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Abstract Human activities may change beta diver-

sity—the spatial variation in species composition—in

different ways. Positive and negative trends in beta

diversity are referred as biotic differentiation and

homogenization, respectively. In this context, river

damming is likely to be a major cause of changes in

beta diversity over time. Here, we evaluated the

impact of damming on zooplankton beta diversity in

two Brazilian reservoirs. We predicted that damming

would cause biotic differentiation due to the creation

of areas with different hydrological conditions, which

would allow the colonization and population growth

of species belonging to different zooplankton groups.

Our results for the total zooplankton community were

consistent with the hypothesis of biotic differentiation,

either due to the increased mean beta diversity or due

to the tendency of increasing beta diversity over time

after damming. An indicator species analysis also

showed that a large proportion of taxa that can be

categorized as euplanktonic were mainly indicators of

the period after damming, whereas the opposite was

true for testate amoebae. Increased beta diversity

should be interpreted as an impact of damming.

However, we speculate that, under a process of water
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quality deterioration, biotic homogenization is likely

to occur, reversing the patterns we observed.

Keywords Beta diversity � Dissimilarity �
Freshwater � Neotropical region

Introduction

The temporal increase in compositional similarity

among a set of local communities is called biotic

homogenization (McKinney & Lockwood, 1999). In

general, during this process, native species with

restricted distribution are replaced by common, wide-

spread and, in many cases, exotic species (Olden &

Poff, 2003; Olden et al., 2007, 2018; Petsch, 2016).

Various anthropogenic activities that alter the struc-

ture and functioning of ecosystems can cause biotic

homogenization (e.g., eutrophication, damming, and

urbanization; Rahel, 2002; McKinney, 2006; Rogalski

et al., 2017; Monchamp et al., 2018; Liu et al., 2020).

The process of biotic homogenization can be analyzed

by beta diversity metrics, as they quantify the variation

in species composition among a set of local commu-

nities in a specific region and point in time (Anderson,

2006; Anderson et al. 2006, 2011). Thus, if there is a

decrease in spatial beta diversity over time, it can be

inferred that a process of homogenization is occurring

(Olden & Rooney, 2006). On the other hand, if there is

an increase in spatial beta diversity over the time, one

can infer that a process of biotic differentiation is

occurring (Olden & Poff, 2003).

River damming is one of the main impacts on

freshwater ecosystems that can lead to changes in

biodiversity (Rahel, 2002; Poff et al., 2007; Agostinho

et al., 2016; Turgeon et al., 2019). The abrupt change

in hydrological conditions after damming, transform-

ing a lotic system into one with lentic characteristics

(Thornton et al., 1990), triggers various changes in the

physical, chemical, and biological characteristics of

lotic ecosystems (Baxter, 1977; Thornton et al., 1990;

Agostinho et al., 2016). At large spatial scales, the

construction of reservoirs homogenizes hydrological

regimes, causing profound impacts on biodiversity

(Poff et al., 2007; Kirk et al., 2020). According to Poff

et al. (2007), ‘‘dams arguably have a continental scale

effect of homogenizing regionally distinct environ-

mental templates, thereby creating conditions that

favor the spread of cosmopolitan, nonindigenous

species at the expense of locally adapted native biota.’’

At the reservoir scale, however, one can expect that

dams create regions with different environmental

characteristics (Thornton et al., 1990). Thus, the

environmental conditions of the riverine region tend

to be more similar to those of the lotic environment

(i.e., before damming). This region is characterized by

high water flow, nutrient concentration, and turbidity.

The opposite conditions characterize the lacustrine

region and, in general, the transition region exhibits

intermediate characteristics in relation to the previous

ones. At a large spatial scale, we would also expect

environmental and ecological differences between the

reservoir and downstream reaches due to water flow

regulation.

A large body of evidence from the last decades

indicates the pivotal role of hydrology on zooplankton

community structure (e.g., Thorp & Mantovani, 2005;

Sluss et al., 2008; Taura & Duggan, 2020). Therefore,

zooplankton beta diversity is likely to be strongly

influenced by the changes in hydrology caused by

damming. Specifically, studies have found that zoo-

plankton abundance was positively correlated with

water residence time (Basu & Pick, 1996) or nega-

tively correlated with discharge (Thorp et al., 1994).

