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Hydroelectric power plants significantly alter freshwater ecosystems, yet the
differences in impacts between small hydroelectric power plants (SHPs) and
large hydroelectric power plants (LHPs) on fish assemblages remain poorly
understood. In this study, we analyzed environmental impact assessment (EIA)
data from six hydroelectric power plants in Parani State, Brazil, to evaluate
how SHPs and LHPs affect fish abundance, species richness, and diversity. We
employed two impact evaluation methods: Before-After-Control-Impact (BACI)
and Regression Discontinuity in Time (RDiT). Our results revealed substantial
variability in impact estimates, with no consistent trends distinguishing SHPs
from LHPs. This lack of clear patterns highlights the site-specific nature of
hydroelectric power plant impacts, contradicting the assumption that LHPs
invariably exert greater effects than SHPs. Moreover, our findings underscore
limitations in EIA monitoring approaches, particularly the use of upstream sites
as controls in BACI designs, which may introduce bias in impact estimates. In
contrast, RDiT provides more robust evaluations by addressing these limitations.
Overall, our study demonstrates that impact evaluations must consider factors
beyond size-based classifications, advocating for refined hydropower policies.
Furthermore, environmental impact assessment terms of reference should
incorporate site-specific ecological assessments to enhance decision-making and
conservation strategies for freshwater ecosystems.

Keywords: Ecological assessment, Environmental monitoring, Fish assemblages,
Impact evaluation, Trophic upsurge period.
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Incongruent impacts of small versus large hydropower on fish

As usinas hidrelétricas alteram significativamente os ecossistemas de dgua doce,
mas as diferengas nos impactos entre pequenas usinas hidrelétricas (SHPs) e
grandes usinas hidrelétricas (LHPs) sobre as assembleias de peixes permanecem
pouco compreendidas. Neste estudo, analisamos dados de avaliagio de impacto
ambiental (EIA) de seis usinas hidrelétricas no estado do Parand, Brasil, para
avaliar como as SHPs e LHPs afetam a abundincia de peixes, a riqueza de
espécies e a diversidade. Empregamos dois métodos de avaliagio de impacto:
Before-After-Control-Impact (BACI) e Regression Discontinuity in Time (RDiT).
Nossos resultados revelaram variabilidade substancial nas estimativas de impacto,
sem tendéncias consistentes que distinguissem SHPs de LHPs. Essa falta de
padrdes claros ressalta a natureza especifica de cada local nos impactos das usinas
hidrelétricas, contradizendo a suposi¢io de que LHPs sempre exercem efeitos
maiores do que SHPs. Além disso, nossos achados evidenciaram limitagdes nas
abordagens de monitoramento do EIA, especialmente o uso de locais a montante
como controles em desenhos BACI, o que pode introduzir vieses nas estimativas
de impacto. Em contraste, o método RDIT fornece avaliagdes mais robustas
a0 abordar essas limitagdes. De modo geral, nosso estudo demonstrou que as
avaliacdes de impacto devem considerar fatores além das classificagdes baseadas
no tamanho, defendendo politicas hidrelétricas mais refinadas. Além disso, os
termos de referéncia para a avaliagio de impacto ambiental devem incorporar
avaliages ecoldgicas especificas de cada local para aprimorar a tomada de decisio
e as estratégias de conservagio dos ecossistemas de dgua doce.

Palavras-chave: Assembleias de peixes, Avaliagio de impacto, Avaliagio
ecol6gica, Monitoramento ambiental, Periodo de aumento tréfico.

INTRODUCTION

Habitat loss and alteration are the main drivers of the biodiversity crisis (Jaureguiberry
et al., 2022). This is particularly evident in freshwater ecosystems, where hydroelectric
power plants rank among the primary contributors to such changes (Johnson et al.,
2008; Zarfl et al., 2015; Winemiller et al., 2016; Thieme et al., 2021). The environmental
impacts of dams and reservoirs are wide-ranging and profound, especially given the
global expansion of hydropower, a trend most pronounced in developing countries
(Zarfl et al., 2015; Winemiller ef al., 2016).

Hydroelectric power plants are commonly classified as either large (LHPs) or
small (SHPs) based on size and energy production capacity, though this distinction
remains somewhat arbitrary (Couto, Olden, 2018). Classification criteria typically
include energy output potential, reservoir size, dam height, and the stream order of
impounded rivers (Kelly-Richards ef al., 2017; Couto, Olden, 2018). In addition, there
is no global consensus on what qualifies a hydroelectric power plant as SHP, with
ambiguity and inconsistencies across different countries. Specifically, we follow here
the Brazilian classification by the National Electric Energy Agency (ANEEL for its
Portuguese acronym, ANEEL normative resolution number 1070 from 29/08/2023;
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ANEEL, 2023) and Brazilian federal legislation (CONAMA 279/2001; Federal Law
number 13.360/2016; Brasil, 2016), which define SHPs as hydroelectric power plants
with an energy production capacity of less than 30 MW and a reservoir area of up to
13 km?. This classification aligns with criteria used in other countries (Kelly-Richards e
al., 2017; Couto, Olden, 2018).

