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A B S T R A C T   

Global expansion of hydropower resources has increased in recent years to meet growing energy demands and fill 
worldwide gaps in electricity supply. However, hydropower induces significant environmental impacts on river 
ecosystems - impacts that are addressed through environmental impact assessment (EIA) processes. The need for 
effective EIA processes is increasing as environmental regulations are either stressed in developing countries 
undertaking rapid expansion of hydropower capacity or time- and resource-intensive in developed countries. Part 
of the challenge in implementing EIAs lies in reaching a consensus among stakeholders regarding the most 
important environmental factors as the focus of impact studies. To help address this gap, we developed a weight- 
of-evidence approach (and toolkit) as a preliminary and coarse assessment of the most relevant impacts of hy-
dropower on primary components of the river ecosystem, as identified using river function indicators. Through a 
science-based questionnaire and predictive model, users identify which environmental indicators may be 
impacted during hydropower development as well as those indicators that have the highest levels of uncertainty 
and require further investigation. Furthermore, an assessment tool visualizes inter-dependent indicator re-
lationships, which help formulate hypotheses about causal relationships explored through environmental studies. 
We apply these tools to four existing hydropower projects and one hypothetical new hydropower project of 
varying sizes and environmental contexts. We observed consistencies between the output of our tools and the 
Federal Energy Regulatory Commission licensing process (inclusive of EIAs) but also important differences 
arising from holistic scientific evaluations (our toolkit) versus regulatory policies. The tools presented herein are 
aimed at increasing the efficiency of the EIA processes that engender environmental studies without loss of rigor 
or transparency of rationale necessary for understanding, considering, and mitigating the environmental con-
sequences of hydropower.   
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1. Introduction 

Globally, hydropower supplies over 16% of the world’s total elec-
tricity demand (WEC, 2019) and is the leading source of renewable 
energy generation (71%). To meet worldwide carbon reduction goals, 
many countries have expanded their renewable portfolios including 
significant investments in large hydropower development (McDonald 
et al., 2009; Zimny et al., 2013; Zarfl et al., 2015). Hydropower facilities 
currently planned or under construction could increase global hydro-
power capacity by 73% (Zarfl et al., 2015) with some estimates as high 
as 100% (WEC, 2015). Although hydropower provides a flexible 
renewable energy resource to complement variable sources of energy (e. 
g., solar and wind, Solomon et al., 2017; Hoes et al., 2017), hydropower 
development comes with local-to-regional environmental costs 
including alterations to river ecosystems (Ansar et al., 2014; Kibler and 
Tullos, 2013). 

Countries have a variety of policies for evaluating the environmental 
impacts of hydropower development, operations, and mitigation ac-
tions. One commonality among these policies is a requirement for 
environmental impact assessment (EIA) that relies upon environmental 
studies, albeit with variability in protocols, among countries (UN, 2018). 
In regions where hydropower development is most active and rapid, 
authorities may be challenged to ensure that EIA processes are able to 
keep up with the pace of development (Elerwein, 2013), or, in some 
cases, implemented at all (Grumbine and Pandit, 2013). This challenge 
appears to be present in the multinational context of the Mekong River 
Basin, where China’s neighboring countries have requested delays in 
planned hydropower expansions to allow sufficient time for under-
standing and quantifying impacts (Keskinen et al., 2012). Conversely, 
many attribute the stall in U.S. hydropower expansion, in part, to a time- 
and resource-intensive regulatory process (FERC, 2012). Regardless of 
the regional context, there is opportunity to enhance EIA processes by 
enabling hydropower development stakeholders to discern and agree on 
which aspects of river ecosystems may be impacted and require further 
study. Furthermore, determining which aspects of the environment have 
received the most significant impacts and what environmental studies to 
conduct, are both extremely challenging to management, as river eco-
systems and human engineered infrastructures are inherently complex 
(Botelho et al., 2017). 

Because of the multi-dimensional nature of hydropower develop-
ment and growing requirements for financing or renewable energy 
certification, sustainability assessments emerged to examine a broad 
range of environmental, technical, and socioeconomic context for new 
or existing hydropower development (Tahseen and Karney, 2017; UN, 
2018). At least six hydropower sustainability frameworks have been 
formally accepted by the industry internationally (Tahseen and Karney, 
2017), and there are numerous multi-criteria hydropower sustainability 
approaches documented in the scientific literature (e.g., Brown et al., 
2009; Rojanamon et al., 2009; Seliger et al., 2015). An advantage of 
sustainability indicator-type approaches is that they reduce complexities 
of the environmental and socioeconomic context by using a consolidated 
set of metrics to help balance competing demands and achieve stake-
holder goals in a timely and affordable manner (e.g., Dale et al., 2019). 
However, a subset of indicators may not adequately address all com-
ponents of sustainability. For instance, Tahseen and Karney (2017) 
documented hundreds of hydropower sustainability indicators, many of 
which have never been formally included in a sustainability assessment 
framework. Some protocols measure sustainability on the grounds of 
industry performance efforts against standards, e.g., the degree to which 
the developer has assessed environmental conditions or mitigating im-
pacts, but V€or€osmarty et al. (2018) caution that this comparison may 
lead to “green washing”, i.e. some of these measures lack transparent 
provision of the degrees to which ecological, social, and economic sys-
tems have been impacted—they do not focus on measurable outcomes. 
To be effective in preserving or improving river system ecological 
functions, evaluation of the environmental impacts of projects must be 

comprehensive, transparent, and focused on environmental conditions. 
Additionally, this information supports cost-benefit analysis and as-
sessments of non-market economic values, such as losses of environ-
mental goods and services (Sousa et al., 2019). 

Despite the growing industry reliance on hydropower sustainability 
assessment frameworks, EIAs still provide understanding of the envi-
ronmental dimensions of sustainability and remain an effective way to 
ensure that hydropower sustainability goals are mapped to specific 
environmental outcomes. Furthermore, the complex circumstances 
arising from localized natural features and specific hydropower in-
frastructures demands site-specific assessment (Botelho et al., 2017). 
Unless environmental conditions are appropriately assessed and un-
derstood, there is little chance to evaluate the effectiveness of mitigation 
actions in foresight or hindsight, regardless of the extent of those ac-
tions. Most EIA processes involve evaluating project effects and alter-
native mitigation strategies through public participation in scoping and 
study implementation procedures, which can be beneficial, yet highly 
contentious. While some studies are critical to understanding project 
impacts and mitigation options, some studies may be unnecessary if they 
do not elucidate the source of negative effects or, equally important, 
they do not provide insight into potential solutions that mitigations 
might provide. Hence, approaches are needed during the early stages of 
EIA processes that enable the rapid identification and consensus of the 
most relevant environmental impacts and study subjects while also 
resulting in time-savings to all stakeholders. Additionally, such ap-
proaches require a compromise between informing site-specific study 
needs in short order without losing recognition of site-to-site variability. 