The underlying mechanism here is that low water

residence time (or high discharge) precludes zoo-

plankton population growth because, even if other

environmental factors are favorable, advective losses

of individuals surpass any gain of individuals due to

local reproduction (Pace et al., 1992; Reckendorfer

et al., 1999). The positive effect of water residence

time on zooplankton abundance has also been evi-

denced by studies showing that reservoirs are major

sources of individuals to downstream reaches in

impounded rivers (Pourriot et al., 1997; Havel et al.,

2009; Dickerson et al., 2010; Sindt & Wolf, 2021).

Thus, studies comparing rivers with different hydro-

logical regimes or studies comparing rivers with lentic

systems (either lakes or reservoirs) indicate that

zooplankton communities will thrive after damming

(e.g., Stephan et al., 2017; Murphy et al., 2020). In

addition to an increase in abundance, beta diversity is

also expected to increase because of the environmental

(and mainly hydrological) differentiation caused by

damming. This increase in beta diversity would be

expected for the different zooplankton groups (e.g.,

testate amoebae, rotifers and microcrustaceans). For
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example, from the riverine to the lacustrine regions,

densities of rotifers and, mainly, of microcrustaceans

are expected to be positively impacted by the reduc-

tion in water velocity. On the other hand, testate

amoebae are likely to be negatively impacted along

this gradient. Thus, one can expect that trends of biotic

differentiation would occur in different directions

along the longitudinal gradient for the different

zooplankton groups. An increase in beta diversity

could also be expected for a comparison between a

reservoir and free-flowing reaches (upstream or

downstream the reservoir).

Zooplankton species have different environmental

requirements and, in general, zooplankton communi-

ties are strongly responsive to changes in environ-

mental conditions (e.g., Jeppesen et al., 2011). In

addition, after river damming, one would expect a

compartmentalization/differentiation of the environ-

ment (i.e., the creation of regions with different

environmental characteristics within a reservoir and

the environmental differentiation between the reser-

voir and downstream reaches). In its turn, the

environmental differentiation, after damming, would

favor the occurrence of different species compositions

among sampling sites within a reservoir. Thus, we

tested (i) the hypothesis that spatial beta diversity

(among sampling sites within the reservoir area of

influence) would increase after the damming. How-

ever, the spatial (environmental) differentiation within

reservoirs, which may select for different local

communities, should be more frequent in storage

reservoirs, where water residence time is higher than

in run-of-river reservoirs (Perbiche-Neves &

Nogueira, 2013; Picapedra et al., 2020). Thus, because

our study was conducted in reservoirs differing in the

type of operation (see details in the Study Area), we

also tested (ii) the hypothesis that the effects of

damming on zooplankton beta diversity would be

stronger in the storage reservoir than in the run-of-

river reservoir. In addition, we expected (iii) that an

increase in beta diversity, after damming, would occur

for the different zooplankton groups (e.g., microcrus-

taceans, rotifers and testate amoebae).

Material and methods

Study aea

This study was conducted in two hydroelectric reser-

voirs located in two river basins of Brazil (Fig. 1). The

Santo Antônio do Jari Reservoir (SAJ henceforth) was

built in the Jari River (states of Pará and Amapá), a

tributary of the Amazon River. The filling of SAJ was

completed in May 2014, and in average, this reservoir

has a total area of 31.7 km2, a total capacity of

133.39 9 106 m3, an average depth of 9.5 m (Vieira

et al., 2017), and can be classified as run-of-river due

to its short water residence time (about 1.5 days). The

filling of the Serra do Facão Reservoir (SF hence-

forth), in the state of Goiás (São Marcos River, Paraná

Basin; Fig. 1), was completed in September 2009.

This reservoir can be classified as a storage reservoir,

with a long water residence time (ca. in 350 days). It

has a total area of 218.84 km2, a total capacity of

3,474 9 106 m3, and an average depth of 43.5 m

(http://sefac.com.br/energia/ficha-tecnica/).

