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Abstract

Background and Research Aims: Although hydropower provides energy to fuel economic
development across Amazonia, strategies to minimize or mitigate impactsin highly biodiverse
Amazonian environments remain unclear. The growing number of operational and planned
hydroel ectrics requires robust scientific evidence to evaluate impacts of these projects on
Amazonian vertebrates. Here we investigated the existing scientific knowledge base
documenting impacts of hydropower devel opments on vertebrates across Brazilian Amazonia.
Methods: We reviewed the scientific literature from 1945 to 2020 published in English, Spanish
and Portuguese to assess the temporal and spatial patternsin publications and the types of study
design adopted as well as scientific evidence presented.

Results: A total of 24 published articles documented impacts on fish (n = 20), mammals (n = 3)
and freshwater turtles (n = 1). Most study designs (87.5%) lacked appropriate controls and only
three studies adopted more robust Before-After-Control-Impact designs. The published evidence
did not generally support causal inference with only two studies (8.3%) including appropriate
controls and/or confounding variables.

Conclusion: Decades of published assessments (54.2% of which were funded by hydropower
developers or their subsidiaries) do not appear to have established robust evidence of impacts of
hydropower developments on Amazonian vertebrates. Thislack of robust evidence could limit
the development of effective minimization and mitigation actions for the diverse vertebrate
groups impacted by hydroel ectrics across Brazilian Amazonia.

Implicationsfor Conservation: To avoid misleading inferences there is a need to integrate
more robust study designs into impact assessments of hydropower developmentsin the Brazilian

Amazon.
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Introduction

The development and operation of hydroel ectric power plants generates multiple environmental
and social impacts across tropical regions, ranging from habitat destruction to changesin river
flow, habitat fragmentation, and overhunting (Aurelio-Silva et al., 2016; Benchimol & Peres,
2015; Bueno & Peres, 2019; Cosson et al., 1999; Paimeirim et al., 2017). The increasing number
of hydroelectricsin tropical rivers meansthereis an urgent need to understand impacts to
establish minimization and mitigation actions necessary to ensure sustainability of these
developments. To date evidence documenting impactsis limited, for example the only synthesis
at the Environmental Evidence database is on impacts to fish mortality (Algeraet al., 2020) and
fish productivity (Rytwinski et al., 2020) in temperate regions

(https://environmental evidence.org/compl eted-reviews/?search=dam, accessed 14 July 2021).

In South America, hydropower projects with reservoirs and run-of-river dams are
common (Finer & Jenkins, 2012). For example, in 2021 Brazilian Amazonia has 29 operational
hydroelectric power plants (including only those with installed power > 30 MW) and an
additional 93 in process of regularization and construction (SIGEL, 2021). Projects with
reservoir storage (e.g. Balbinadam in Brazil), make it possible to adjust the level of water to
produce energy during periods of water scarcity, which can make substantial changes to both the
landscape and water flow (Egré & Milewski, 2002; Fearnside, 1989). Projects using run-of-river
dams use the natural river flow to generate energy and can therefore reduce environmental
impacts in certain cases (Egré & Milewski, 2002). Y et due to highly seasonal rainfall and river
flow rates the vast mgjority of Amazonian run-of-river dams include reservoirs e.g. Belo Monte
(Fearnside, 2006; Hall & Branford, 2012) and as such generate drastic impacts on flowrates

(Mendes et al., 2021).
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The Amazon rainforest is renowned for its globally important biodiversity and
availability of hydric resources (Dirzo & Raven, 2003; Malhi et al., 2008). The Amazon basin
has a large vertebrate biodiversity (Silvaet al., 2005). For example, the total number of
freshwater fish species present in the Amazon basin represents ~15% of all freshwater fishes
described worldwide (Jézéquel et al., 2020). Smilarly, for three groups of terrestrial vertebrates
(birds, mammals and amphibians), the Brazilian Amazon has a higher overall species richness
compared with other Brazilian biomes (Jenkins et al., 2015). Vertebrates have great importance
in the management of tropical forest ecosystems (Janzen, 1970). Thisincludes seed dispersal,
predation, regulation of water quality, and nutrient and carbon cycles in both terrestrial and

aguatic ecosystems (Bohm et al., 2013; Fletcher et al., 2006; Raxworthy et al., 2008).