In this paper, we present a decision-support prototype (DSP) as an 
assemblage of tools that provide weight-of-evidence of the impacts of 
hydropower development or operations on primary components river 
ecosystems, as characterized by river function indicators. We envision 
these tools being used during the early stages of EIA procedures to 
inform subsequent steps so that time and money may be focused on a 
subset of indicators as subjects of further EIA studies (Fig. 1, Supple-
mentary Material). The DSP is structured around river function in-
dicators, which were developed through two prior studies (Fig. 1). 
Through a literature review and meta-analysis on global hydropower- 
environmental studies, Parish et al. (2019) documented over 3,100 
metrics used to evaluate the environmental impacts of hydropower 
development on river ecosystems. Subsequently, Pracheil et al. (2019) 
categorized these metrics into 51 river function indicators, representing 
a full accounting of the ecological components of the hydropower-river 
environment (Table 1). While these indicators provide a transparent 
measure of ecological conditions at hydropower facilities, not all of 
them require studies; hence, there is a need in determining the most 
relevant indicators to understand environmental impacts of each hy-
dropower facility. 

The first of the tools in the DSP is the science-based questionnaire 
(SBQ), which uses a question-driven weight-of-evidence approach to 
determine which river functions have been impacted by hydropower 
development or operations. Through a series of structured questions, the 
SBQ aids in identifying knowledge gaps and selects which river function 
indicators may be worthy of further investigation, either through 
documentary analysis or field investigations. However, in cases of new 
hydropower development, answering questions about environmental 
impacts may be difficult as development has yet to occur and environ-
mental responses are not observable. In these cases, we developed an 
environmental-envelope model (EEM) to predict the likelihood of river 
functions being affected by hydropower development based on several 
variables. It is also important to understand which relationships among 
river functions are important or uncertain. To provide an understanding 
of the connections among the set of river function indicators selected for 
further analysis functions, we assembled a River Function Linkage 
Assessment Tool (RFLAT), which uses hypotheses of inter-function re-
lationships combined with output from the SBQ to visualize relation-
ships that could be the subject of future investigations and studies. We 
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apply these prototype tools to a series of four existing and one new 
(hypothetical) hydropower facilities as case studies to illustrate their 
potential usefulness in future EIA discussions. 

2. Methods 

The overall development of the DSP and connections among the 
three tools are provided in Fig. 1, and descriptions of each component 
are provided in the Supplementary Material. The DSP was refined iter-
atively over two years through a review and revision cycle with a 20- 
member stakeholder working group comprised of U.S. federal, state, 
and tribal agencies, non-governmental organizations, electric utility 
representatives, project developers with experience in hydropower 
environmental regulations, and scientific subject matter experts. To 
provide a platform accessible to resource managers, all three tools 
within the DSP (SBQ, EEM, and RFLAT) were developed within Micro-
soft Excel with macro-enabled interactive features, such as navigation, 
print, and export commands. However, the RFLAT tool also requires the 
use of R programming code to develop network visualizations. We 
provide two versions of the spreadsheet tool: one for evaluating existing 
hydropower facilities and a second for assessing potential impacts of 
new hydropower development. Because information required to deter-
mine the potential impacts of a new hydropower facility on river func-
tions is generally limiting, the EEM tools estimates the likelihood of a 
given river function being affected by a planned project. 

2.1. Development of science-based questionnaire 

The SBQ was developed on the premise of eco-evidence approaches 
that use bodies of scientific literature to provide evidential weight of 
alternative hypotheses regarding cause-effect relationships (Norris 
et al., 2012). The difference here is that questions, organized by the river 

functions, are generalized from a large body of scientific literature and 
the answers to questions, rather than scientific literature, provide the 
weight-of-evidence. Some of the questions in the SBQ are retrospective 
and aimed at identifying environmental impacts through empirical 
observation (and therefore only relevant to existing projects). A subset 
of the questions, however, are also applicable to a priori prediction of 
environmental impacts, and hence, relevant to new hydropower 
development. 

For each of the river function indicators listed in Table 1, we used a 
body of literature to generalize hydropower-environmental relation-
ships and develop multiple questions (i.e., hypotheses) aimed at 
providing lines of evidence that a function has or will be affected by 
hydropower development. The body of literature consisted of 425 
journal articles and reports from previous projects and reviews related to 
environmental effects of hydropower (Supplementary Material). Using 
expert knowledge, we then selected literature pertaining to each river 
function individually with the objective of identifying generalized im-
pacts of dams on each function and identifying which factors could serve 
as predictors or indicators of those impacts. Each of the questions was 
formulated to identify common environmental effects of hydropower 
projects implemented within a variety of contexts (Efroymson et al., 
2013) and is accompanied by a scientific reference to justify its inclu-
sion. Our implicit expectation in designing questions was that they 
should be answered by individuals very familiar with the project area, 
preferably experts. The questions were determined through consensus 
among multiple sources. While hydropower facilities and specific rivers 
are complex and inherently context-specific, there is much scientific 
literature that suggests that some environmental responses are generic 
to all dams, given certain design characteristics and ecosystems (Poff 
and Hart, 2002; Arthington et al., 2006). An example of questions 
developed for the “Sediment and Substrate” River Function (F18) is 
provided in Table 2. 

Fig. 1. The Decision Support Prototype tools described in this paper (shown in dashed box) were built from a body of previous research described in Parish et al. 
(2019) and Pracheil et al. (2019). The DSP tools are aimed increasing the efficiency of the environmental impact assessment without losing rigor or transparency of 
the rationale necessary for understanding, considering, and mitigating the environmental consequences of hydropower. 
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Table 1 
The checklist of 42 river function indicators used to develop the science-based 
questionnaire presented in this paper (indicators and table taken and modified 
from Pracheil et al., 2019).  