Sampling and laboratory analysis

In the SAJ Reservoir, sampling was conducted

between February 2012 and February 2018, totaling

33 sampling events in 14 sites (with 10 and 23 months

of sampling before and after damming, respectively;

for the detailed sampling schedule, see Fig. S1a). In

the SF Reservoir, sampling was conducted between

July 2007 and June 2010, totaling 20 sampling events

in 9 sites (with 14 and 6 months of sampling before

and after damming, respectively; Fig. S1b). At each

sampling site, 1000 L of water was filtered through a

plankton net (68 lm). In both reservoirs, the samples

were always collected at a depth of approximately

50 cm. The filtered samples were fixed with a buffered

4% formaldehyde solution. For quantitative and

qualitative analyses, the samples were concentrated

to a known and variable volume (between 75 and

300 ml), depending on the number of organisms and

amount of sediment in the samples. Larger volumes

were used for samples that contained higher concen-

trations of sediment.

After homogenizing each sample, five 1.5 ml

aliquots were taken from each sample with a

Hensen-Stempel pipette for counting in Sedgwick-

Rafter chambers. The samples were analyzed using an
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optical microscope (Olympus CX31—400 9) using a

modified version of the method proposed by Bottrell

et al. (1976). The identification was made to the lowest

possible taxonomic level (often species level) using

taxonomic keys (mainly Koste, 1978; Ogden &

Hedley, 1980; Reid, 1985; Paggi, 1995; Velho &

Lansac-Tôha, 1996; El Moor-Loureiro, 1997; see

Table S1). The larval and juvenile forms of the

copepod families Cyclopidae and Diaptomidae were

considered as different taxonomic entities and

included in the species list. The abundance of these

groups shows a high spatio-temporal variation, and

therefore, they were included in our analyses. The

density of each taxon was expressed as individuals/m3.

Data analysis

Before the analysis, we log transformed [log10

(x ? 1)] the species densities. We used the average

distance from sampling sites to group centroids

(sampling months in our study) as our measure of

beta diversity (Anderson, 2006; Anderson et al.,

2006). We used the Bray–Curtis index in this analysis.

The higher this average, the higher the dispersion of

the sampling sites around a month (group centroid)

and, hence, the higher the (spatial) beta diversity. We

quantified beta diversity separately for each reservoir,

considering the total zooplankton community and

separately for testate amoebae, rotifers, and

microcrustaceans.

For each reservoir, we used an interrupted time

series analysis (Manly, 1994; see also Wauchope et al.,

2021) to test the effect of damming on zooplankton

beta diversity (for the total community and for each

group separately). Beta diversity (bt) was used as a

response variable in this analysis. The following

explanatory variables were included in the model:

time, damming (a dummy variable, with I = zero and

1.0 before and after damming, respectively), and an

interaction term between time (t) and damming (I).

Thus, the following model was fitted to the data:

Fig. 1 Sampling sites in the Serra do Facão (Paraná Basin) and Santo Antônio do Jari (Amazon Basin) reservoirs in South America
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bt ¼ aþ bt þ dI þ s Itð Þ þ et;

where bt is the beta diversity value at time t, a and b are

the coefficients of a linear regression model (intercept

and slope, respectively), and et indicates the error

term. The immediate impact of damming is given by d,

whereas s indicates the changes in the temporal trends

before and after the impact (i.e., damming). The time

series before and after the intervention can be

described by the models bt = a ? bt ? et and bt-
= (a ? d) ? (b ? s)t ? et, respectively (see details

below). We tested for residual independence, using

autocorrelation functions (Zuur et al., 2009), and

found that this assumption was met.

The interpretation of the models described above

depends critically on the estimates of d and s. For

example, if both coefficients did not differ signifi-

cantly from zero, then one would not find evidence of

an impact (Fig. S2A-C). This would be so even if b is

significant (positive or negative) because the trend in

beta diversity (increasing or decreasing over time)

would be unrelated to the damming. On the other hand,

the clearest results would be obtained when d is

significant and both b and s are non-significant. In this

case, a negative and positive d would indicate that the

damming caused an impact on beta diversity (biotic

homogenization and differentiation, respectively;

Fig. S2D and S2M); in other words, it would indicate

a clear shift in the mean level of the time series.