The classification of hydroelectric power plant sizes is supported by a new
perspective on hydropower development, in which SHPs are considered to entail low
opportunity costs and minimal potential for negative environmental impacts (Santos
et al., 2006; Couto, Olden, 2018). This assumption has led to multiple legislative
measures facilitating protocols that exclude SHPs from decision-making processes in
many countries (Winemiller er al., 2016). Even when environmental impact studies
are required for SHP construction, they are typically simpler and less committed to
monitoring, evaluating, and mitigating the impacts of these projects on ecosystems
(Winemiller ef al., 2016). As a result, there has been a global increase in the number of
SHPs compared to LHPs (Couto, Olden, 2018).

However, limited evidence supports the assumption that SHPs are less threatening to
biodiversity than LHPs (Kibler, Tullos, 2013; Couto, Olden, 2018; Lange ef al., 2019).
The evidence supporting this claim remains scarce, particularly given the paucity of
studies evaluating the impacts of SHPs (eg., Santos ef al., 2006; Couto et al., 2023)
compared to the relatively extensive body of evidence on the impacts of LHPs (eg.,
Agostinho ef al., 2016; Turgeon et al., 2016; Botelho er al., 2017; Keppeler et al., 2022).
Moreover, most studies suggest that SHPs and LHPs have similar effects on biodiversity
(eg., Hirschmann er al., 2008; Carvalho, Aratjo, 2024). Therefore, we still need to better
understand how different types of hydroelectric power plants affect the environment
to improve decision-making. This understanding is also crucial for supporting or
challenging the arbitrariness of classifying a hydroelectric power plant as small or large.
Along with related policies and regulations, particularly in light of the rapid expansion
of hydropower based on SHPs facilities (Kibler, Tullos, 2013; Jumani ef al., 2017; Kelly-
Richards et al., 2017; Couto, Olden, 2018; Couto et al., 2023).

Fish are among the most studied biological groups impacted by hydroelectric power
plants (Finer, Jenkins, 2012; Pelicice ef al., 2015; Agostinho ef al., 2016; Turgeon et al.,
2016; Winemiller et al., 2016). The construction of dams and formation of reservoirs
alters fish communities through multiple pathways, primarily by changing hydrologic
conditions, organic matter, energy flow, and nutrient availability compared to natural
environments (Poft et al., 1997; Poff, Zimmerman, 2010; Dias et al., 2020). These
changes are particularly well understood for LHPs, especially during and immediately
after reservoir filling (Agostinho e al., 1999). In this context, generalist, omnivorous,
and anthropogenically-adapted specie, such as invasive and small-sized sedentary
species, tend to benefit, while migratory, piscivorous, and large-sized species are
often negatively affected (Agostinho e al., 1999, 2003, 2008; Johnson ef al., 2008;
Hoeinghaus et al., 2009; Delariva et al., 2013; Pereira et al., 2016; Dias et al., 2020).
However, the overall impact on fish communities shows high variability (Turgeon er
al., 2016), especially in megadiverse ecosystems such as tropical ones, and depends on
each hydroelectric power plant’s specific characteristics (Agostinho ef al., 1999; Poff,
Hart, 2002; Abell et al., 2008; Couto et al., 2023).
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Considering known patterns of reservoirs on fish assemblages, the effects of
hydroelectric power plants in the years immediately before and after reservoir filling
result in a phenomenon known as the “trophic upsurge period” (Kimmel, Groeger,
1986; Kimmel ef al., 1990). This phenomenon has been well documented in multiple
LHPs operating under different conditions and constructed in various environments
(Petrere, 1996; Agostinho et al., 2007; Gubiani ef al., 2011; Turgeon et al., 2016). In
summary, the trophic upsurge period is characterized by increased nutrient input into
the system, driven by physical and chemical changes as the environment shifts from a
lotic (ie., river) to a lentic (ie., reservoir) state. Consequently, this phenomenon alters
fish communities by increasing overall abundance and species richness while promoting
the dominance of certain species, which typically leads to reduced diversity indices that
account for relative abundance (i.c., low evenness; Agostinho ef al., 2008, 2016).