Category (Abbreviation): Importance 
for understanding hydropower impacts 

River Function Indicator Function 
Code 

Biota and Biodiversity (BB): Shifts in 
aquatic, riparian and terrestrial 
populations and communities have 
been linked to several aspects of 
hydropower construction and 
operation and impacts to aquatic and 
terrestrial habitats. Accurate 
assessments of population and 
community are required to assess the 
health of the ecosystem. **Note: 
Specifying relevant taxa associated 
with BB indicators can be indicated 
within the DSP toolkit (Science- 
Based Questionnaire). 

Abundance, density F1 
Algae/primary 
productivity (BB) 

F51 

Behavior, movement, 
colonization, extinction 

F5 

Demographics F6 
Fitness and survival F7 
Functional group, or 
species or trait 
composition 

F8 

Genetics, mixing, 
metapopulation 

F9 

Habitat, critical habitat F10 
Internal composition 
nutrient abnormalities 

F11 

Life history trait 
characteristics 

F2 

Presence, absence, 
occupancy, or detection 

F3 

Species diversity F4 
Water Quality (WQ): Water quality 

characteristics can be directly or 
indirectly affected by hydropower 
development and operation. Changes 
in water quality can adversely affect 
the health of humans and wildlife. 

Algae/primary 
productivity (WQ) 

F40 

Buffering capacity F41 
Dissolved gasses F42 
Dissolved oxygen F43 
Ecosystem function F44 
Gas emissions F45 
Key elements F46 
Macromolecular 
pollutants 

F47 

Nutrients and organic 
material (C, N, P) 

F48 

Solid transport, turbidity, 
and conductivity 

F49 

Water temperature F50 
Geomorphology (GM): Hydropower 

development can disrupt a river 
system’s geomorphologic equilibrium 
through altered sediment and flow 
regimes, which influence the 
availability and quality of habitat for 
plants and animals within the system. 

Catchment and basin 
attributes 

F15 

Channel F16 
Floodplain valley F17 
Sediment and substrate F18 

Connectivity and Fragmentation 
(CF): Dams and reservoirs disrupt 
aquatic, riparian, and terrestrial 
connectivity, all of which can directly 
affect the habitat quantity and quality 
for organisms in an ecosystem. 

Basin area F12 
Dendritic network and 
riverscape 

F13 

Fish passage F14 
Spillage & turbine 
entrainment 

F52 

Water Quantity (HD): Hydropower 
development can alter the hydrologic 
cycle by impounding free-flowing 
water, increased evaporation, and 
altered groundwater recharge. 
Because dam operations may serve 
many purposes, temporal changes to 
water quantity affect human and 
wildlife populations through altered 
water availability 

Basin attributes (related to 
hydrology) 

F24 

Diversion F25 
Downstream discharge F26–F31 
Groundwater F32 
Reservoir hydrology F33 
Upstream inflows F34–F39 

Land Cover (LC): Land cover influences 
many other environmental properties 
ranging from river and floodplain 
sedimentation rates to fragmentation 
of habitats and wildlife populations. 
Land cover changes can include 
increases in wetted surface from 
reservoir formation, and 
fragmentation of the surrounding 
landscape by infrastructure (e.g., 
transmission lines, roads). 

Area impacted, project 
area 

F19 

Floodplain or riparian 
vegetation 

F20 

Land cover class F21 
Protected land F22 
Reservoir inundation F23  

Table 2 
Science-based questions provided to evaluate potential effects of dams on 
sediment and substrate river functions (F18) in the Geomorphology (GM) 
category.  

Question Question Interpretation Spatial Area Reference ID 

Q_1a Are aquatic 
species whose 
life histories 
require specific 
turbidity levels 
or sediment 
sizes missing 
from the 
downstream 
river 
community or 
rare? 

This question 
requires 
understanding 
species 
biogeography, 
ecoregional 
context, habitat 
needs, and 
properties of the 
system relative 
to other systems 
in the region. 

Downstream Hoagstrom 
et al., 2008;  
Worthington 
et al., 2014;  
Wildhaber 
et al., 2000;  
McManamay 
et al., 2013 

Q_2a Are large 
amounts of 
sediment 
accumulating at 
river tributary 
junctions or 
coves within the 
reservoir? 

One might deem 
sedimentation 
and filling as 
“significant” if 
sedimentation is 
influencing 
navigation, 
compromising 
intake 
capacities, 
impacting 
operations, or 
impacting 
reservoir water 
quality 
conditions. 

Reservoir Haregeweyn 
et al., 2006;  
Baade et al., 
2012 

Q_3 Are surficial 
stream bed 
grain sizes 
coarse or 
devoid of sand 
and gravel 
substrates 
compared to 
neighboring 
streams of 
similar geology 
and gradient? 

This might 
require 
comparing 
reaches 
downstream of 
the dam to 
neighboring 
rivers of similar 
geologic 
settings and 
valley type. 

Downstream Kondolf, 1997; 
Brandt, 2000;  
Graf, 2006;  
McManamay 
et al., 2010;  
Grant, 2012 

Q_4 Does the dam 
and reservoir 
prevent most 
bedload from 
upstream 
sources 
reaching 
reaches below 
dam? 

None needed Downstream Kondolf, 1997; 
Graf, 2006;  
Grant, 2012;  
Csiki and 
Rhoads, 2014 

Q_5a Is excess 
sedimentation 
and siltation 
apparent in 
downstream 
river compared 
to neighboring 
streams of 
similar geology 
and gradient? 

see Q3. “Excess” 
suggests that 
more sediment 
and siltation is 
found in the 
river compared 
to what would 
be expected 
through 
comparisons 
with other 
streams. This 
could be a result 
of low-flows, 
diversion, or 
lack of flushing 
flows causing 
sediment 
deposits. 

Downstream Baker et al. 
(2010) 

Q_6a Is aquatic or 
riparian species 
recruitment 
limited by 

Establishing 
whether project 
operations have 
“inhibited” or 

Downstream Hoagstrom 
et al., 2008;  
Worthington 
et al., 2014;  

(continued on next page) 
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All questions were structured in a way that “yes” answers provided 
evidence of potential effects of hydropower facilities on a given func-
tion. All questions must be answered “yes”, “no”, “uncertain”, or “not 
applicable”. A definitive answer to a question as “yes” or “no”, requires 
some form of evidence such as data, analysis, a picture, literature, a 
website, or stream gage readings. Although “yes” answers provide more 
evidence of affected functions, questions answered “uncertain” also 
provide an indication of where more information or data is needed. 
Questions that cannot be answered “yes” or “no” confidently and with 
evidence, should be answered as “uncertain” or “not applicable”. 
Furthermore, some questions could be prone to varying interpretations 
or might require expert opinion. In these situations, we provided a note 
of guidance via “info” buttons so that users can access more contextual 
background explanation underpinning the question. 