However, even when both d and b are significant and s
is non-significant, one would be able to infer an impact

of damming (Fig. S2E-F and Fig. S2N-O). For this

combination of results, if both d and b are negative and

significant, then one could infer that the damming

changed the level of the time series (biotic homoge-

nization), but not its temporal trend (Fig. S2E). If both

d and b are positive and significant, one could infer

that beta diversity increased both before and after

damming and that this impact caused a positive shift in

the mean level of time series between these periods

(biotic differentiation; Fig. S2O).

On the other hand, if s is significant, then one

should focus on the interpretation of the interaction

and, in this case, several patterns are possible

(Fig. S2). Here, for the sake of brevity, we will

describe the results that were more frequent in our

study (see results), but the other possibilities can be

visualized in Fig. S2. If s is significant, the time series

can be described by the two models described above.

For example, if b is positive and also significant, one

would observe an increasing in beta diversity that is

unrelated to the damming (as this trend was already

occurring before damming). If this result is associated

with a positive and significant d, one could infer an

immediate impact of damming (biotic differentiation).

If b ? s = zero, still considering a scenario where s is

significant, then one could infer that after damming the

process of biotic differentiation was attenuated

(which, however, do not change the fact that the mean

level of the time series increased after damming; see

Fig. S2Q). On the other hand, if b = zero, d\ 0 and

b ? s[ 0, then one could infer that beta diversity was

stable before damming, decreased due to damming but

showed a pattern of biotic differentiation afterwards

(Fig. S2J). Our second hypothesis that the effect of

damming on beta diversity would be stronger in the

storage reservoir (SF) than in the run-of-river reservoir

(SAJ) can be tested by comparing the estimated values

of d, assuming that s is not significant in both

reservoirs. However, if s is significant, this hypothesis

can be evaluated by comparing the slopes after

damming (i.e., b ? s). Finally, our third hypothesis

would be supported if, for example, the different

zooplankton groups exhibited significant and positive

values of d. In case of a significant s, this hypothesis

would be confirmed by a b ? s[ 0, with similar

magnitudes among the groups.

We also ran an Indicator Species Analysis

(INDVAL), following the procedures described by

Dufrêne & Legendre (1997), to find taxa that were

indicative of the sampling periods (before and after

damming). We used 999 random permutations of the

samples between periods to test the significance of the

indicator values. Our study is focused on spatial beta

diversity. However, the INDVAL would be useful to

indicate, for each reservoir, the taxa that are indicative

of each sampling periods (before and after damming)

and that, therefore, contribute to temporal beta

diversity.

We conducted all analyses in the R program (R

Development Core Team, 2020) using the ‘‘stats,’’

‘‘vegan,’’ (Oksanen et al., 2019) and ‘‘labdsv,’’

(Roberts, 2019) packages.
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Results

We found 232 zooplankton taxa in the SAJ Reservoir

(83 testate amoebae, 89 rotifers, and 60 microcrus-

taceans, including larval and juvenile forms of cope-

pods). Testate amoebae species richness differed little

between periods (66 species before and 65 after

damming); however, for rotifers and microcrus-

taceans, the species richness was higher after dam-

ming (rotifers: 67 before and 75 after;

microcrustaceans: 44 before and 54 after). We

recorded 175 zooplankton taxa in the SF Reservoir

(73 testate amoebae, 63 rotifers and 39 microcrus-

taceans). Testate amoebae richness declined after

damming (71 before and 48 after), whereas the

richness of rotifers (41 before and 55 after) and

microcrustaceans (27 before and 33 after) increased

after damming.

Interrupted time series models for the total

zooplankton community

Zooplankton beta diversity ranged from 0.98 to 1.07

and from 0.54 to 0.67 in SAJ and SF reservoirs,

respectively (Fig. 2). The models were significant in

both reservoirs (SAJ: F3,29 = 11.87, P\ 0.001, R2
adj-

= 0.50; SF: F3,16 = 5.10, P = 0.012, R2
adj = 0.39). In

the SAJ Reservoir, beta diversity increased over time

before damming and the damming significantly

increased the mean level of the time series. After

damming, beta diversity did not vary significantly over

time (Table 1; Fig. 2a). In the SF Reservoir, beta

diversity was time independent before damming. We

also found a significant and negative effect of

damming on the mean level of the time series;

afterwards, we found a temporal increase in beta

diversity (Table 1; Fig. 2b).

