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Dam removals are occurring more frequently with the rising cost of maintaining aging infrastructure, public
safety concerns, and growing interest in river restoration. So far, most dam-removals have been unsystematic
in their approach. Given the several thousand dam removals expected over the coming decades, a systematic
approach to plan future dam removals holds potential for aligning and delivering multiple benefits. Despite multi-
sector factors driving decision-making, most existing prioritization frameworks tend to operate within single or
related disciplines. Here we present a hierarchical, multi-disciplinary decision-support framework to prioritize
dam removals based on opportunistic factors (Tier 1), hydro-ecological variables (Tier 2), and socio-cultural
considerations (Tier 3). This framework integrates multiple decision criteria under data availability constraints,
incorporates value-driven weights, and can be applied to a portfolio of dams at various spatial scales. The final
output facilitates the identification of dam removal projects that align opportunistic, environmental, and social
benefits. We recommend the application of this framework as a critical first step to identifying high-priority
candidates for removal, recognizing that removal decisions will ultimately require detailed feasibility studies and
stakeholder engagement. To illustrate its utility, we apply this framework to California’s North Coast region and
identify a small number of “good” candidates to be considered for removal. We conclude with recommendations
for filling critical knowledge gaps and advancing systematic dam removal planning in the United States and
beyond.

1. Introduction approaching the end of their reservoir design life, generally between

50 and 100 years (Pejchar and Warner, 2001; Perera et al., 2021).

Dams have proliferated worldwide to provide hydropower, navi-
gation, water supply, flood control, and recreational benefits to hu-
man societies (World Commission on Dams, 2000; ICOLD, 2020).
The United States (US) in particular has had a long history of dam
development dating back to the late 17th century (Moran et al.,
2018). An estimated 2.5 million dams currently exist in the US
(National Research Council, 1992). Of these, about 91,000 are con-
sidered “large” and are included in the National Inventory of Dams
(NID)! (U.S. Army Corps of Engineers, 2020). By 2030, about 70%
of the dams in the NID will be over 50 years old (ASCE, 2021) and

Consequently, a growing number of these dams no longer provide
their intended functions (Habel et al., 2020), are expensive to main-
tain, or do not meet current standards of environmental and pub-
lic safety (ASCE 2021). Aging dams also face increasing failure risks
from extreme weather events that are occurring with greater sever-
ity and frequency under climate change (Kundzewicz et al., 2018).
The number of high-hazard dams (i.e., loss of human life is likely
if the dam fails) has more than doubled in the past 20 years, with
at least $94 billion needed to rehabilitate the nation’s dams (ASCE,
2021).
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! The NID includes dams that have (1) significant or high hazard potential in the event of failure, or (2) exceed 25 feet in height and have a storage capacity of 15
acre-feet or more, or (3) exceed 6 feet in height and have a storage capacity of 50 or more acre-feet.
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Decisions over new investments in dams also come at a time of grow-
ing awareness of their adverse environmental effects. By fragmenting
river networks and altering their flow regimes, dams disrupt riverine
biophysical characteristics, altering ecosystem processes and functions
and biotic communities (Richter et al., 1997; Poff et al., 1997). Several
policies, such as the Endangered Species Act, FERC relicensing condi-
tions, and Federal-Tribal Trust Responsibilities, among others, intend to
balance the traditional water-supply and hydropower benefits of dams
with growing environmental protection, public safety concerns and pro-
tecting the rights of stakeholders. The social values attributed to these
structures also evolve over time, with many dams no longer holding the
same socio-cultural values they once did (Born et al., 1998; Gosnell and
Kelly, 2010). Although some communities seek to preserve historic dams
as a source of identity or place (Fox et al., 2016), many are in favor of
dam removals. For instance, local communities in New Hampshire have
strongly supported the removal of obsolete dams to restore water qual-
ity and fish populations (Mullens and Wanstreet, 2010; Diessner et al.,
2020), signaling a shift in how communities value rivers.