We targeted five questions per function in order to elicit enough 
information about each function while also providing a “tiebreaker” 
question; however, many questions ended up being applicable to more 
than one river function and the total number of questions per river 
function varied. We organized questions into a series of primary cate-
gories and subcategories. Primary categories of organization related to 
the spatial scales (Basin, Project-level, Reservoir, or Downstream). For 
biologically relevant questions, we also provided options for a user to 
specify which taxa groups were relevant (fish, amphibian, bird, 
mammal, reptile, crustacean, bivalve, insect, plant). An internal data-
base within the spreadsheet program tracks all responses and provides 
graphics that summarize cumulative evidence of affected river functions 
and their relationship to spatial scale and taxa-relevance. 

2.2. Environmental envelope model (EEM) for predicting effects of new 
projects 

In cases of new hydropower development, we recognize that 
answering some questions may be difficult or even impossible with 
limited information. Using a recent database of >3,000 environmental 
metrics derived from global hydropower-related literature of several 
types (Parish et al., 2019), we developed a model to estimate the like-
lihood that a river function indicator is impacted based on the charac-
teristics of hydropower facilities and the environmental or geographic 

context (Fig. 1). The Environmental Metrics for Hydropower (EMH) 
Database provides a compilation of literature documenting instances in 
which environmental metrics (e.g., temperature, fish diversity) have 
been used in studies evaluating the effects of hydropower facilities or 
dam development and operations, in general (Parish et al., 2019, Fig. 2). 

For each facility recorded in the EMH Database, we compiled attri-
butes of those facilities and variables summarizing environmental con-
cerns. Because the dataset only provides instances where a river function 
was documented and not when it was absent, we could not rely on 
standard statistical techniques (e.g., logistic regression) for developing 
predictive models. Instead, we used an “environmental envelope” 
method (EEM) previously developed for species distribution models 
reliant upon presence-only data (Kaschner et al., 2006; Ready et al., 
2010). The EE method develops transparent habitat-preference re-
lationships by calculating the probability of a species’ occurrence (i.e., 
percentiles of observations) along an environmental gradient. 
Habitat-preference relationships typically assume a trapezoidal shape or 
an envelope, where optimal habitat conditions (probability ¼ 1) are 
found between the 10th and 90th percentiles. However, relationships 
between river function “occurrence” probability and dam attributes 
more closely approximate curves in which river function probability 
continues to increase (non-linearly) with higher values for dam attri-
butes, such as dam storage, and increasing environmental concerns, 
such as the number of endangered species (Supplemental Material). 
River function envelopes were calculated as percentiles of river function 
occurrence along gradients in 10 predictor variables, including gener-
ating capacity (Megawatts), dam height (m), dam storage (megaliters), 
reservoir size (km2), river discharge (m3s� 1), numbers of species of 
concern (fish, total aquatic, terrestrial), presence of critical habitats, and 
presence of protected lands. Envelopes were constructed to examine the 
individual influence of each predictor variable on the probability of 
impacting each of the 42 river functions. Suitability scores (SS) for each 
river function combines the probabilities from all 10 predictor envelopes 
for that function and were calculated using: 

SSf ¼

Pn
i piwi
Pn

i wi  

where p represents the river function occurrence probability for the ith 
predictor variable out of n total variables and w represents a weighting 
factor (0–10) for each variable’s relative influence on each river func-
tion. We developed two scenarios of river function envelope curves: 1) 
an upper limit threshold where predictor variables values � 25th 
percentile equals the maximum p ¼ 1 and where percentiles of 0.05, 0.1, 
0.15, and 0.25 equal p values of 0.2, 0.4, 0.6, and 0.8, respectively, and 
2) a lower limit threshold where � 50th percentile of predictor variable 
values equals the maximum p ¼ 1 and where 0.1, 0.2, 0.25, 0.3, and 0.4 
percentiles equal p of 0.2, 0.4, 0.5, 0.6, and 0.8, respectively. 

We parameterized w values for each variable-river function combi-
nation using non-linear optimization to maximize log likelihoods based 
on the Generalized Reduced Gradient algorithm in Microsoft Excel. To 
calibrate w values, only river functions identified in FERC documents 
and sustainability assessment reports were used as these documents 
provide a reliable inventory of river function presence or inferred 
absence. The optimization was subject to the following constraints: 

wi is an integer with range [0,10], andminðwiÞ � 1, for all i contrib-
uting to the fth function. 

Based on observed presence-absence of river function indicators, we 
calculated Area-Under-the-Curve (AUC) values for Receiver Operating 
Curves (ROC) to evaluate the performance of our EEM models. We 
provided a template in the spreadsheet program for users to enter hy-
dropower facility attributes, environmental concerns, and adjust 
weights to predict suitability for all river functions. The template allows 
for considering as many variables as available and allows for missing 
values. 

Table 2 (continued ) 

Question Question Interpretation Spatial Area Reference ID 

altered 
sediment sizes 
or turbidity 
below the dam? 

“limited” 
growth, 
survival, or 
recruitment 
would require 
demonstrating 
relationships 
between specific 
aspects of 
operations and 
development, 
habitat 
characteristics 
and/or the 
particular life 
history 
mechanisms 
that are 
disrupted. This 
demonstration 
may include, 
but not 
necessitate, a 
comparison to 
other similar 
streams 

Wildhaber 
et al., 2000  

a Indicates that question is also applicable to river function 49- Solid trans-
port, turbidity, and conductivity in the Water Quality (WQ) category. 
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2.3. River Function Linkage Assessment Tool (RFLAT) development 

By itself, the SBQ and EEM provide evidence of which river functions 
are likely affected by hydropower development as well as those func-
tions with outcomes that are especially uncertain. However, drawing 
conclusions of how hydropower development and operations have 
influenced functions requires an understanding of causal relationships 
among indicators. This is especially true in cases where the driving 
factors behind potential effects are uncertain. Using on the output of the 
SBQ, we developed graphical networks to visualize inter-dependence 
among indicators and provide this functionality through the RFLAT tool. 