In this study, we used standard environmental impact assessments (EIA) data from
multiple SHPs and LHPs with similar ecological characteristics but different biological
communities (Parand, Dagosta ef al., 2024; Piquiri, Cavalli er al., 2018; Tibagi, Raio,
Bennemann, 2010; and Iguagu, Baumgartner ef al., 2012; Mezzaroba ef al., 2021; River
basins) to compare their impacts on fish assemblages across the two size categories.
To accomplish this, we first applied impact evaluation methods to evaluate how these
facilities affect three key metrics expected to change due to the trophic upsurge period:
(i) fish abundance, (ii) species richness, and (iii) diversity. We specifically focused on the
trophic upsurge period because the monitoring data used in this study corresponded
to a short time frame immediately before and after dam construction and reservoir
filling, precisely when the trophic upsurge is expected to occur. This temporal window
allowed us to test hypotheses related to the short-term ecological responses typically
observed during the early post-impoundment phase. We then compared impact
estimates on the early described metrics between SHPs and LHPs, considering the two
hypotheses outlined next. First, we hypothesized that the trophic upsurge period would
increase fish abundance and species richness while decreasing diversity due to reduced
evenness, with more pronounced impact estimates in LHPs compared to SHPs. This
prediction stems from LHPs typically causing greater environmental alterations, which
may consequently lead to more severe biodiversity impacts. Second, we hypothesized
that both classes of hydroelectric power plants would have similar directional impacts
across the three metrics. Specifically, in line with the hypothesis, we expected that both
SHPs and LHPs to cause positive impacts on fish abundance and species richness, and
negative impacts on diversity. Thus, while we anticipated stronger impacts from LHPs,
we expected the trophic upsurge period to produce comparable trends in both systems,
regardless of size, leading to similar trends in fish abundance, richness, and diversity.

Additionally, we applied two impact evaluation methods: one commonly used
in environmental sciences, the Before-After-Control-Impact (BACI), and another
considered more accurate according to impact evaluation theory (Cashmore er al., 2010;
Morgan, 2012) for estimating impacts with EIA designs — the Regression Discontinuity
in Time (RDiT). Through this comparative approach, we examine how EIA monitoring
programs could better assess hydroelectric power plant impacts and identify necessary
improvements for impact estimation using these methods. This discussion aims to
strengthen the utility of EIA monitoring data for generating evidence relevant to
decision-making during and after licensing procedures for both SHPs and LHPs, despite
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legislation in many countries increasingly weakening or eliminating these requirements
(Erlewein, 2013; Couto, Olden, 2018; Lange ef al., 2019; Couto ef al., 2023).

MATERIAL AND METHODS

Small and large hydroelectric power plants. We evaluated six hydroelectric power
plants in Parand State, Brazil. These included three SHPs formally named Bela Vista,
Cantu 2, and Sio Francisco, and three LHPs formally named Tibagi Montante, Baixo
Iguagu, and Salto Caxias. The facilities are located in the Parand, Piquiri, Tibagi, and
Iguagu River basins (Fig. 1; Tab. S1), which share similar fish communities while each
maintaining some distinct ecological characteristics.

. @
LHP Baixo Iguagu | HP Salto Caxias  LHP Tibagi Montante

350.2 MW 1240 MW 36 MW

31 km? 141 km? 6.83 km?
lguacu River lguacu River Tibagi River
Iguagu Basin Iguagu Basin Tibagi Basin

SHPSéoandsa’

14 MW

0.67 km?

Sé&o Francisco Verdadeiro River
Parana Basin

®
SHP Cantu 2

19,8 MW
3.55 km?
Cantu River
Piquiri Basin ] :
SHP Bela Vista 0 75 150 km
I
29.8 MW
2.1 km?
Chopim River
Iguacu Basin

FIGURE 1 | Location and general characteristics of small (SHP) and large (LHP) hydroelectric power plants in Parana State, Brazil.
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For our analysis, we considered these hydroelectric power plants comparable within
their respective size classifications, as we aimed to identify general trends in overall fish
community attributes that we expect to respond similarly across rivers within these
basins. It is worth noting that the Parand and Iguagu River basins are among the most
heavily modified by hydropower construction, with the number of SHPs increasing
rapidly in recent decades (Winemiller ef al., 2016; Santos ef al., 2018; Pini ef al., 2021).

The hydroelectric power plants evaluated were classified as either SHPs and LHPs.
SHPs are characterized by a generation capacity below 30 MW and a reservoir area
of up to 13 km? whereas LHPs surpass these thresholds (CONAMA, 2001; ANEEL,
2023). While primarily distinguished by size, these facilities also vary in other aspects
including water residence time, reservoir area, operational systems, and other relevant
characteristics (see Tab. 1).

Fish data and metrics. Fish data were collected using standardized sampling protocols
across all hydroelectric power plants (see Tab. S2 for details). The data were gathered
during EIA monitoring programs, which comply with federal, state, and municipal
regulations, including those established by the Brazilian Institute of Environment and
Renewable Natural Resources (IBAMA), the ANEEL, the Water and Land Institute
(IAT) of Parani State, and municipal environmental agencies. These EIA monitoring
programs are mandatory for both the construction and operation of hydroelectric
power plants in Parand State, Brazil.

Fish were sampled over several months across consecutive years at each hydroelectric
power plant (Tab. S3). A consistent approach was applied at three sampling sites:
upstream, reservoir, and downstream. Upstream sites were located at the beginning of
the reservoir’s up section, following the natural course of the dammed river. Reservoir
sites were positioned near the dam, while downstream sites were situated below the
dam, where the water flow returned to a lotic behavior. For more details, see Tab. S1.