Given the high costs of repairs, growing safety and liability concerns,
and environmental impacts, dam decommissioning is increasingly con-
sidered a viable, cost-effective option for water managers worldwide
(Pohl 2002; Magilligan et al., 2016; Bellmore et al., 2017; Noda et al.,
2018). In fact, since 1912, roughly 1900 dams have been removed across
the US (American Rivers 2022). The increase in federal funding for
infrastructure and climate resilience is further expected to accelerate
dam removals in the US. For instance, the Bipartisan Infrastructure Law
of 2021 makes available roughly $3 billion for dam safety programs,
including $800 million for dam removals. Studies project that there
will be between 4000 and 36,000 dam removals in the US by 2050
(Grabowski et al., 2018).

To date, dam-removals in the US have been mostly unsystematic
and driven by local coalitions of NGOs, community groups, and govern-
ment agencies (Magilligan et al., 2016; Foley et al., 2017; McKay et al.,
2020). This approach has successfully resulted in numerous dam re-
movals. However, with the large number of dams requiring removal
assessment and the high costs of maintaining or removing aging dams
(American Rivers, 2022), a systematic approach that considers the nu-
merous benefits and services that can result from dam removals could
be particularly useful. This requires moving beyond individual dam ap-
praisals to basin-scale assessments that consider the removal costs and
benefits of a portfolio of dams (Garcia de Leaniz and O’Hanley, 2022).
A framework for systematic planning should also consider a broad
suite of economic, environmental, and social factors embedded in such
decision-making contexts (Hoenke et al., 2014). While the importance
of these factors to dam removal have been recognized (Pejchar and
Warner, 2001; Doyle et al., 2003; Magilligan et al., 2016; Tonitto and
Riha, 2016; Foley et al., 2017), researchers and practitioners have only
recently started to organize them in structured frameworks to enable
more systematic planning.

Most prioritization frameworks continue to operate within sin-
gular or related disciplines despite the multi-sectoral factors driv-
ing dam removal decision-making, (Hart et al. 2002; Wildman and
MacBroom 2010). Interactive web tools such as the Southeast Aquatic
Resources Partnership’s (SARP) Aquatic Barrier Prioritization Tool
(https://connectivity.sarpdata.com/priority/) provide among the most
comprehensive barrier inventory datasets for its area of coverage in the
US, and allow users to prioritize dam removal options based on select
dam characteristics, social benefits, and ecological considerations. How-
ever, this tool does not account for the costs and risks associated with
dam removal (particularly reservoir sedimentation and pollution) or the
opportunistic factors (such as dam licensing and safety concerns) that
can facilitate removal and offers limited user flexibility in incorporating
additional variables of interest. Optimization techniques to prioritize
dam removals based on the spatial configuration and impacts of mul-
tiple barriers offer effective solutions to evaluate several options and
find the ‘best’ combination of dams that would yield maximum out-
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put (Kemp and O’Hanley, 2010). However, incorporating a larger num-
ber of ecological and socioeconomic benefits, costs, and risks within
these methods remains a challenge. Further, these approaches are data-
intensive and computationally rigorous, potentially impeding their ap-
plication by non-specialist users and across watersheds.

Indeed, structured decision frameworks to prioritize dam removals
based on a comprehensive assessment of ecological, economic, and so-
cial factors has been identified as a critical knowledge gap (Doyle et al.,
2003; Grabowski et al., 2018; Curry et al., 2020). Given the several ob-
jectives, uncertainties, data types, and perspectives involved in dam re-
movals, Multi-criteria Decision Analysis (MCDA) techniques can provide
an effective approach for this context (Triantaphyllou, 2000a). With
dam removals expected to increase rapidly in the coming decades, such a
framework is vital to ensure that decisions effectively balance tradeoffs
among multiple objectives and deliver outcomes that align economic,
environmental, and social benefits.