Based on the literature compilation described earlier, we developed a 
binary matrix of pair-wise directional hypothetical relationships be-
tween river functions, where 1 indicated a viable relationship and 

0 indicated no likely relationship. Visualizing network-type relation-
ships required decomposing the matrix into node and edge datasets. The 
“node” dataset represented river functions as hubs of the network 
whereas the “edge” dataset represented the relationships (i.e., ‘from-to’ 
linkages) among river functions. The strength of relationships between 
indicators can further be informed using evidence from the SBQ, 
particularly the proportion of questions answered “yes” for each indi-
cator participating in a relationship. We use Bayes theorem to infer 
causality between indicators, where the probability of causality is 
conditioned based on the probabilities that each indicator is indepen-
dently affected. The conditional probability of indicator y (Iy) being 
influenced by indicator x (Ix) is denoted as pðIx

�
�IyÞ, which represents the 

strength of causal relationship of Ix on Iy and is calculated using: 

Fig. 2. Global distribution of dams within the Environmental Metrics for Hydropower (EMH) database in which river functions were documented (top). Distribution 
of EMH dams in conterminous United States (US) and locations of case studies where the decision support prototype was applied relative to the distribution of all US 
hydropower dams (bottom). One of the case studies was a hypothetical (i.e. virtual) case of new stream reach development (NSD). 
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where and If 1 � pðIyÞ � 0:2, then pð� IyÞ ¼ 0:2, else. pð� IyÞ ¼ 1 �
pðIyÞ

Where pðIxÞ and pðIyÞ are the proportions of questions answered “yes” 
for the Ix and Iy function indicators, respectively, and pðIx

�
�IyÞ is the 

probability of Ixbeing impacted given that Iyis impacted. pð� IyÞ is the 
probability that Iy is not impacted, and pðIx

�
� � IyÞ is the probability of Ix 

being impacted when Iy is not impacted. For our purposes, pðIx
�
� � IyÞ is 

an “error rate” or the average proportion of questions answered “no” 
between the two indicators. Even in cases where 100% of questions are 
answered “yes” for Iy, we presumed there is some probability that Iy 

could not be affected by hydropower. Thus, we set pð� IyÞ to a minimum 
value of 0.2. H is the hypothesized relationship, as indicated by binary 
values of 0 and 1. Hence, if a relationship is not supported by a hy-
pothesis, then no relationship will be visible in the network regardless of 
the values of pðIxÞ and pðIyÞ. 

Nodes (river function indicators) and edges (indicator relationships) 
were used to generate graphical networks to visualize indicator inter- 
dependencies. Even when only relationships supported by evidence 
are considered, however, graphical networks can still become quite 
complex and less meaningful as the structural complexity increases. 

Fig. 3. Number of questions within each section of the spreadsheet tools (“Existing” refers to the spreadsheet program for existing dams whereas “New” refers to the 
program for new development) and their relationship to each river function indicator category: BD¼ Biodiversity; CF¼ Connectivity & Fragmentation; GM ¼
Geomorphology; LC ¼ Land Cover; HD ¼ Hydrology/Water Quantity; WQ ¼ Water Quality. 
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Following Servadio and Convertino (2018), we developed an approach 
to optimize the most important indicator relationships and graphical 
structure based on the information explained by the network (Supple-
mentary Material). 

Node size is dependent upon the frequency of relationships with 
other function indicators whereas edge width is dependent upon pðIy

�
�IxÞ, 

i.e. the strength of the relationship. Within the spreadsheet platform, we 
developed an automated tool to generate node and edge datasets with 
pðIy

�
�IxÞ values calculated using the results of the SBQ. These datasets can 

then be imported into the R programming environment to generate the 
network visualization with available code (code available in 
RFLAT_R_code.txt). Users can adjust the number of nodes and edges 

represented in a given network. Graphical river function networks were 
visualized using the igraph package (Csardi and Nepusz, 2006) in the R 
programming environment (R Core Team, 2019). 

2.4. Application of the tools to 5 hydropower projects 

In order to provide example applications of the SBQ, EEM, and 
RFLAT, we requested that stakeholders in our working group apply the 
tool to projects recently licensed or relicensed by FERC in which they 
were very familiar and provide us with those results. We obtained results 
for three hydropower projects recently relicensed or licensed (Fig. 2): 
Smoky Mountain Project in North Carolina (FERC Docket Number P- 
2169), Henry M. Jackson Project in Washington state (P-2157), and 

Fig. 4. Spider diagrams depicting the results of the science-based questionnaire (SBQ) applied to five hydropower projects: four existing projects and one hypo-
thetical case of new stream reach development (NSD). Diagrams show the proportion of questions answered “yes” or “uncertain” according to different river 
functions. Results of both the questionnaire and the environmental-envelope model (EEM) are provided for the NSD case study. The EEM provides a range of river 
function suitability between lower and upper quantile values. 
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Dorena Lake Hydroelectric Facility in Oregon (P-11945). The third case 
involved a pre-existing non-hydropower dam which was retrofitted to 
produce hydroelectricity. We also applied the tools to two other case 
studies: Philpott Project, a US Army Corps of Engineers owned and 
operated facility in Virginia with hydroelectric assets that are not under 
FERC jurisdiction, and a hypothetical (virtual) case of new small hy-
dropower development in the Northeastern US (Fig. 2). For the new 
development, we considered the results of the SBQ but also the predic-
tive EEM, since answers to many questions may be unavailable. De-
scriptions of projects are provided in the Supplemental Material. 

In order to provide a comparison of our science approach to regu-
latory approaches to EIAs, we compared the output of the SBQ to that of 
FERC licensing procedures by reviewing regulatory documents for the 
three FERC-licensed projects (Smoky Mountain, Jackson and Dorena). 
Specifically, we reviewed the license orders, the environmental assess-
ments, or EIAs, and the additional information request for each project 
obtained from FERC e-library. More details on this comparison, 
including statistical analysis, is provided in the Supplemental Material. 

3. Results 

For the SBQ, we developed a total of 140 questions for evaluating the 
evidence of environmental effects of existing hydropower facilities and 

operations on the 42 river functions listed in Table 1. Of these, 92 
questions were reformatted to be applicable to new hydropower 
development. For both existing and new hydropower development, 
questions were organized into five major categories related to different 
spatial considerations and 18 subcategories aimed at more specific de-
tails (Fig. 3). Within the spreadsheet programs, answers to questions are 
summarized by river function indicators representing the dimensions of 
the terrestrial-aquatic environment potentially effected by hydropower. 
Almost 40% of questions apply to more than one river function indica-
tor; therefore, the SBQ and subsequently, the RFLAT, inherently account 
for inter-relationships among river functions. Furthermore, each major 
question category attempts to address all river function categories 
equally (Fig. 3). 