Using the fish data, we calculated three metrics to evaluate the expected effects of the
trophic upsurge period: (i) overall abundance, (ii) species richness, and (iii) a diversity
metric accounting for relative species abundance. Overall abundance was measured as
the total catch per unit of effort (CPUE; individuals per 1,000 m? of gillnets over a
16-hour period, Tab. S$2), as proposed by King (2007). CPUE standardized abundance
comparisons across hydroelectric power plants given differences in sampling methods
(Tab. S2). Species richness was determined as the count of unique species per sample.
Diversity was calculated using the Inverse Simpson Index (Simpson, 1949; Magurran,

TABLE 1 | Characteristics of hydroelectric power plants.

. Year of Generation . Reservoir Water
Size 5 icipali q . Operation q q
class | reservoir Municipality River capacity system area residence time

formation (MW) (km?) (GEVA))
SHP .

Bela Vista 2021 Veré and Sdo Jodo  Iguagu Chopim Run-of-river

Cantu 2 SHP 2015 Nova Cantu Piquiri Cantu 19.8 Run-of-river 3855

Sdo Francisco sup 2010  (oledoandOuro ., ., SdoFrancisco 4,4 pupofriver  0.67 3.6
Verde do Oeste Verdadeiro

Tibagi Montante = LHP 2019 Tibagi Tibagi Tibagi 36.0 Run-of-river 6.83 3.6
Capanema and

Baixo Iguacu LHP 2019 Capitdo Leénidas  Iguagu Iguagu 350.2 Run-of-river 31.00 1.7

Marques
Capitdo Leonidas
Salto Caxias LHP 1998 Marques and Nova Iguacu Iguagu 1240.0 Storage 141.00 60.0

Prata do Iguacu
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2004), which highlights community dominance and evenness. The index ranges from
one, indicating low-diversity communities dominated by a single species, to the total
number of species in a sample, where all species are equally abundant, representing
a highly diverse community. All metrics were calculated using the vegan package
(Oksanen e al., 2025) in R environment (R Development Core Team, 2025).

Although we did not include direct measurements of environmental energy (eg,
primary productivity), the timing of the monitoring data, collected immediately before
and after dam filling, coincides with the period when the trophic upsurge is expected
to occur (Thornton ef al., 1990; Agostinho et al.,, 2007). We therefore interpret changes
in fish assemblages within this temporal window as indirect indicators of early post-
impoundment dynamics.

Impact evaluation. We utilized the metrics calculated in the previous section to
evaluate reservoir filling impacts by comparing pre- and post-filling periods. To assess
how SHPs and LHPs affect fish communities, we employed two impact evaluation
designs: BACI (Before-After-Control-Impact) and RDiT (Regression Discontinuity in
Time).

The BACI method, adapted from Underwood (1992, 1993), is widely employed in
environmental sciences to evaluate impacts, including assessments of SHPs and LHPs
impacts on biodiversity (eg, Dias ef al., 2020; Santos ef al., 2022; Scotti et al., 2022).
This approach proves valuable for analyzing EIA monitoring data. Within the BACI
framework, intervention impacts are assessed through a two-factor analysis examining
both time, by comparing conditions before and after the intervention, and space, by
contrasting impacted areas with control areas.

In the BACI design, we considered the upstream site as control for the other two
sampling sites. We evaluated impacts on both reservoir and downstream sites by
comparing their pre- and post-intervention periods relative to the upstream reference
site. The impacts estimated using the BACI design were calculated with a linear mixed-
effects model, specified by the following the equation:

Metric, = B + Period, + Site + (Period, x Site )+ u + €,

Where B represents the intercept term, considered as the baseline represented by
measurements taken before the reservoir filling at the upstream sampling site for each
single evaluated metric. Period denotes the effect of time on the evaluated metric,
distinguishing between pre- and post-filling periods. The term Site, refers to the spatial
effect of sampling sites, other than upstream, on the evaluated metric. The interaction
term Period, x Site, represents the impact of the hydroelectric power plant on the
evaluated metric at both the reservoir and downstream sampling sites compared to
the upstream site, accounting for differences between pre- and post-filling conditions.
Finally, u, represents random effects associated with sampling periods, while € is the
residual term.

The RDiT design employed a different approach by evaluating each site individually,
using the pre-filling period as a control for the post-filling period. This method allowed
site-specific impact evaluations by leveraging the temporal discontinuity created by
reservoir filling. While less common in environmental science, this approach is well-
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established in other disciplines (eg, econometrics and social sciences) for accurate
impact estimation (Hausman, Rapson, 2018; Cattaneo, Titiunik, 2022). The impacts
estimated using the RDIT design were calculated with a generalized least squares model
incorporating AR(1) autocorrelation, as specified by the equation:

Metric, = B + Intervention_+ Sampling event,_+ Slope, + ¢,
t t t t t

Where B denotes the intercept term established during the initial sampling period.
Intervention, represents the impact of each SHP and LHP on the evaluated metric,
accounting for the reservoir filling discontinuity period. The Sampling event, refers
to the linear trend in each sample relative to the operational commencement year of
each SHP and LHP. Slope, captures post-operational changes in the linear model’s
slope for each facility. Finally, € represents the residual term, which accounts for an
autocorrelation structure over time, as depicted in the following equation:

e.=pe_+n,n ~ N0,

The BACI design was conducted using the Imer function from the Ime4 package
(Bates er al., 2015), while the RDiT design was conducted using the gls function
from the nlme package (Pinheiro, Bates, 2025). Both analyses were performed in R
environment (R Development Core Team, 2025). Results are presented separately for
each impact evaluation design.