We propose a hierarchical, multi-disciplinary framework to priori-
tize dam removals based on (1) opportunistic factors (e.g., functional
obsolescence, dam size, and safety concerns), (2) hydro-ecological con-
siderations (e.g., current impacts to sensitive species and ecosystem re-
covery potential), and (3) socio-cultural aspects (e.g., stakeholder en-
gagement and values). This MCDA framework allows users to priori-
tize dam removals based on a flexible suite of multi-disciplinary crite-
ria that considers removal opportunity, ecological considerations, and
social dimensions. The final output is a shortlisted set of dams whose
removal can align and deliver opportunistic, environmental, and social
benefits. The generation of a holistic suite of benefits is also expected
to improve project appeal to various stakeholder groups with different
value-systems, increase support to dam removal projects, facilitate ac-
cess to broader funding sources, and increase overall project viability.
The framework is intentionally simple, computationally efficient, and
adaptable to a variety of settings, diversity of decision-makers, and vari-
ation in data availability. We intend for this framework to be employed
by environmental managers, agencies, dam owners, and NGOs to guide
dam removal planning at regional or national scales. We view applica-
tion of this framework as a critical first step to identifying high-priority
candidate dams for removal (whilst avoiding low-priority dams), recog-
nizing that decisions will ultimately require detailed feasibility studies
and stakeholder engagement. Here, we describe the organization and
rationale behind the decision-making framework and provide an appli-
cation example to dams in California’s North Coast region. We conclude
with recommendations for filling critical knowledge gaps and advancing
systematic dam removal planning in the U.S. and beyond.

2. Material and methods
2.1. Decision-making framework

Case study documentation and the literature pertaining to dam re-
moval decision-making suggest that dam removals are predominantly
driven by safety and/or economic reasons, the need to restore fish habi-
tat and fish passage, improve water quality, improve recreation ameni-
ties, or a combination of the above. Accordingly, our proposed frame-
work is designed to identify dams whose removal would:

1 Be opportunistically viable and result in improved safety without
losing critical services;

2 Result in improvements to riverine ecosystem integrity, function,
and biodiversity; and

3 Be beneficial or acceptable to local communities.

These goals are represented as three tiers of a decision-support
framework, in which several variables are evaluated on a scoring and
weighting system (Fig. 1). Tier 1 considers variables that represent dam
functionality, economic feasibility, and safety considerations (hence-
forth referred to as “removal opportunity”). Tier 2 encompasses hydro-
ecological considerations, addressing the consequences of removal for
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TIER 1 - REMOVAL

OPPORTUNITY

* Dam functionality

* Condition assessment

* Dam size

* Downstream hazard

* Relicensing requirement
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TIER 2 - HYDROECOLOGICAL
VARIABLES

* River connectivity

* Flow regulation

* Catchment resilience
* Habitat diversity

* Sediment toxicity

* Freshwater sp. richness

* Specialist/Migratory sp. richness
* Migratory fish runs

* Barrier passability

* Risk of invasive sp.
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Fig. 1. Overview of the dam removal decision-support framework. Steps outlined in solid lines (Tier 1 and Tier 2) can be computed through desktop analyses. Steps
outlined in dashed lines are those that require additional computational work and assessment of local, socio-cultural factors that may influence the feasibility of dam

removal (Tier 3).

river connectivity, flow regulation, and freshwater biodiversity. Tier 3
considers socio-cultural aspects including potential changes in recre-
ational, economic, and cultural values for various stakeholders in re-
sponse to dam removal. User-specified weights and choice of variables
incorporate flexibility in the framework, making it applicable for a
wide range of contexts, with different users, data availability scenar-
ios, and/or objectives. Consequently, an important characteristic of this
framework is that the output is value-driven and reflects the relative im-
portance that stakeholders attribute to different decision criteria. Tiers
1 and 2 can be quantified for every dam using readily available data
sources for large dams documented within state, federal, or international
datasets (Table 1).

Application of the framework results in assigning all assessed dams
an opportunity (Tier 1) and hydro-ecological (Tier 2) score, which can
be visualized on a two-dimensional plot (Fig. 2). Dams that have higher
scores along both axes are considered suitable or good candidates for re-
moval as their scores suggest opportunistic feasibility (e.g., limited eco-
nomic benefits and high safety risks) and significant ecological benefits