The results of the DSP are transparent in linking affected river 
function indicators back to the sources of evidence. For instance, the 
SBQ automatically tallies the number of question response types per 
river function and these results are provided as summary tables and 
visuals such as spider diagrams (Fig. 4) or bar charts (Figs. 5–6). In cases 
where river functions may have specific spatial-scale relevance or be 
applicable to certain taxa, the SBQ summarizes the proportion of affir-
mative questions that apply to those specific scales or taxa, respectively 
(Fig. 6). Evidence of hydropower potentially impacting a river function 
is indicated by the proportion of questions answered “yes” associated 

Fig. 5. Results of the science-based questionnaire (SBQ) applied to the three hydropower projects regulated by the Federal Energy Regulatory Commission. Stacked 
bar charts depict the proportion of questions answered “yes”, “no”, or “uncertain” relative to different river functions. 
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with that river function, whereas the portion of questions answered 
“uncertain” provide clear indications of knowledge gaps. Likewise, in 
the case of new hydropower development, the EEM provides range plots 
indicating the likelihood of river functions being affected by hydro-
power facilities (Fig. 7). Performance of the EEM indicated acceptable 
predictive ability (AUC ¼ 0.78–0.79). 

3.1. Case studies 

We applied the DSP tools to five hydropower projects, representing a 
range of facility types and sizes, and the results varied dramatically 
among projects. Specifically, the evidence and uncertainty associated 
with impacted river functions showed major differences among projects 
and among different river function categories (Figs. 4–5). Smoky 
Mountain project displayed the highest number of river functions (29 
out of 41) with evidence of affects by hydropower operations (50% of 
questions answered “yes”) whereas other projects had far fewer affected 
river functions, especially the NSD hypothetical site (7/41). These re-
sults are intuitive as Smoky Mountain project, compared to other pro-
jects, has a large footprint comprised of four different facilities, each 
with its own dam, reservoir, power plant, and associated infrastructures. 

Because of the size of the project and extent of land assets, river func-
tions with evidence of the impacts of operations spanned multiple 
spatial scales and measures of terrestrial and aquatic taxonomic di-
versity (Fig. 6). In other cases, however, size of the hydropower facility 
was not directly related to the number and type of river functions 
affected by development or operations. For example, Henry M. Jackson 
project (112 MW) and Philpott project (135 MW) are similar in project 
size but have different infrastructures, occur different geo-political 
contexts, and have different regional environmental concerns, all of 
which ultimately contribute to different river functions being affected. 

Besides evaluating the evidence of impacts lies the importance of 
examining levels of uncertainty associated with river functions 
(Figs. 4–5). Dorena Hydroelectric Facility and the NSD site (a new small 
hydropower development) both had high proportions of questions 
answered “uncertain” compared to other projects (Figs. 4–5). In the case 
of Dorena Hydroelectric Facility, uncertainty likely arose because of the 
unique regulatory context of adding power to existing infrastructure. 
Dorena Lake Dam and reservoir were originally constructed in 1949 by 
the US Army Corps of Engineers primarily for flood control; however, in 
2008, FERC issued granted a new license for the addition of a power-
house and associated facilities for hydropower operation (FERC, 2008). 

Fig. 6. Relevance of different spatial-scales and taxa to the results of the science-based questionnaire (SBQ) applied to the Smoky Mountain Hydropower Project. 
Stacked bar charts depict the proportion of questions answered “yes” according to different river functions that are relevant to specific spatial scales or specific 
taxonomic groups. 
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In this case, the majority of impacts were associated with the con-
struction of the original facility and not the addition of 
power-generating capabilities. Most of the uncertainty for the NSD site 
was associated with biota and biodiversity functions and water quality 
functions; however, all function categories, except Connectivity and 
Fragmentation, had river functions with some level of uncertainty 
(Figs. 4 and 7). According to the upper range of the predictive model 
based on 8 attributes, only three river functions had >0.5 probability of 
being impacted by the new development (Fig. 7). However, when we 
only considered only 2 attributes (mean annual flow and dam height) of 
the project, 18 river functions have a high probability of being impacted 
(Figs. 4 and 7). 

For three of our case studies, we compared the output of the SBQ to 
important environmental issues documented within the FERC licensing 
process (a regulatory process). Specifically, we compared river functions 
identified by the SBQ as having evidence of being affected by hydro-
power to those addressed within the FERC documents (Fig. 8, Supple-
mental Material). When considering all projects, the results of statistical 
analysis suggest that the SBQ and FERC show agreement in 

distinguishing the degree of magnitude of environmental impacts 
among projects; however, on an individual project basis, differences in 
SBQ and FERC were observed (Supplemental Material). 

We used the Henry M. Jackson and Smoky Mountain projects as 
examples of the RFLAT tool. Information explained by various graphical 
network sizes were used to determine optimal sizes of networks (nodes 
and edges) (Fig. 9, Supplementary Material). Optimal networks yielded 
20 nodes and 69 edges for Henry M. Jackson (Fig. 10a) whereas 23 
nodes and 87 edges resulted for the Smoky Mountain project. Higher 
network complexity is expected for Smoky Mountain based on the size of 
that project and number of environmental concerns. Because of the 
additional complexity of Smoky Mountain, we removed nodes and edges 
related to Biota and Biodiversity to only consider physical relationships 
(Fig. 10b). This exercise provided a sub-selection of relationships to 
consider when evaluating the most important river function indicators, 
and their relationships other components of the river ecosystem. 

Fig. 7. Comparison of the various results from the science-based questionnaire and predictive environmental-envelope model (EEM) applied to a hypothetical case of 
new stream reach development (NSD). The EEM was applied using all eight attributes (all attributes) and then only two attributes. The EEM provides a range of river 
function suitability between lower and upper quantile values. 
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4. Discussion 

The decision support prototype (DSP) tools described in this paper 
(SBQ, EEM, and RLAT) rely on an eco-evidence approach that uses 
bodies of scientific literature to provide evidential weight of cause-effect 
relationships (Norris et al., 2012). The river function indicators, them-
selves, are derived from multiple sources of hydropower impact 
assessment literature, and the questions are emergent properties of 
cause-and-effect scientific literature. The prototype tools do not provide 
arbitrary indications of the essentiality of any river function for further 

assessment or mitigation, but rather provide a weight-of-evidence for 
each river function based on a series of science-based questions. The 
application of the DSP tools, if used by experts, may only require 2–4 h 
of time per hydropower project, yet the results obtained from that 
application illustrate relatively complex environmental issues specific to 
each context. For example, results of the SBQ identified a subset of river 
function indicators most relevant to hydropower development and op-
erations at each facility, and these indicators form the basis of future 
conversations of potential studies, potential mitigation, and the rele-
vance to regulatory procedures. 