Hypothesis tests. Next, we used the results of the impact evaluation methods (i.e.
BACI and RDiT) as response variables to investigate how impact varies between the
two classes of hydroelectric power plants (i.e, SHP and LHP) considering the expected
effects of the trophic upsurge period. Accordingly, we tested the two hypotheses
presented in the introduction. The first hypothesis proposed that the impact would be
greater in LHPs compared to SHPs due to the broader and more significant effects of
the trophic upsurge period on fish in LHPs. The second hypothesis suggested that, for
both classes of hydroelectric power plants, the direction of their impacts on fish would
be similar.

We employed linear mixed-effects models to test the first hypothesis. In these models,
impact estimates were compared across hydroelectric power plant classes (SHP or LHP),
incorporating a random effect to account for variation among individual hydroelectric
power plants facilities. This approach enabled evaluation of each class’s effects relative
to a zero-impact baseline, as well as comparing between the two size categories to assess
our hypothesis.

We used binary logistic regression to test the second hypothesis. First, we categorized
impacts for each metric as either positive or negative. We then applied the model to
estimate the probability of obtaining positive versus negative impact estimates for each
hydroelectric power plant size class across the metrics. As a result, the model estimated the
odds ratio of finding a positive versus a negative impact when comparing SHPs and LHPs.

For the first hypothesis, we utilized the Ime function from the nlme package (Pinheiro,
Bates, 2025). For the second hypothesis, we employed the glm function from the stats
package. Both packages are available in R environment (R Development Core Team,
2025). We set the p-level at 0.05 to determine the statistical significance of our findings.
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To assess whether the observed species richness was robust to variation in sampling
effort, we conducted additional analyses using presence—absence matrices derived from
the CPUE data. First, we computed non-parametric richness estimators (Chao, Jackknife,
and Bootstrap) using the specpool function from the vegan package (Oksanen et al.,
2025). These estimators provided a benchmark for comparing observed richness against
expected values under potential under-sampling scenarios (Tab. S4). Next, we constructed
species accumulation curves for each hydroelectric facility to evaluate whether species
richness approached asymptotic levels, indicating sampling completeness (Fig. S5).
Finally, we examined the relationship between sampling effort and observed richness at
each site (Fig. S5). Total CPUE was used as a proxy for effort, and its association with
richness was tested using Spearman’s rank correlation and linear regression.

RESULTS

BACI design. The impact evaluation across all three metrics revealed no significant
differences between SHPs and LHPs (Tab. 2; Fig. 2). However, when comparing each
class against a zero-impact baseline, we found that SHPs exhibited increased species
richness at reservoir sites (Tab. 2; Fig. 2C) and showed a marginal effect (with a p-value
near 0.05) on fish abundance at downstream sites (Tab. 2; Fig. 2B), with LHPs generally
exhibiting higher values.

TABLE 2 | Impact estimates for small (SHP) and large hydroelectric power plants (LHP) on fish abundance, species richness and Inverse Simpson
index using Before-After-Control-Impact (BACI) and Regression Discontinuity in Time (RDiT). Asterisk indicate significant impact estimates, UP

representing upstream sampling site, RES representing reservoir sampling site, and DOWN representing downstream sampling site.

I
Abundance Richness Inverse Abundance Richness LIRS
Simpson Simpson

control control control -39.53 -1.29 0.98
Bela vista RES 151.44 7.11%* 2.68 357.94 8.25 2.20
DOWN 50.04 -0.78 -0.74 28.29 -3.59 -4.03
UP control control control -5.08 -1.68 -1.08
SHP Cantu 2 RES -56.32 3.42 -1.98 105.27* 4.86 -1.19
DOWN -158.67 -4.46 -4.64* -12.36 2.48 1.91
UP control control control -60.32 2.31 3.10*
Séo Francisco RES -152.74 3.26* -1.31 -50.15 4.33 3.05
DOWN 228.35 3.97* 1.35 341.56 6.08* 2.69*
UP control control control 489.61 8.94 5.71
Tibagi Montante RES -182.95 -2.21 -2.26 264.21 2.03 -0.22
DOWN 155.33 1.97 1.19 958.09* 8.06 2.62
UP control control control 120.19 0.56 -0.36
Baixo Iguacu RES 238.04* 3.00* 2.18* -65.99 1.58 2.08
LH DOWN 472.70%* 4.09* 2.84* 187.18 3.49 3.17
UP control control control 400.76 -0.85 -5.08*
Salto Caxias RES 1507.39* 1.29 0.88 521.14 3.16 4.80
DOWN 1651.13* 0.76 -0.82 2773.95 0.16 -1.98
*p <0.05
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FIGURE 2 | Impact estimates for small (SHP) and large hydroelectric power plants (LHP) on fish abundance (A, B), species richness (C, D) and
Inverse Simpson index (E, F) using Before-After-Control-Impact (BACI) at reservoir (A, C, E) and downstream (B, D, F) sampling sites. Bellow
each graph are the results of linear mixed-effects models testing difference of SHP and LHP against a zero-impact intercept and between the