Amazon biodiversity isincreasingly threatened by several factors, including habitat oss
and fragmentation and climate change (Dudgeon et al., 2006; Laurance et al., 2011; Li et a.,
2013; Malhi et al., 2008; Michalski & Peres, 2007; Schneider et al., 2021). One of the major
threats to Amazonian biodiversity identified by the International Union for Conservation of
Nature is the construction of hydroelectric power plants (IUCN, 2020). These constructions
make a direct impact on the local environment and an indirect impact on alarge scale, extending
through the entire hydrology basin that isinserted (Carvalho et al., 2018). Expansion of
hydropower developments in the Brazilian Amazon started in the 1980s (Fearnside, 2001; Junk
et al., 1981), but only since 1986 does Brazilian legislation requires that developers need to
produce a mandatory Environmental Impact Assessment (EIA), that evaluates the impact of the
project and provides necessary minimization and mitigation actions. Although millions of dollars
were invested, these EIAs are widely criticized as overly simplistic and generalist (Fearnside,

2014, Gerlak et al., 2020; Smdes et d., 2014).
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94 Systematic reviews summarize and evaluate studies, making evidence available for

95  decision-makers (Gopalakrishnan & Ganeshkumar, 2013). A number of reviews document

96 impacts of dams across the Amazon (Athayde, Mathews, et al., 2019; Ferreiraet al., 2014; Lees

97 etal., 2016). Recently several studies evaluated the impacts of hydroelectrics on water flow,

98  sediments, and on aquatic Amazonian species, mostly fishes (Athayde, Mathews, et al., 2019;

99 Castelloet al., 2013; Latrubesse et al., 2017; Turgeon et al., 2021). But these and other reviews
100  did not evaluate the quality of evidence presented in the primary studies. Indeed, to date there

101 have been no systematic reviews on the impacts of hydroel ectrics on Amazonian vertebrates.

102 Inthisreview, we evaluated the scientific literature reporting hydroel ectric impacts on
103  vertebratesin Brazilian Amazonia. Specifically we addressed the following questions: (1) what
104 arethetemporal and spatia patterns of articles, (2) study designs adopted and (3) evidence types

105  generated.

106

107 Methods

108  Study identification and selection

109  Wefocused on vertebrates as this group includes fish which is perhaps the most intensively

110  studied wildlife group in terms of hydropower impacts globally (Algera et a., 2020; Arantes et
111 al., 2019; Turgeon et a., 2021). Additionally, this group also includes “mega-fauna’ (vertebrates
112 > 30 kg) that have adisproportionately high risk of extinction due to human threats (He et al.,
113 2018). Assuch vertebrates should present a best case scenario for the scientific evidence

114  documenting hydropower impacts on threatened Amazonian wildlife. Searches were conducted

115  for articles published from 1945 to 2020 using four different databases: ISI Web of Science,
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116  SCOPUS, PubMed and Scielo. The databases were searched using the following combination of
117  terms: (Amazon*) and (hydroelectric or hydropower or dam) and (mammal or fish or bird or

118  reptile or amphibian or vertebrate) and (impact* or effect*). The same terms were translated and
119  searches repeated in Portuguese and Spanish. Searches were conducted twice, once on 28 March

120 2020 and again on 29 March 2021 to update publications from 2020.

121 Studies were selected following guiddines established by the Preferred Reporting Items for a
122  Systematic Review and Meta-analysis [PRISMA (Moher et a., 2015; Shamseer et al., 2015),
123 Figurel]. First, we screened al titles, keywords and abstracts and excluded duplicates and any
124  studiesthat were not related to hydroel ectric developments and vertebrates within the legal

125  Brazilian Amazon. The full-text of all articles that passed initial screening was then read to

126 establish digibility.

127  Asour focus was on evaluating impacts, the studies needed to include results from comparisons
128  with at least one of the following: control areas (including space-for-time) and/or the impacted
129  areaafter the hydroel ectric was operational. Selected articles needed to present basic

130  data/primary studies (Salafsky et al., 2019) from operational hydroelectrics, as such laboratory
131  experiments, simulations, reviews and meta-analysis were not included. Studies that used novel
132 reservoir environments to test theories (e.g. species-area relationships on reservoir islands) were
133 not included. In addition, studies with lists of species compared with other areasin only a

134  qualitative narrative form or where comparisons were only discussed (not included as part of the

135  sampling methodology or analysis) were also excluded at this stage.
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137  Figure 1. PRISMA flow chart. Showing process used to assess and select studies.