Interrupted time series models for the different

zooplankton groups

For testate amoebae beta diversity in the SAJ Reser-

voir, we found a positive temporal trend before

damming (Table 1; Fig. 3a), whereas the model for

the SF Reservoir was not significant (Table 1; Fig. 3b).

Beta diversity of rotifers in the SAJ Reservoir

increased significantly over time before damming, and

we also found a significant (immediate) increase in

beta diversity due to damming. After damming, beta

diversity of rotifers did not exhibit a temporal trend

(Table 1; Fig. 4a). The beta diversity of the rotifer

community in the SF Reservoir varied independently

of time and was not affected by damming (Table 1;

Fig. 4b).

For microcrustaceans in the SAJ Reservoir, the

results of the interrupted time series analysis were

similar to those obtained for the total zooplankton

community and for rotifers. Thus, the beta diversity of

Fig. 2 Temporal variation

of the total zooplankton beta

diversity in the Santo

Antônio do Jari (a) and Serra

do Facão (b) reservoirs.

Open and closed circles

indicate beta diversity

values observed before and

after damming, respectively

(which are separated by

dotted lines). The solid lines

are the fitted values
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this group tended to increase significantly over time

before damming, and we found an immediate and

positive effect of damming on the mean level of the

time series. After damming, beta diversity varied

independently of time (Table 1; Fig. 5a). In the SF

Reservoir, beta diversity of rotifers varied indepen-

dently of time and was not affected by damming

(Table 1; Fig. 5b).

Table 1 Interrupted time

series models evaluating the

temporal trends of

zooplankton beta diversity

in the Santo Antônio do Jari

(SAJ) and Serra do Facão

(SF) reservoirs. The effect

of damming was quantified

by the d statistic and the

change in the temporal

trend by the s statistic.

Significant coefficients are

shown in bold. Standard

errors of the regression

coefficients are shown in

parentheses

Groups a b d S R2
adj F P

Total community SAJ 0.969 0.002 0.060 2 0.002 0.505 11.87 \ 0.001

(0.012) (0.001) (0.018) (0.001)

SF 0.571 0.001 2 0.262 0.009 0.393 5.10 0.012

(0.013) (0.001) (0.127) (0.004)

Testate Amoebae SAJ 1.246 0.001 0.036 - 0.001 0.550 14.02 \ 0.001

(0.012) (0.001) (0.018) (0.001)

SF 0.639 0.001 - 0.061 0.002 0.000 0.91 0.457

(0.012) (0.001) (0.120) (0.004)

Rotifers SAJ 0.983 0.003 0.064 2 0.003 0.479 10.79 \ 0.001

(0.012) (0.001) (0.018) (0.001)

SF 0.818 - 0.002 - 0.087 0.006 0.199 2.57 0.090

(0.032) (0.002) (0.308) (0.010)

Microcrustaceans SAJ 1.157 0.002 0.049 2 0.002 0.167 3.14 0.040

(0.014) (0.001) (0.021) (0.001)

SF 0.813 - 0.004 - 0.092 0.008 0.116 1.74 0.204

(0.048) (0.003) (0.463) (0.015)

Fig. 3 Temporal variation of the testate amoebae beta diversity

in the Santo Antônio do Jari (a) and Serra do Facão

(b) reservoirs. Open and closed circles indicate beta diversity

values observed before and after damming, respectively (which

are separated by dotted lines). The solid lines are the fitted

values
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Indicator species analysis (INDVAL)

We found 25 testate amoebae taxa in the SAJ

Reservoir with significant INDVAL indexes, and all

of them were significant indicators of the period before

damming (Table S2A). In the SF Reservoir, we found

13 taxa with significant INDVAL indexes, of which 10

and 3 taxa were significant indicators of the periods

before and after damming, respectively (Table S2B).

Centropyxis aculeata (Ehrenberg, 1838) and Cen-

tropyxis ecornis (Ehrenberg, 1841) were the taxa with

the highest INDVAL indexes in both reservoirs.