two size classes, these encompass model estimate, z-value in parenthesis, and p-value. Dashed lines indicating zero-impact baseline.
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Considering the direction of the impact estimates between SHPs and LHPs, the odds
of a positive impact on fish abundance were approximately five times higher for LHPs
than for SHPs (p-value = 0.239). The odds of a positive impact on species richness were
approximately 2.5 times higher for LHPs compared to SHPs (p-value = 0.512). The
odds of a positive impact on the Inverse Simpson Index were approximately four times
higher for LHPs compared to SHPs (p-value = 0.258).

RDiT design. The impact on fish abundance was higher in upstream sites for LHPs

compared to SHPs (Tab. 2; Fig. 3A). Additionally, we found that SHPs had a greater
impact on species richness in reservoir sites than LHPs (Tab. 2; Fig. 3E). When comparing
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FIGURE 3 | Impact estimates for small (SHP) and large hydroelectric power plants (LHP) on fish abundance (A, B, C), species richness (D, E, F)
and Inverse Simpson index (G, H, I) using Regression Discontinuity in Time (RDiT) at upstream (A, D, G), reservoir (B, E, H), and downstream
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zero-impact baseline.
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impacts of each class to a zero-impact baseline, our results indicated that SHPs resulted
in higher species richness in reservoir sites (Tab. 2; Fig. 3E). Simultaneously, LHPs also
exhibited high species richness in the reservoir sites (Tab. 2; Fig. 3E). Furthermore, we
noted high fish abundance in both upstream and downstream sites for LHPs (Tab. 2;
Figs. 2A, C).

Considering the impact estimates for SHPs and LHPs, the odds of finding a positive
impact on fish abundance were approximately ten times higher for LHPs compared to
SHPs (p-value = 0.066). Similarly, the odds of a positive impact on species richness were
approximately four times greater for LHPs than for SHPs (p-value = 0.277). Additionally,
the odds of a negative impact on the Inverse Simpson Index were approximately 0.6
times lower for LHPs than for SHPs (p-value = 0.63).

DISCUSSION

Our findings demonstrate that the impacts of hydroelectric power plants on fish
assemblages were predominantly site-specific, with no consistent directional patterns
clearly distinguishing SHPs from LHPs facilities. This conclusion is supported by the
substantial variability observed for all three ecological metrics, fish abundance, species
richness, and diversity, across different river sections. Contrary to our initial hypothesis
that LHPs would exert stronger impacts, several SHPs exhibited higher impact
estimates. Considering second hypothesis, LHPs generally exhibited more positive
impact estimates compared to SHPs, contrasting with our expectation that both size
classes would exhibit similar directional effects on fish communities. These patterns
remain consistent across both impact evaluation methods. Overall, the evidence only
partially supports our hypotheses, with particularly notable divergences observed for the
species richness component in the reservoir sites.

Regarding expectations associated with the trophic upsurge period, we found
evidence that LHPs increased fish abundance after reservoir filling, particularly when
estimated using the RDiT method. However, impact estimates showed high variability,
consistent with previous findings from other studies of trophic upsurge period effects
in hydroelectric power plants (eg, Petrere, 1996; Agostinho ef al., 2007; Gubiani e
al., 2011; Turgeon ef al., 2016). This variability underscores how local and regional
factors, such as reservoir morphometry, discharge patterns, habitat structure, and species
composition, influence post-impoundment fish community dynamics, as previously
documented in the literature (Agostinho ef al., 2016). Nonetheless, we acknowledge
that our study relies on indirect evidence of the trophic upsurge period based solely on
fish assemblage data, without direct measurements of environmental energy or nutrient
availability. Future studies incorporating primary productivity, water quality, and other
ecological covariates will be essential for explicitly testing the mechanisms and dynamics
underlying the trophic upsurge phenomenon, especially when comparing the impacts
of SHPs and LHPs.

Despite the absence of consistent overall trends for both hydroelectric power plants
classes, we observed some expected patterns associated with the trophic upsurge period
in both SHPs and LHPs. While most documented trends reported in the literature
focus on the impacts of LHPs on biodiversity, particularly reductions in species richness
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and diversity (e.g, Pusey et al., 1995; Gehrke er al., 2002), our results indicate this
phenomenon appears less pronounced or absent in SHPs. Instead, SHP impacts showed
greater variability, with some effects contradicting theoretical expectations. This aligns
with studies suggesting SHPs and LHPs differentially alter ecosystem processes, yielding
distinct biodiversity outcomes (e, Stanley et al., 2002; Wu et al., 2010).