While the DSP can be applied at any stage of hydropower develop-
ment (planning, construction, operation), its intended use is to assist 
stakeholders in the early stages of EIAs where impacts are conceptual-
ized in the development planning process or early in the regulatory 
process when scopes of studies are being considered. The DSP does not 
recommend or suggest mitigation actions. For instance, the SBQ is a 
series of structured questions that provide users with evidence of which 
ecological aspects are most relevant to a hydropower facility. Further-
more, the SBQ highlights environmental conditions with a high degree 
of uncertainty or where existing information is available to address a 
given environmental issue. Hence, the SBQ presents an objective, 
transparent, and scientific means to identify knowledge gaps and po-
tential study needs by fostering dialogue among stakeholders through 
evaluations of available evidence. We believe the DSP facilitates effi-
ciency in the EIA process without losing the scientific rigor expected 
from systematic assessments of environmental risk. The DSP does so by 
helping to close information gaps and making full use of identifying 
existing information. 

One of the advantages of the DSP is the transparency of the results. 
The output of the SBQ essentially summarizes the results of questions in 
the most basic forms, such as the number of “yes”, “no”, and “uncertain” 
responses per river function indicator. These transparent measures of 
environmental conditions provide a standardized means to examine 
potential environmental impacts pre- or post-hydropower development. 
This approach avoids reliance on subjective criteria or scoring to 
determine impacts and benefits as in published sustainability assess-
ments (Brown et al., 2009; Rojanamon et al., 2009; Seliger et al., 2015). 
Effective EIA procedures require raw measures through which envi-
ronmental assessments can be made. 

Other sustainability approaches, specifically sustainability protocols, 
have different objectives than assessing tradeoffs among environmental 
impacts and socioeconomic indicators. As an example, the International 
Hydropower Association (IHA) established the Hydropower Sustain-
ability Assessment Protocol (HSAP), which compares project perfor-
mance with industry best practices in 26 indicator groups for planning, 
constructing, and operating hydropower facilities (IHA, 2018a; 2018b). 
The HSAP provides well-documented stepwise guidance on assessing a 
hydropower project’s performance against the industries basic and best 
standards for 26 topic areas (IHA, 2018b). Scoring of hydropower pro-
jects is based on the number of significant gaps in 6 criteria judged 
against the basic and best industry practice standards for each topic area 
(IHA, 2018a). These 6 criteria include: Assessment, Management, 
Stakeholder Engagement, Stakeholder Support, Compliance, and Out-
comes. While the scores themselves are relatively intuitive, consistently 
identifying what constitutes a “gap” can be prone to interpretation by 
the accredited assessor. More importantly, the HSAP process does not 
use standardized means (i.e. indicators) by which environmental im-
pacts are measured and provided. Sustainability scores reflect the ap-
plicant’s performance and efforts towards best practices, not a 
transparent measure of environmental conditions and ecosystem health 
(i.e. species at risk of extinction, modified hydrologic regimes). To 
consistently measure the sustainability of hydropower, clear measures 
of ecosystem health and services should ideally be provided with respect 
to a project’s development and operational footprint, regardless of how 
much efforts have been taken to mitigate those impacts. Such trans-
parent environmental metrics can then be evaluated in light of the 

Fig. 8. Comparison of the proportion of indicators impacted within six cate-
gories according to the science-based questionnaire (SBQ) versus those in-
dicators documented as impacted during Federal Energy Regulatory 
Commission (FERC) licensing process for the three hydropower projects. For the 
SBQ, values represent the sum of the proportion of all questions answered yes 
within a given category of river functions. For FERC, values represent the sum 
of present/documented (1) or absent (0) of river functions divided by the total 
number of river functions in a category. 

R.A. McManamay et al.                                                                                                                                                                                                                       



Journal of Environmental Management 265 (2020) 110489

13

socioeconomic trade-offs of hydropower development and operations 
(Sousa et al., 2019), while also taking into consideration industry best 
practices. 

As another example, the Low Impact Hydropower Institute (LIHI) 
was chartered to incentivize reductions in the environmental impacts of 
hydropower within the US through a project evaluation and certification 
process. LIHI established goals for 8 environmental criteria, which are 
satisfied through one of many alternative standards (Sale et al., 2016). 
Although some standards directly speak to measures of environmental 
impact, many alternatives do not measure environmental effects, but 
rather, assess performance with respect to industry best practices for 
environmental mitigation standards. 

Protocols such as HSAP and LIHI are needed for assessing best 
practices to ensure the hydropower industry is operating according to 
expected standards. Equally necessary, however, are approaches to 
measure environmental conditions associated with hydropower facil-
ities in a transparent and holistic fashion. The DSP tools can assist both 

the HSAP and LIHI protocols by providing a priori assessments of 
ecological conditions, which are then overlaid by project performance 
measures. Additionally, the river functions are congruent with the cat-
egories uses by HSAP and LIHI. For instance, 6 of the 26 topic areas 
within HSAP relate to environmental conditions (Biodiversity and 
Invasive Species, Erosion and Sedimentation, Reservoir Management, 
Water Quality, Waste/Noise/Air Quality, and Downstream flow Re-
gimes). Although not directly analogous, the granularity of the HSAP 
topics most closely resembles the 6 categories used for organizing river 
functions (Table 1). The 42 river functions are more numerous and 
provide more specificity in outlining environmental effects in a consis-
tent fashion. Furthermore, the DSP provides an approach to clearly 
justify which of these river functions have hydropower project nexus 
and warrant further investigation. 