Ten and eleven rotifers were significant indicators

of the periods before and after damming in the SAJ

Reservoir, respectively (Table S2A). The taxa with the

highest INDVAL indexes, before damming, were

Fig. 4 Temporal variation

in rotifers beta diversity in

the Santo Antônio do Jari

(a) and Serra do Facão

(b) reservoirs. Open and

closed circles indicate beta

diversity values observed

before and after damming,

respectively (which are

separated by dotted lines).

The solid lines are the fitted

values

Fig. 5 Temporal variation

of microcrustaceans beta

diversity in the Santo

Antônio do Jari (a) and Serra

do Facão (b) reservoirs.

Open and closed circles

indicate beta diversity

values observed before and

after damming, respectively

(which are separated by

dotted lines). The solid lines

are the fitted values
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Lepadella ovalis (Müller, 1786) and Dicranophorus

sp., whereas after damming, Lecane leontina (Turner,

1892) and Plathyonus patulus macracanthus (Daday,

1905) were those with the highest indexes. In the SF

Reservoir, 21 taxa were significant indicators of the

period after damming (and none of the period before

damming), especially Plathyas quadricornis (Ehren-

berg, 1832) and Polyarthra vulgaris Carlin, 1943

(Table S2B).

For microcrustaceans, we found 5 taxa that were

significant indicators of the period before damming in

the SAJ Reservoir (e.g., Alona sp., Nicsmirnovius

fitzpatricki (Chien, 1970) and Tropocyclops prasinus

(Fischer, 1860)), whereas 11 taxa had significant

INDVAL indexes for the period after damming (e.g.,

Cyclopoida copepodites and Moina minuta Hansen,

1899; Table S2A). In the SF Reservoirs, 21 taxa were

significant indicators of the period after damming (and

none of the period before damming), especially

Cyclopoida and Calanoida (nauplii and copepodites;

Table S2B).

Discussion

We detected different temporal trends (before and

after damming) and effects of the immediate impact of

damming on the beta diversity of the total zooplankton

community. In SAJ Reservoir, we detected a trend of

increasing beta diversity over time before the dam-

ming and an immediate impact of the damming that is

consistent with the biotic differentiation hypothesis. In

addition, we did not detect a trend of increasing beta

diversity after damming. On the other hand, the beta

diversity in the SF reservoir did not show a temporal

trend before impact. In this reservoir, the immediate

effect of damming was negative, indicating biotic

homogenization and, after damming, we detected a

significant trend of increasing beta diversity over time.

Thus, in general, our results were more consistent with

the biotic differentiation hypothesis, either by the

increased mean level of the time series after the impact

(SAJ) or by the increased trend over time also after

impact (SF).

Compared to other human-induced impacts on

ecosystems (e.g., urbanization; Liu et al., 2020),

damming is more likely to cause biotic differentiation

than homogenization of plankton communities. This

may be the case because the environmental

differentiation caused by damming (within the reser-

voir, with the creation of different regions, and

between the reservoir and downstream or upstream

reaches) would tend to favor different zooplankton

communities. Also, the effect of damming on hydrol-

ogy, with the transformation of a lotic to a lentic-like

environment, is probably a key mechanism underlying

biotic differentiation. High water flow is a strong

environmental filter, inhibiting the development of

planktonic communities (Baranyi et al., 2002). Before

damming, river zooplankton communities are mainly

constituted by individuals passively dispersing from

areas with low water flow (e.g., backwaters and side

channels; Dickerson et al., 2010). When the effects of

this filter are reduced, due to damming, many species

can colonize the new environment (with more lentic-

like characteristics), increasing beta diversity. Indeed,

studies have shown that reservoirs, as compared to

rivers, are more favorable to zooplankton population

growth due to the increased water residence time

(Havel et al., 2009; Dickerson et al., 2010). The

INDVAL results are consistent with this interpretation

because euplanktonic taxa (microcrustaceans and

rotifers) were mainly indicators of the after damming

period. Conversely, most testate amoebae taxa, which

can be regarded as pseudoplanktonic (Lansac-Tôha

et al., 2008), were predominantly indicators of the

before damming period, considering that these organ-

isms are usually suspended into the water column from

the substrate and associated vegetation (Alves et al.,

2010).

