthonous

material in the rainy season due to the low amount of

barriers in areas with low forest cover may have

altered the zooplankton community density (Arimoro

and Oganah 2010). Even though we observed greater

variation in the low forest-cover class in the rainy

season, testate amoebae density increased in the dry

season in streams with low forest cover. This

community is also frequently found in lotic environ-

ments (Bonecker et al. 1996) because they have

gaseous vacuoles that facilitate water column fluctu-

ation (Štěpánek and Jiřı́ 1958; Ogden 1991), and

present flattened shells (Mitchell et al. 2008; Fournier

et al. 2016; Schwind et al. 2016) that make them less

susceptible to water flow transport (Velho et al. 2003).

Here, environmental and spatial variables had no

significant effect on a specific period for some groups

of zooplankton communities. The lack of local and

Table 3 Results of the

partial redundancy analyses

for zooplankton groups,

seasonality, species density,

and occurrence

Comp = explanatory

components,

R2adj = adjusted coefficient

of determination, E = local

predictor, S = spatial

predictor, E/S = local

predictor after removing the

spatial-predictor effect,

B = component containing

the influence of both

predictors, S/E = spatial

predictor after removing the

local-predictor effect,

R = unexplained proportion

(residuals). Significant

values are in bold

Groups Comp Rainy season Dry season

Density Occurrence Density Occurrence

R2adj P R2adj P R2adj P R2adj P

Zooplankton E 0.15 0.001 0.05 0.302 0.00 0.511 0.00 0.567

S 0.06 0.004 -0.01 0.71 0.01 0.382 0.02 0.151

E/S 0.09 0.018 – – – – – –

B 0.06 – – – – – – –

S/E 0.00 0.588 – – – – – –

R 0.85 – – – – – – –

Testate amoebae E 0.13 0.001 0.16 0.096 0.00 0.541 0.00 0.513

S 0.07 0.07 2 0.01 0.645 2 0.06 0.964 2 0.01 0.56

E/S – – – – – – – –

B – – – – – – – –

S/E – – – – – – – –

R – – – – – – – –

Microcrustacean E 2 0.17 0.071 2 0.22 0.851 0.08 0.398 0.00 0.555

S 0.04 0.299 2 0.01 0.547 0.10 0.129 0.10 0.077

E/S – – – – – – – –

B – – – – – – – –

S/E – – – – – – – –

R – – – – – – – –

Rotifer E 2 0.17 0.84 2 0.07 0.713 0.17 0.238 0.03 0.449

S 0.03 0.278 0.00 0.471 0.02 0.294 0.01 0.381

E/S – – – – – – – –

B – – – – – – – –

S/E – – – – – – – –

R – – – – – – – –
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spatial predictors may indicate the strong influence of

stochastic factors (e.g., birth, mortality, colonization,

and extinction) on the structure of the zooplankton

communities in these streams (Chase 2007). The fast

and directional (downstream) streamflow associated

with the low swimming capacity of zooplankton

organisms probably influenced the weak relation the

measured local environmental predictors and spatial

predictors (migratory processes) with the zooplankton

communities in these environments (Astorga et al.

2012; De Bie et al. 2012).

Species from three zooplankton groups (rotifers,

microcrustaceans, and testate amoebae) were indica-

tors of forest-cover classes. High species diversity,

rapid reproductive rates, and large amplitude of

adaptive responses to environmental dynamics (such

as hydrological, physical, and chemical variations) are

important factors that make these organisms good

indicators of certain natural and anthropogenic condi-

tions and/or disturbances (Stoch et al. 2009; Schuler

et al. 2017; Strecker and Brittain 2017). Moreover, the

broad behavioral plasticity, which probably provides

ample diversification of trophic and spatial niche, may

also favor zooplankton organisms to become more

resilient to anthropogenic pressures and excel in more

degraded environments (Kuczyńska-Kippen and

Basińska 2014; Zhai et al. 2015). The sensitivity of

this group’s taxa to local and landscape changes is due

to differences in the species life cycle, morphology,

physiology, and behavior (Bonada et al. 2006).