138

139  Study data extraction

140  Each study was evaluated by one reviewer, who compiled: publication year, vertebrate groups,
141 period of data collection, study design, geographic coordinates for the studied dams [obtained by
142  joining dam name with coordinates provided by SIGEL (2021)], evidence type and whether the
143  study received funding/data from the developer/operator (Supplemental Material Appendix 1).
144  Study design typology followed definitions in Christie et al. (2019) and evidence types were
145 classified following Burivalova et a. (2019) (Table 1). Finally the PRISMA process and data
146  extraction stages were independently reviewed by two researchers (DN and FM) and corrections

147  madeto ensure reproducibility and consistency.
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148  Table 1. Study Designs and Evidence Types. Typology used to classify selected studies.
149  Descriptions summarized from Christie et al. (2019) and Burivalova et al. (2019).

Study Design Description
After Sampling data post-impact without a control or data
before.
Befor e-After Sampling data before and post impact without a

Control-Impact

Before-After Control-Impact

control.

Sampling data from a control area and compare with
post-impact data.

Sampling data before and post impact with a control.

Evidencetype

Description

Case Report

Case-Control |

Case-Control 11

Quasi-Experimental

Descriptive data from the intervention and its effects,
made by interviews, perception or sense of fairness.

Studies that compare a metric before and after an
intervention.

Studies that compare a metric before and after an
intervention taking cofounding variables into account.

Studies that compare a metric before and after with a
control unit similar as possible to treatment units.

150

151  Hydrodectric data

152  To contextualize the literature review we compiled data on the operational hydroelectric plantsin

153  thelegal Brazilian Amazon. For each hydroelectric plant we obtained geographic coordinates,

154  operational start date and power output from the Brazilian Electric Sector Geographic

155  Information (SIGEL — “Sistema de Informagdes Georreferenciadas do Setor Elétrico”), provided

156  and maintained by the Brazilian National Agency of Electricity (ANEEL —“Agéncia Nacional
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157 deEnergiaElétrica’, downloaded from: https://sigel .aneel.gov.br/Down/, accessed on 30 March

158  2021). Weretained only hydroel ectric power plants (HPPs) with an installed power greater than
159 30 MW (Supplemental Material Appendix 2). We used ArcGIS 10.3 (ESRI, 2015) in order to

160  produce the final distribution map of the hydroelectric plants and study locations.

161

162  Data Analyss

163 All analyses were performed in R (R Development Core Team, 2020). Patterns in the geographic
164  and temporal distribution of publications were evaluated using maps and descriptive analysis. As
165  Brazilian states are an important administrative and legislative unit for the management of

166  environmental resources, we compared the distribution of hydroelectrics and publications

167  between the nine states of the 5 Mkm? Legal Brazilian Amazon [Acre, Amapé, Amazonas, Mato
168  Grosso, Maranhdo, Pard, Rondbnia, Roraimaand Tocantins, (IBGE, 2020)]. The distribution of
169  study designs and evidence types was compared between studies that i) received funding and/or
170  datafrom the hydroelectric developer/operator and ii) independent research studies without any

171  declared association with the hydroel ectric devel oper/operator.

172

173
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174  Resaults

175 Temporal and spatial distribution of studies

176 A total of 24 peer-reviewed studies were included in our review most of which (n = 16) were

177  published between 2015 and 2020 (Figure 2). Thefirst article found in our review was published
178  in 1981 (Junk et al., 1981). Thiswas four years after the hydroel ectric plant under study (“ Curué&
179  Una’) became operational in 1977 and six years after the first hydroel ectric plant became

180  operational in the legal Brazilian Amazon in 1975 (Figure 2). Although the number of

181  operational hydroelectricsincreased steadily in the subsequent decades, the number of published

182  articles started to increase only recently (Figure 2). After the first published study there was a 12

183  year gap until the next publication and few studies (n = 4) were published by 2012, despite there