Notably, inconsistent trends persisted even within individual facilities. For instance,
species richness impacts varied substantially across sampled regions for most facilities,
contradicting researches suggesting consistent within-site patterns (e.g., Kubecka et al.,
1997; Jumani et al., 2017; Couto et al., 2023). Unlike previous studies, we detected
no significant shifts in fish assemblages at downstream sites, at least for the basins that
we evaluated, contrasting with reported dewatering impacts like reduced fish size and
migratory species declines, particularly for SHPs (Kubecka er al., 1997; Jumani ef al.,
2017). These findings may reflect sampling characteristics and the lack of migratory
species, particularly for hydroelectric power plants present in the Iguagu basin.

The composition of fish assemblages in different basins may also influence the
detectability and magnitude of dam impacts. For example, the Iguagu River basin is
known to host predominantly small-bodied, non-migratory fish species, with few long-
distance migrators (Baumgartner ef al,, 2012; Mezzaroba ef al,, 2021). This composition
may buffer the fish community against some of the more disruptive downstream
effects typically associated with hydropower development, such as the fragmentation
of migratory routes. Although our data are not sufficient to statistically test basin-level
differences, we acknowledge this as a potentially important factor influencing our
results. Future studies with expanded spatial replication and basin-level sampling will
be critical to clarify how regional faunal traits modulate the ecological impacts of dams.

The diversity in size and operational modes of hydroelectric power plants leads to a
wide range of unpredictable ecological consequences. Given the arbitrary nature of size
classifications, LHPs generally demonstrate broader impacts than SHPs, as they include
facilities with varying characteristics that affect biodiversity responses. For example,
among the evaluated LHPs, Tibagi Montante resembles most SHPs in size, more than
other LHPs, yet it sometimes showed greater biodiversity impacts than larger LHPs.
This suggests that hydropower impacts extend beyond simple size-based expectations.
These findings carry significant implications for hydropower policy and regulation,
particularly in distinguishing “small” and “large” facilities during environmental
licensing (Kelly-Richards er al., 2017; Couto, Olden, 2018). Current classification
schemes primarily rely on energy generation capacity, which poorly correlates with
ecological consequences (Kibler, Tullos, 2013; Couto, Olden, 2018). Notably, Tibagi
Montante’s generation capacity is also more similar to SHPs (see Tab. 1), further
emphasizing the need for rigorous, site-specific impact assessments regardless of size-
based classifications.

Although differences between SHPs and LHPs were statistically unclear, we highlight
that most high-impact estimates, whether positive or negative, were associated with
LHPs. This suggests that large facilities generally induce greater changes in fish
communities. However, this does not mean that SHPs do not cause impacts. On the
contrary, SHPs appear to produce more variable impacts, likely due to differences in
operational procedures, catchment morphometry, native ichthyofauna, and habitat
modifications (Agostinho ef al., 2004, 2008). As SHPs continue to expand globally,
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outnumbering LHPs 11 to 1 (Couto, Olden, 2018), their impacts require more rigorous
study rather than being presumed minimal. In some cases, as stated in our results,
SHPs can sometimes generate greater impacts than LHPs. This variability underscores
the need for regular biodiversity monitoring to identify trends and inform decision-
making. Such an approach is crucial for reconciling hydropower development with
biodiversity conservation, a challenge that is becoming increasingly critical.

Beyond impact estimates, both impact evaluation designs and EIA monitoring
approaches merit closer examination. Our BACI evaluation detected no significant
differences between SHPs and LHPs across the three metrics. However, comparisons
against a zero-impact baseline suggest some trends. SHPs were associated to higher
species richness at reservoir sites, indicating these smaller facilities may create localized
conditions that promote species accumulation. Conversely, SHPs showed marginal
effects on downstream fish abundance, indicating potential ecological relevance despite
lacking statistical significance. Meanwhile, LHPs generally exhibited greater fish
abundance, supporting the premise that larger reservoirs enhance habitat availability,
though this effect varied substantially among sites.

Similarly, RDiT results indicate that LHPs generally exert greater influence on
fish abundance through their more extensive hydrological alterations and habitat
modifications. Interestingly, the increased species richness observed at reservoir sites
for both SHPs and LHPs reinforces the concept that impoundments initially enhance
biodiversity by creating more heterogeneous habitats and greater resource availability.
However, this pattern typically reverses over time as environmental filters progressively
eliminate fluvial-adapted species (Mol er al., 2007; Orsi, Britton, 2014; Agostinho er
al., 2016). For example, older Neotropical reservoirs often exhibit stabilized species
richness at reduced levels, with assemblages composed by species pre-adapted to lentic
conditions with limited reliance on fluvial environments (Agostinho er al, 2016).
Additionally, in some cases, the post-impoundment increase in species richness may be
spurious, due to the introduction of non-native species, as reservoirs act as stepping-
stones for invasions (Johnson ef al., 2008; Daga et al., 2020). The persistently high fish
abundance observed at both upstream and downstream LHPs sites suggests that larger
reservoirs may mitigate certain flow regulation impacts, a phenomenon that warrants
further investigation, especially in downstream sites.