Finally, understanding how various anthropic dis-

turbances interact systematically with environmental,

local, and spatial variables is fundamental for the

assessment of human impacts and the functioning of

aquatic ecosystems (Heugens et al. 2001; Bozelli et al.

2009), especially in the current scenario where

neotropical aquatic ecosystems are highly threatened

(Bailly et al. 2016; Rı́os-Touma and Ramı́rez 2019).

Conclusions

Quantifying the effects of deforestation on the phys-

ical and chemical characteristics of aquatic environ-

ments and their biological communities is a major

challenge. Understanding how environmental, hydro-

logical, and spatial variables influence zooplankton

requires further investigation, requiring further studies

to support this connection to understand the individual

responses of these organisms better.

This study provided valuable contributions to the

conservation of riparian ecosystems and the use of

biological indicators in environmental monitoring

programs. Considering the current trends of increasing

human impacts in the Amazon region (e.g., expansion

of human occupation, intensification of agriculture,

and increasing deforestation) and decreasing invest-

ments in scientific development in Brazil, our results

present significant inputs toward the creation/adapta-

tion of national land-use and environmental policies

for the conservation and restoration of riparian habi-

tats. Corroborating many other studies addressing

different biological groups, e.g., bacterioplankton

(Câmara dos Reis et al. 2019), fish (Brejão et al.

2018; Jézéquel et al. 2020), macroinvertebrate (Brito

et al. 2020), macrophyte (Fares et al. 2020), mammals

(Zimbres et al. 2018b), phytoplankton (Cardoso et al.

2017), our results show that deforestation in riparian

zones can influence the structure of zooplankton

communities.

For this reason, the use of a microbasin scale

approach can contribute more effectively to the effects

of changes in vegetation on aquatic environments than

an assessment of variables only on riparian vegetation

(Nobre et al. 2020). Our results indicate that the use of

species indicative of deforestation classes should take

into account two aspects: (i) the seasonality, since the

indicator species are different in the dry and rainy

seasons, and (ii) the ‘‘indication strength’’ (indicator

value), since the values varied between 0.50 and 0.79.

We suggest that for a better understanding of the

environmental influences on the zooplankton commu-

nity, future studies in streams should encompass flow

assessments and soil sampling along the basin.
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Bleich ME, Mortati AF, André T, PiedadeMTF (2014) Riparian

deforestation affects the structural dynamics of headwater

streams in Southern Brazilian Amazonia. Trop Conserv Sci

7:657–676

Bleich ME, Piedade MTF, Mortati AF, André T (2015) Auto-
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córregos do Planalto Central do Brasil. Acta Limnol Bras

13:1–9

da Silva WM (2003) Diversidade dos Cyclopoida (Copepoda,
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Kuczyńska-Kippen N, Basińska A (2014) Habitat as the most

important influencing factor for the rotifer community

structure at landscape level. Int Rev Hydrobiol 99:58–64

Lampert W, Sommer U (2007) Limnoecology: the ecology of

lakes and streams. Oxford University Press, Oxford

Lathuillière MJ, Coe MT, Johnson MS (2016) A review of

green-and blue-water resources and their trade-offs for

future agricultural production in the Amazon Basin: what

could irrigated agriculture mean for Amazonia? Hydrol

Earth Syst Sci 20:2179–2194

Leão H, Siqueira T, Torres NR, de Assis Montag LF (2020)

Ecological uniqueness of fish communities from streams in

modified landscapes of Eastern Amazonia. Ecol Indic

111:106039

Legendre P, Legendre L (2012) Numerical ecology, 3rd edn.

Elsevier, Amsterdam

Marcuzzo FFN, Andrade LR, Melo DC de R (2011) Métodos de
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