184  being 15 operational hydroelectricsin 2010.
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186  Figure 2. Temporal distribution of published studies and operational hydroelectrics. Annual
187  frequency of A) published articles documenting impacts on vertebrates (n = 24) and B) newly
188  operational hydroelectrics (n = 29) across the legal Brazilian Amazon. Dashed lines show
189  cumulativetotals.
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190

191  Based on our inclusion criteria we were able to identify studies assessing impacts on only three
192  groups of vertebrates (Figure 2): fish (n = 20), mammals (n = 3) and turtles (n = 1). The major
193  research interest was related to fish (83.3% of studies) with the four articles published during the
194  first three decades (1981 — 2013) focusing exclusively on this group (Figure 2). Thethree

195 mammal studies (Calaca & de Melo, 2017; Calacaet al., 2015; Palmeirim et a., 2014) were

196  published between 2014 and 2017 and all focused on the semi-aquatic Giant Otter (Pteronura
197  braslienss). The study ng impacts on turtles (Norris et a., 2018) focused on the Y ellow-

198  gpotted River Turtle (Podocnemis unifilis).
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200 Figure 3. Spatia digtribution of published studies and operational hydroelectrics. Geographic
201 location of A) operational hydroelectrics (circles, n = 29) and B) studies documenting impacts on
202  vertebrates (triangles, n = 24) across the legal Brazilian Amazon. The size of the circles showing
203  hydroelectric locations is proportional to the power output of each hydroelectric, and light grey
204  lines represent major rivers. Plots show distribution of power output (MW) by C) State of all 29
205  operational hydroelectric and D) The 12 hydroelectrics included in 24 studies. The sequence of
206  Statesis ordered by total power output of operational hydroelectrics in each state (high to low
207  from left toright).


https://doi.org/10.1101/2021.07.01.450737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450737; this version posted July 16, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

208

209  The studies assessed impacts caused by 12 of the 29 operational hydroel ectric plants. The

210  distribution of studies tended to follow the power output of the damsin each state (Figure 3) and
211 wefound a positive but insignificant correlation between power output and number of studies per
212 hydroelectric power plant (Spearman Correlation rho = 0.41, p = 0.181). Nearly half of studies (n
213 =11) investigated impacts of three power plants, namely Jirau and Santo Antonio (n =7, with 6
214  studiesincluding both) in the state of Rondénia and Peixe Angical (n = 4) in Tocantins. With the
215  two most intensely studied hydroelectrics (Jirau and Santo Antonio, power output 3750 and

216 3568 MW respectively) accounting for 7 of the 13 studies published since 2017. The remaining 9
217  hydroelectric plants had one or two studies each. We also found aweak positive correlation

218  between the number of hydroelectrics and number of published studies per state (Spearman

219  Correlation rho = 0.21, p = 0.686). Mato Grosso was the state with most hydroel ectric power

220  plants (n = 13), but was severely under-represented with only two published studies (Figure 3),
221 both of which focused around the recently operational Teles Pires dam [1,819 MW, operational

222 in November 2015, (Calagca & de Melo, 2017; Calaga et al., 2015)].

223

224  Study Design and Evidence Type

225  Most studies (87.5%) adopted either “After” (n = 6) or “Before-After” (n = 15) study designs
226 (Figure 4). Only three studies used a Before-After Control-Impact design, two with fish (Araljo

227 eta., 2013; Limaet al., 2018) and one with turtles (Norris et al., 2018).
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229  Figure4. Temporal distribution of study designs and evidence types. The A) study design used
230 and B) type of evidence produced by 24 published articles documenting impacts hydroel ectric
231  developments on vertebrates across the legal Brazilian Amazon. Classification follows

232 previously published definitions of study designs (Christie et al., 2019) and evidence types

233 (Burivalovaet al., 2019). Studies are grouped into those conducted without financial support
234  from the developer/operator (“independent”) and those that received financial support or data
235  from the developer/operator (“operator”).

236

237  Most publications (91.7%, n = 22) did not support causal inference, with evidence coming from
238  either Case-report (n = 6) or Case-Control | (n = 16) studies (Figure 4). Only one Quasi-

239  Experimental study was found, which included data collected pre and post reservoir formation
240  with both impacted and control areas and analysis to explicitly test the Before-After Control-
241  Impact interaction (Norris et a., 2018). The proportion of independent (n = 11) and operator
242  funded (n = 13) studies was similar (Chi-squared = 0.17, df = 1, p = 0.683) and there was no
243 dignificant difference in the frequencies of study designs or evidence types between

244 independently or operator funded studies (Figure 4, Fisher's Exact Test p = 0.725 and 0.288 for
245  study designs and evidence types respectively).