Other studies focusing on zooplankton and fish

communities have found a tendency to biotic homog-

enization in areas under the influence of reservoirs

(Freedman et al., 2014; Sá-Oliveira et al., 2015;

Braghin et al., 2018). However, clearer evidence on

the effects of damming on beta diversity is more likely

to be provided in studies that analyze the same

sampling sites over time, as we did in our study. With

this sampling design, one would control for distance

effects on composition similarity (Nekola & White,

1999) and would also consider more closely the

definition of biotic homogenization: ‘‘decrease in beta

diversity over time’’ (Olden et al., 2018). To the best of

our knowledge, this is one of the first studies to

evaluate the effects of damming on zooplankton beta

diversity using data before and after damming at the

same sampling sites. Although we found evidence for

biotic differentiation considering a period of a few
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years after damming, additional data, with the contin-

uation of the monitoring program, may indicate a

reversal of this pattern (e.g., Lopes et al., 2017). For

example, eutrophication may be a cause of biotic

homogenization in reservoir plankton communities

(Zorzal-Almeida et al., 2017).

We expected the effects of damming on zooplank-

ton beta diversity to vary depending on the type of

reservoir operation. Storage reservoirs, such as SF

Reservoir, have large volumes and longer water

residence times than run-of-river reservoirs, such as

the SAJ Reservoir (Poff & Hart, 2002; McManamay

et al., 2016). Thus, we expected that the compositional

difference between regions of a reservoir and between

the reservoir and other stretches would be more

pronounced in the storage reservoir. In general, our

results support this expectation as we found a strong

trend of increasing beta diversity, after damming, in

the storage reservoir (SF). Probably, the immediate

and significant decrease of beta diversity in the SF

Reservoir was caused by a strong depletion of

dissolved oxygen during the filling phase, an impact

that is common in tropical reservoirs due to the

decomposition of flooded vegetal biomass (Bianchini

Jr & Santino, 2011; Agostinho et al., 2016). However,

we found a positive impact of damming (i.e., a

significant d) on beta diversity even in the run-of-river

reservoir (SAJ). This result may be mainly attributed

to hydrological differentiation, assuming that the

limnological differentiation may not be strong enough

to alone increase beta diversity in this type of

reservoir.

We predicted that beta diversity of the different

zooplankton groups would increase after the impact.

For example, the variation in community structure of

testate amoebae would be increased due to a negative

impact of damming on the abundance of this group in

sampling sites near the dam, which would decrease, in

terms of effect, towards the fluvial region (where the

hydrologic conditions favor the abundance of this

group; Velho et al., 2003; Alves et al., 2010). In

general, due to an increase in water residence time, the

opposite pattern would be expected for microcrus-

taceans and rotifers as the abundance of these groups

would increase after damming and from the riverine to

the lacustrine zone (as well as from free-flowing

reaches to the reservoirs; Baranyi et al., 2002). Thus,

the three zooplankton groups were expected to

undergo biotic differentiation. However, our main

predictions that an increase in beta diversity after

damming would occur and that this increase would be

greater in the storage reservoir were confirmed mainly

when the total community was analyzed.

The patterns of biotic differentiation we observed

should be interpreted, first, as an impact caused by the

damming (i.e., more is not necessarily better). On the

other hand, what should be the baseline reference for

monitoring these man-made systems? Conservation

efforts should be directed to keep ecosystems as

pristine as possible; thus, would it be desirable to

reduce beta diversity to levels similar to those found

before damming (assuming that an intervention of this

kind is possible)? In the long run, the trend of biotic

differentiation may change to a trend of biotic

homogenization (Turgeon et al., 2019). It is also

important to consider that eutrophication is one of the

main threats to aquatic ecosystems and recent studies

have shown that this process can decrease beta

diversity (Zorzal-Almeida et al., 2017; Rogalski

et al., 2017; Cook et al., 2018). Thus, we believe that

the high values of beta diversity observed after the

damming should be the new baseline for monitoring

purposes in reservoirs. Putting it in another way, we

are of the opinion that high zooplankton beta diversity

should be the ‘‘desirable’’ state because a decrease of

this metric is likely to be related to water quality

problems in reservoirs (especially, eutrophication).