(e.g., restoration of river network connectivity and habitat for sensitive
species). Similarly, dams that have high Tier 2 scores, but lower Tier 1
scores may be better suited for restoration or mitigation. Consequently,
a portfolio of dams within a region or basin can be compared by their
scores along a gradient of removal suitability. In cases where multiple
dams are being considered for removal, a spatial optimization analysis
may also be warranted to identify combinations of dams that could be
removed to achieve optimal benefits (see Kemp and O’Hanley, 2010 for
a review of optimization techniques). This is because the combined ben-
efit of multiple dam removals may be greater than the sum of individ-
ual dam removals based on their spatial dependencies (McKay et al.,
2017). Finally, the shortlisted set of “good candidates” is subject to Tier
3 analysis of socio-cultural factors that could enable or constrain dam
removal. Whereas the evaluation of Tiers 1 and 2 is a data-driven “desk-
top” analysis, Tier 3 cannot be effectively assessed through readily avail-
able data sources. Instead, shortlisted dams are assessed for social cost
and value based on primary data collection, stakeholder engagement,
and site-specific considerations. Each tier is expanded upon below.
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Table 1
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Tier 1 variables, the rationale for their selection, and the metrics and data sources used to quantify them in the case study.

Case study application

Variable Rationale

Metric & data source

Data type & processing

Dam functionality Indicates the degree of efficiency or functionality
of a dam. Several dams are obsolete and no longer
serve their intended function. Functioning dams
can also decrease in efficiency over time due to
aging, changing hydrological regimes, and/or
sedimentation. The higher the estimated loss in
functionality, the greater the score for dam
removal (Pohl 2002; Lejon et al., 2009).

Captured by the estimated proportion
of reservoir loss due to sedimentation,
given reservoir size, age, and the
upstream sediment production rate.

Average sedimentation rate (km~2) was calculated
for each California geomorphic province type
(Minear and Kondolf 2009).

Total upstream area between each dam and the
next upstream dam was computed as its
sediment-producing area.

Sedimentation rate for each dam was computed
using its sediment-producing area and the
geomorphic province sedimentation rate.
Estimated time (in years) to full sedimentation
assuming no sediment removal was calculated
using reservoir size, age, and sedimentation rate.
The years to full sedimentation were natural log
transformed and rescaled between 0 and 3 to
obtain functionality scores.

Condition Indicates dam condition with respect to safety Dam condition from the California Scores assigned based on condition category:
assessment deficiencies and expected performance under all Division of Safety of Dams 0: Satisfactory

loading conditions. Dams with poorer condition (https://water.ca.gov/programs/all- 1: Fair

are expected scored higher for removal, as programs/division-of-safety-of-dams) 2: Poor

remediation can require significant financial 3: Unsatisfactory

investment (Pohl 2002; Lejon et al., 2009;

Perera et al., 2021).
Dam size All else being equal, smaller dams are less Dam height from the NID Dam height values were natural log transformed

expensive to remove and tend to decrease in
efficiency faster than large dams. Hence, they are
often more cost-beneficial to remove than
remediate (Born et al., 1998; Doyle et al., 2000;
Bowman 2002).

Downstream hazard Indicates the potential downstream impacts to life

Downstream hazard category from

and rescaled between 0 and 3.

Scores assigned based on hazard category:

and economic assets in case of a dam failure. the NID 0: Low
Dams with higher hazard potential are prioritized 1: Significant
for removal (Bowman 2002; Perera et al., 2021). 2: High
3: Extremely high
Licensing status Dams usually undergo impact assessments and Not assessed due to inability to NA

public hearings during relicensing to comply with
social and environmental regulations. Costs of
relicensing and retrofitting to fulfill new
conditions can tilt the cost-benefit ratio to
facilitate removal (Pejchar and Warner 2001;
Manahan and Verville 2004).

harmonize between the FERC and
NID databases

2.1.1. Tier 1: dam characteristics that represent opportunistic factors

Implementing the framework first requires compiling an inventory
of dams to be assessed for removal. These data can be obtained from
state, national, and/or international databases, and potentially be com-
plemented with primary information. It may be helpful to condense the
portfolio of dams to be evaluated, for example by excluding off-channel
structures, critical infrastructure, or newer and high functioning dams
for which removal is not a viable option. However, all dams, including
those excluded in this step, must be retained whilst computing Tier 1
and 2 variables, particularly those pertaining to connectivity.