246
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Discussion

Our systematic review showed that (1) studies focused on understanding the impacts of

hydroel ectrics on Amazonian vertebrates are increasing, but weak sampling designsresulted in a
lack of robust evidence, (2) the mgjority of studies focused on fish, and (3) there was a tendency
for studies to be concentrated on high potency “mega’ hydropower plants. We first turn to
discuss the lack of evidence due to weak sampling designs and then explore the focus on selected

vertebrate groups, discrepancy on studies focused on large dams and lack of integrated studies.

The lack of robust evidence was surprising considering hydropower development impacts are so
strong and well known at a global scale (Grill et a., 2019; Liermann et al., 2012; Maavaraet al.,
2020). We found that studies across Brazilian Amazonia were biased by a focus on mega-dams.
A major part of the increasing number of studies since 2012 can be attributed to studies of only
two dams (Jirau and Santo Antonio). Although the sustainability of both projects was questioned
(Fearnside, 2014, 2015), both received certification by Hydropower Sustainability Assessment

Protocol (https://www.hydrosustai nability.org/published-assessments/santo-antonio and

https.//www.hydrosustainability.org/published-assessments/jirau , accessed 23 June 2021). Our

results show that scientific evidence documenting the impacts of both was generally weak (i.e.
below expected best practice). A finding that supports recent analysis showing a link between
superficial impact assessments and a lack of social and environmental sustainability of

Amazonian hydropower developments (Fearnside, 2018; Gerlak et al., 2020).

We found that studies generally adopted weak sampling designs (e.g. lacking controls) and
lacked evidence necessary to generate reliable inference (Christie et al., 2021; Christie et d.,
2019; Salafsky et a., 2019). Although randomized-control studies are widely recognized as the

most robust, logistically smpler designs such as before-after control-impact can be equally
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effective in generating robust evidence for impact assessments of abrupt changes induced by
large scale development projects including dam congtruction. Additionally, dams are so
widespread across Amazonia (Anderson et al., 2018; Athayde, Duarte, et a., 2019; Grill et al.,
2019) that there are few remaining free flowing river sections that could be included within a

randomized-control design.

Most of the studies found in our review focused on fishes and are therefore likely to represent
best-case scenario in terms of scientific knowledge and evidence base. In fact, thisfinding
follows global patterns where fishes were one of the most frequently studied groups used to
evaluate effects of hydroelectric damsin both temperate (Algera et al., 2020) and tropical regions
(Arantes et al., 2019). But, impacts of run-of-river dams are poorly studied even for fish the most
intensively studied group (Turgeon et al., 2021). Moreover, thereis alack of studies on multiple
vertebrate groups, which is essential to understand hydroelectric effects on complex hydrological

systems such as the Amazon (Park & Latrubesse, 2017).

Asimpacts are so poorly understood it isalso unsurprising that there is limited evidence
documenting the effectiveness of mitigation actions for vertebrates impacted by hydropower
devel opments across Amazonia. For example, from atotal of 48 actionsidentified in the
Conservation Evidence database

(https://www.conservati onevidence.com/data/index?op=50& terms=damé& country%5B%5D=&re

sult_type=interventions& sort=rel evance.desc#searchcontainer, accessed 14 July 2021) there

were no studies from the Amazon basin. Although it is possible to suggest some general actions
based on documented global experiences, no studies have evaluated effects of installing bypasses
channels for aguatic mammals (Berthinussen et al., 2021) and only three short-term studies (10

to 18 months) evaluated translocations, two in French Guiana, both for primates (Richard-
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Hansen et al., 2000; Vié et a., 2001) and onein central Brazil for lesser anteater (Rodrigues et
al., 2009). Indeed, to date no studies have implemented or evaluated mitigation actionsthat are

likely to generate multiple conservation benefits such as habitat restoration.