Recently, Olden et al. (2018) carried out a system-

atic review and found that biotic homogenization was

more frequently observed than biotic differentiation or

than an absence of relationship between beta diversity

and time. They also stated that the results of the studies

varied considerably (between biogeographic regions

and taxonomic groups) and, probably, this high

variability can be partly attributed to the problems of

definition and methods used. However, assuming

negligible changes in water quality (e.g., eutrophica-

tion), biotic differentiation of plankton communities in

reservoirs, as found in our study, may be more likely to

occur because, at the reservoir scale, different regions

(with different hydrological characteristics) are cre-

ated (i.e., lacustrine, intermediate and riverine

regions), which can favor the population growth of

different zooplankton species.
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Conclusions and caveats

We found evidence that zooplankton beta diversity

may be increased by damming, as indicated by an

increase in the mean level of the time series (SAJ) or

by a positive trend after damming (SF). However, our

results were complex. For example, a clear increase in

mean beta diversity after damming was observed in

the SAJ, a run-of-river reservoir. On the other hand,

despite the positive trend after damming, the imme-

diate impact on beta diversity was negative in SF, a

storage reservoir. In terms of mechanisms, these

results indicate that even a small increase in the water

residence time (as in the SAJ Reservoir), which may

not translate into strong limnological compartmental-

ization, may be enough to cause biotic differentiation

of zooplankton communities within reservoirs. We

cannot rule out the possibility of different patterns

with the use of longer time series (both before and after

the impact). In this context, pre-damming time series

in tropical environments are often very short in

relation to studies in temperate regions (e.g., Turgeon

et al., 2019). Thus, for new hydroelectric plants, we

suggest more frequent (monthly) samplings (e.g.,

24 months) before and after damming to analyze their

impacts on plankton communities.

The impact of damming was detected in both

reservoirs only when the total zooplankton community

was analyzed. For example, the effect of damming on

testate amoebae beta diversity was not significant in

both reservoirs, and for rotifer and microcrustaceans,

the models were significant only in the SAJ Reservoir.

At least indirectly, these results indicate that assess-

ments of biotic homogenization and differentiation

should consider, whenever possible, the analysis of

different zooplankton groups. Finally, we emphasize

that the inferences above should be restricted to

plankton communities impacted by reservoirs that are

not subject to eutrophication.
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Sá-Oliveira, J. C., J. E. Hawes, V. J. Isaac-Nahum & C. A. Peres,

2015. Upstream and downstream responses of fish assem-

blages to an eastern Amazonian hydroelectric dam.

Freshwater Biology 60: 2037–2050.

Sindt, A. R. & M. C. Wolf, 2021. Spatial and temporal trends of

Minnesota River phytoplankton and zooplankton. River

Research and Applications 37: 776–795.

Sluss, T. D., G. A. Cobbs & J. H. Thorp, 2008. Impact of tur-

bulence on riverine zooplankton: a mesocosm experiment.

Freshwater Biology 53: 1999–2010.

Stephan, L. R., M. S. M. Castilho-Noll & R. Henry, 2017.

Comparison among zooplankton communities in hydro-

logically different lentic ecosystems. Limnetica 36:

99–112.

Taura, Y. M. & I. C. Duggan, 2020. The relative effects of

willow invasion, willow control and hydrology on wetland

zooplankton assemblages. Wetlands 40: 2585–2595.

Thornton, K. W., B. L. Kimmel & F. E. Payne, 1990. Reservoir

limnology: ecological perspectives, Wiley, New York.

Thorp, J. H., A. R. Black & K. H. Haag, 1994. Zooplankton

assemblages in the Ohio River: seasonal, tributary, and

navigation dam effects. Canadian Journal of Fisheries and

Aquatic Sciences 51: 1634–1643.

Thorp, J. H. & S. Mantovani, 2005. Zooplankton of turbid and

hydrologically dynamic prairie rivers. Freshwater Biology

50: 1474–1491.

Turgeon, K., C. Turpin & I. Gregory-Eaves, 2019. Dams have

varying impacts on fish communities across latitudes: a

quantitative synthesis. Ecology Letters 22: 1501–1516.

Velho, L. F. M. & F. A. Lansac-Tôha, 1996. Testate Amoebae
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ence of environmental heterogeneity on the structure of

testate amoebae (Protozoa, Rhizopoda) assemblages in the

plankton of the Upper Paraná River floodplain, Brazil.
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