We observed a wide range of evidence and uncertainty associated 
with impacted river function indicators among hydropower facilities 
and that these results were not an artifact of facility size. Uncertainty 

Fig. 9. Comparison of the information explained via Bayesian Information Criterion (BIC) for different indicator network structures. Examples of various network 
structures are provided along with their corresponding threshold value. Network structures were determined by incrementally screening all potential pair-wise 
indicator relationships if their relationship strength � threshold. The strength of inter-indicator relationship was determined using conditional probabilities of ca-
sual linkages between each pair of indicators and were calculated using Bayes theorem informed using output from the Science-Based Questionnaire (see Supple-
mental Material). Markov Blanket size is a measure of network complexity as the number of parent and children nodes directly related to a node averaged across all 
nodes in a network. 
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provides an indication of knowledge gaps or lack of available evidence, 
and our case study results suggested a wide range of uncertainty among 
projects associated with different river function indicators, especially 
Dorena Lake and the NSD site. For the Dorena Lake Hydroelectric 
Project, the dam and reservoir were previously constructed (1940s) for 
other purposes besides hydropower and subject to regulations operating 
at that time. Hence, much of the evidence of environmental impacts 
associated with the original construction was not studied and are likely 
unknown. New hydropower development brings challenges to envi-
ronmental assessments as there is great uncertainty in how rivers and 
terrestrial ecosystems will respond to all stages of development and 
operations (McManamay et al., 2015). Most scientific knowledge of the 
environmental impacts of hydropower has been retrospective, and 
generally the impacts of dam development have not been fully realized 
until decades following construction (e.g. Quinn and Kwak, 2003; 

Taylor et al., 2014). In these cases where river functions are character-
ized by high uncertainty, the EEM could be advantageous in providing a 
secondary line of evidence to indicate which functions might warrant 
further investigation. However, the predictive model provides another 
line of evidence, but not conclusive results of river functions affected by 
development. 

When considering all hydropower facilities collectively, our case 
study results suggest that the SBQ and FERC licensing process similarly 
distinguished the degree of magnitude in environmental impacts among 
projects. For instance, both the SBQ and FERC licensing process high-
lighted many river function indicators affected by Smoky Mountain 
Hydropower Project and fewer relevant indicators at Henry M. Jackson 
and Dorena Lake. However, on an individual project-by-project basis, 
we observed many differences between the results of the SBQ and FERC 
process. There are several plausible reasons behind the observed dif-
ferences, the primary being that there are major distinctions in the 
environmental assessment process between our approach and FERC 
negotiations – the first being a scientific process and the latter a regu-
latory process (McManamay et al., 2016). One particular difference 
between the SBQ and FERC is how to define the baseline condition – i.e. 
the reference or standard from which one measures the current state of 
resources. We provide a more thorough discussion of the case studies 
and differences between our tools and the FERC process in the Supple-
mental Material. 

Diagnosing the direct or indirect causal pathways by which dams 
influence river ecosystems can be challenging (Petts, 1984; Nilsson and 
Berggren, 2000; Poff and Hart, 2002). Multiple hierarchical or struc-
tured approaches and models have been developed to explore 
process-based impacts of dams on rivers (Petts, 1984; Burke et al., 2009; 
Webb et al., 2015). Although a checklist of river function indicators 
provides an organized template to assess the multi-dimensional effects 
of hydropower, the functions are certainly not independent from each 
other. Indeed, in developing EIAs or designing environmental studies in 
general, understanding causal relationships between stressors and 
ecosystem responses requires understanding interconnections among 
ecosystem components (Dale et al., 2019). We highlighted a brief 
example of how a weigh-of-evidence approach such as the RFLAT could 
be used to isolate the most important hierarchical relationships among 
river function indicators. RFLAT output could be used to design future 
studies or prioritize uncertainties for round-table discussion. 

4.1. Limitations and conclusions 

Because the prototype tools, specifically the SBQ, was designed with 
general environmental relationships in mind, they may not address the 
level of specificity needed for acutely addressing complex impacts. 
Additionally, the river functions, while having more fidelity than com-
parable indicator assessments, are still coarse representations of 
ecosystem components. Likewise, projects could be comprised of mul-
tiple developments, each with reservoirs, powerplants, and various 
configurations of watered or de-watered reaches. In these cases, answers 
to questions aimed at scales finer than the basin or project level might 
have to be answered differently, depending on the facility or area. To 
maintain flexibility for application in many hydropower settings, ques-
tions within the SBQ were designed to be evaluative, requiring expert 
opinion on the degree to which impacts are important, given the evi-
dence. Some questions are phrased with words such as “significant” or 
“majority” that require the user to determine the significance of the 
observed environmental conditions, possibly in comparison to neigh-
boring rivers. It is likely that differences of opinion will occur among 
users and will manifest as different outcomes of evidence of impacted 
river functions. In our case studies, only one individual applied the SBQ 
for each case; however, it may be informative for multiple stakeholders 
to independently apply the SBQ based on their knowledge and then 
collectively review results as a group for a given project. In these cases, 
areas of consensus provide overwhelming evidence of environmental 

Fig. 10. Application of the River Function Linkage Assessment Tool (RFLAT) to 
two hydropower projects: Henry M. Jackson and Smoky Mountain. Optimal 
river function inter-relationships for (a) Henry M. Jackson project and (b) only 
optimal physical inter-function relationships for Smoky Mountain project. 
These linkages can be used to develop hypotheses of cause-and-effect re-
lationships for further investigation. 
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impacts and identification of knowledge gaps that would benefit from 
further investigation. 

Another limitation is the application of the SBQ or EEM to new hy-
dropower development. The EEM was based on river function envelopes 
constructed from instances in which river functions were documented as 
being measured at specific hydropower facilities. Hence, the EEM model 
prohibits the estimation of the degree of impacts and only provides an 
estimated likelihood of a river function being impacted. Because these 
envelopes consider a wide range of hydropower facility sizes across the 
world, predicted likelihoods of river functions may be insensitive to 
small projects. Hence, we urge caution in the over-interpretation of the 
output in drawing conclusions regarding potential impacts of new 
development. 

Rapid development of hydropower, primarily in undeveloped 
countries, has elicited calls for more regional or basin-level assessments 
of impacts to strategically guide future hydropower development 
(Grumbine and Pandit, 2013; Winemiller et al., 2017). In addition to 
basin-level assessments, optimal designs for siting hydropower facilities 
to balance infrastructure and environmental needs are also in high de-
mand (Ziv et al., 2012; Jager et al., 2015). Large-scale assessments for 
hydropower planning should not replace, but should augment, 
site-specific EIAs. The prototype tools we describe here assist the EIA 
process by identifying the most relevant environmental concerns and 
knowledge gaps at early stages of negotiation, so that more attention can 
be focused on subsequent studies and evaluative processes. This helps to 
ensure that EIA processes can become more efficient without losing the 
rigor of appropriately understanding and mitigating the environmental 
consequences of hydropower. 
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