Our review showed a lack of studies assessing multiple hydroelectrics and/or multiple vertebrate
groups along the sameriver. In Brazil, several hydroelectric plants belonging to different
operators are commonly arranged in the same river, creating “cascades’ (Athayde, Duarte, et al.,
2019; Mendes et a., 2017). Although many studies focus on mega-dams, the combined effect of
multiple hydroel ectrics, which can cause cumulative impacts (Athayde, Duarte, et al., 2019)
remains poorly documented. For example, Coaracy Nunes was the first dam installed in the legal
Brazilian Amazon in 1975, since then two additional dams have become operational along the
same river, providing atotal of three dams with a combined output of 549 MW (78, 252 and 219
MW) within a 18 km stretch of river. The impact of these multiple damsis thought to have
drastically altered both upstream and downstream flow rates and following the installation of the
second dam (Ferreira Gomes) in 2014 the rivers downstream course became divided, draining
predominantly to the Amazon river not the Atlantic Ocean (Silva dos Santos, 2017). Whilst
individual studies focus on fish (S&Oliveiraet a., 2015; Sa-Oliveiraet a., 2016) and turtles
(Norriset a., 2018; Norris et a., 2020) along the impacted river, these studies focused on
different dams and adopted different sampling designs, which limits the ability to integrate

results for important basin wide analysis necessary to inform mitigation actions.

We failed to find studies including important cofounding impacts such as deforestation (Stickler
et a., 2013). Although deforestation and tree mortality have been widely documented as
important impacts of Amazonian dams (Athayde, Mathews, et al., 2019; Resende et al., 2019;

Stickler et al., 2013) no studies included these important cofounding variables in the assessments
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of vertebrates. For example, the lack of studiesin Mato Grosso was particularly surprising
considering previous studies on effects of forest fragmentation on vertebrates in this state

(Michalski & Peres, 2007; Norris & Michalski, 2009).

We found few studies considering the overall number and investment in hydropower projects
across the Legal Brazilian Amazonia. Even fewer studies were found when considering only
those with a robust design and able to establish causal inference. It could be suggested that weak
evidenceisareflection of alack of investment in science and technology, together with a
reduction in investment in the Brazilian Ministry of the Environment over the past twenty years
(de Area Ledo Pereira et al., 2019). Although there is undoubtedly support for such
considerations, the lack of robust survey designs can also perhaps be attributed more simply to a

failure of researchersto adopt robust designs (Christie et al., 2021; Christie et al., 2019).

However, we need to highlight that our review has some limitations, as we did not include “grey
literature” in our searchers. Thus, it isimportant to recognize the potential for gaps or missing
studies that were not published in peer-reviewed journals. On the other hand, as we would expect
published studies to have more robust designs and analysis compared with grey literature or
reports, our review, performed in searches across four different databases and in three languages
islikely to be a best-case representation of the scientific evidence base documenting

hydroelectric impacts on vertebrates in the Brazilian Amazonia.

Implicationsfor conservation
There is an urgent need to take advantage of fredly available data to organize and plan effective

surveys and sampling strategies to evaluate sustainability of current and future hydroelectric
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338  acrossthe Brazilian Amazon. Below we provide recommendations to help develop a more robust

339  evidence base.

340 1. Geographical distribution of studies.

341 Resear ch gaps: Studies were focused within specific regions

342 Future directions: Increase the number of studies all around Brazilian Amazon with a
343 focus in Mato Grosso state, which has more than 50% of operational and planned

344 hydroelectrics.

345 2. Study groups.

346 Resear ch gaps: The mgority of studies focus on understanding the impacts on fish.

347 Futuredirections: Increase studies focusing on other threatened vertebrate groups

348 including amphibians, birds, mammals, and reptiles.

349 3. Hydro€ectric power plants.

350 Resear ch gaps. Most of our reviewed studies were concentrated in three large

351 hydroel ectric power plants.

352 Future directions: Increase number of studies to represent the distribution of operational
353 and planned power output. This should include closer integration with university research
354 teams to develop robust evidence as part of the necessary Environmental Impact

355 Assessments.

356 4. Study design and evidence.

357 Resear ch gaps: Thereis currently alack of robust evidence to evaluate impacts of

358 hydroelectric power plants on Amazonian wildlife.

359 Future directions: Studies need to include more robust designs (e.g. Before-After

360 Control-Impact) to establish causal inference.
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