Interpreting BACI results requires caution, particularly given common EIA data
collection practices. Using upstream sites as controls is problematic, as it often fails to
meet two critical assumptions: (i) that upstream sites maintain ecological characteristics
similar to the rest of the river, and (ii) that upstream sites are unaffected by the dam being
evaluated as well as by any upstream dams (Morrison e al., 2008; Smokorowski, Randall,
2017; statistic independence). The first assumption is inherently flawed, as ecological
differences naturally exist along river gradients (Vannote et al., 1980; Ward, Stanford,
1995; Jackson et al., 2001). The second assumption is also unrealistic, as upstream areas
may still experience impacts (see our results; Agostinho ef al., 2007, 2008, 2016). When
these conditions are unmet, impact evaluations risk biased and inaccurate estimates
(Ferraro, 2009; Smokorowski, Randall, 2017). To improve assessment reliability, control
sites should be sufficiently distant from the facilities, both upstream and downstream,
to minimize influence while maintaining ecological similarity, as demonstrated in
Agostinho et al. (2007, 2016). However, appropriate distances are highly context-
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dependent, and further research is needed to evaluate dam impacts across spatial and
temporal scales within river systems in order to establish clear guidelines. Additionally,
Brazilian EIAs face persistent logistical, political, and financial constraints that limit
proper sampling coverage, making the BACI design particularly challenging for impact
evaluation using EIA data.

In contrast, RDIiT and similar approaches provide stronger evidence by avoiding
these assumptions (Hausman, Rapson, 2018). In RDiT models, the same site is
compared before and after intervention, preventing inappropriate comparisons
between ecologically distinct areas. However, from an EIA perspective, RDiT requires
extensive time-series data, posing similar logistical challenges. To ensure accuracy,
increased temporal sampling is necessary, particularly before hydropower development.
This would improve model precision and impact estimates (Gertler, 2016; Hausman,
Rapson, 2018), especially for fish communities which are naturally influenced by
climatic, environmental, and regional factors (Jackson e al, 2001). Therefore, effective
EIA sampling should prioritize capturing seasonal variations, an aspect often overlooked
in assessments limited to short pre-implementation periods. Considering this, it would
be valuable to distribute sampling over time rather than concentrating numerous
collections in a brief period.

More importantly, we highlight the critical need to revise EIA protocols used to
assess impacts on ichthyofauna. We suggest that extending the temporal scope of pre-
dam sampling is more effective than simply increasing the number of samples over a
short period. This recommendation is based on the rationale that capturing the natural
temporal variability in fish communities (Winemiller, 1990; Silveira ef al,, 2018; Dallas,
Kramer, 2022), particularly for metrics such as abundance, richness, and diversity,
requires baseline monitoring that span at least two to three years prior to impoundment
and includes sampling that reflects the environmental seasonality at each site. This
extended sampling window improves the reliability of impact detection, particularly
for regression-based designs such as RDiT, which rely on temporal trends rather than
spatial comparisons. Considering BACI designs, we recommend adopting integrated
basin-scale assessments with ecologically similar, yet spatially independent, control sites.
This approach reduces bias and enhances the ecological validity of impact estimates.
These improvements also support a broader recommendation: the need to move beyond
size-based dam classifications by incorporating factors such as hydrological alterations,
ecological connectivity, cumulative impacts, and river basin characteristics.

We also advocate incorporating sampling sufficiency diagnostics into standard
monitoring practices. Species accumulation curves, abundance accumulation plots, and
diversity profiles (eg, Hill numbers) offer valuable tools to assess whether the collected
data adequately represent the local fish community. These diagnostics are especially
relevant in EIA contexts, where decision-making must be grounded in robust,
representative biodiversity baselines.

Altogether, these improvements can help refine Brazil’s EIA framework by aligning
sampling protocols with ecological theory and practical limitations. Terms of reference
should explicitly encourage site-specific and evidence-based monitoring strategies,
tailored to river order, basin characteristics, expected community variability, and socio-
political context. By balancing scientific rigor with stakeholder engagement and realistic
constraints, it becomes possible to enhance the transparency, reliability, the potential
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for multiple water resource uses, and conservation effectiveness of hydropower impact
assessments. Therefore, terms of reference better adapted to local conditions, along
with more effectively conducted environmental impact studies, can help ensure more
appropriate impact mitigation measures.

In conclusion, our findings highlight the complexity of evaluating hydroelectric
power plants impacts on fish assemblages. The lack of consistent patterns across size
classes and sites emphasizes the importance of considering local ecological and operational
characteristics. Both SHPs and LHPs showed highly variable, context-dependent effects
on fish communities. We further recommend enhancing EIA monitoring practices,
as current data collection methods remain insufficient for accurate impact assessment
(Alshuwaikhat, 2005; Cashmore er al., 2010; Morgan, 2012). Therefore, developing
site-specific terms of reference, assessing sampling sufficiency, and extending the pre-
dam sampling period with seasonally distributed samples should make environmental
impact studies more robust. Consequently, developing more sophisticated hydropower
classification systems and implementing precise impact evaluation approaches becomes
crucial for informing sustainable energy policies and conserving freshwater biodiversity.
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