Next, dam characteristics that represent removal opportunity are
evaluated in Tier 1. This involves an assessment of (1) dam function-
ality, which identifies defunct, obsolete, or low functioning dams, often
from high reservoir sedimentation, (2) dam condition, which identifies
dams that pose a safety concern or require significant financial invest-
ment to maintain, (3) dam size, identifying smaller dams are generally
less expensive to remove and/or lose functionality sooner than large
dams, (4) hazard potential, which characterizes dams with high poten-
tial downstream impacts to human life and economic assets in case of
failure, and (5) relicensing requirements, which identifies dams undergo-
ing relicensing since they need to partake in impact assessments and
stakeholder consultations, presenting a potential opportunity to facili-
tate decommissioning. The rationale behind the variables selected and
the metric and data sources used to quantify each is outlined in Table 1.

Since the data are obtained from unique data sources and measured
on different scales, all variables are standardized. Categorical variables

are sorted into four ordinal classes, while continuous variables are scaled
using a minimum-maximum normalization, such that all variables have
scores ranging from O to 3. Lower scores indicate lower potential for
removal. Next, each variable is assigned a user-defined weight to rep-
resent its perceived relative importance to dam removal potential, such
that the sum of weights across all variables is one. Users are encouraged
to assign weights that best reflect variable relative importance as de-
termined by stakeholder values and removal objectives. For every dam,
a Weighted Sum Model (Triantaphyllou, 2000a) is used to calculate a
total score that reflects the sum of the product of the variable weights
and scores. The total score is then rescaled such that all dams are scored
between 0 (poor candidates) and 1 (good candidates) on an opportunity
gradient (Eq. 1).
Y, Variable score; = V ariable weight,

Total Score = - - (D
Highest possible score

2.1.2. Tier 2: hydro-ecological variables

Tier 2 incorporates variables that relate to the hydro-ecological ben-
efits of dam removal while minimizing associated risks. These include:
(1) river connectivity, which quantifies how removal of a dam would
increase river network connectivity, a critical variable driving basin-
wide biophysical and ecological processes; (2) degree of flow regulation,
which relates the capacity of dam storage to average annual inflow and
is correlated with the degree of natural flow regime alteration; (3) catch-
ment resilience, which characterizes the physical heterogeneity of river
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Tier 1: Removal opportunity
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Fig. 2. Tier 1 of the decision framework based
on dam characteristics that represent removal
opportunity. The weights are those used in

2T Select all on-channel dams

the case study application but can be changed
based on user preferences. Variable scores can

|
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All dams scored between 0.0 and 3.0

Scores rescaled between 0 (poor candidates) and 1 (good candidates)

basins that enhances their ecological resilience to climate change im-
pacts and should be prioritized for dam removal and conservation; (4)
habitat diversity is another measure of heterogeneity at a finer spatial
scale that quantifies the number of distinct habitat types that would be
connected by dam removal; (5) sediment toxicity, which addresses the
risk of contaminant redistribution across the river network following
dam removal; (6) native freshwater species richness, with an emphasis on
endemic species, which indicate the diversity of species that could ben-
efit from dam removal; (7) specialist or migratory species richness, which
indicate the diversity of specialist or migratory species of high conserva-
tion concern that could benefit from dam removal (8) migratory fish runs,
where migratory fish are potentially present this variable measures the
potential increase in river network access to historically or potentially
utilized habitats; (9) barrier passability, which identifies impassable bar-
riers that may be more important for removal than passable barriers; and
(10) risk of invasive species, which considers that (potential) presence of
invasive species that could be spread by dam removal and adversely im-
pact native biota. The rationale behind the selection of these variables
and the metric and data sources used to quantify each are outlined in
Table 2. Asin Tier 1, data from each variable is ordinally categorized (for
categorical variables) or scaled (for continuous variables) with a score
ranging from O to 3 (Fig. 3). Each variable is assigned a user-defined
weight such that the weights sum to one. Each variable is scored based
on the product of the variable weight and score. The rescaled sum of
these scores across all Tier 2 variables (Eq. 1) results in every dam be-
ing scored between 0 (poor candidates) and 1 (good candidates) based
on hydro-ecological characteristics.

Dam scores for Tiers 1 and 2 can be viewed on a two-dimensional plot
to communicate removal potential across both opportunity and hydro-
ecological axes, such that dams whose removal would offer benefits in
both categories can be readily identified, while dams whose benefits
exist predominantly in one dimension or perform poorly across both di-

mensions can also be recognized. Additional variables of interest not
considered as decision criteria can also be visualized on the biplot. For
instance, in the case study application below, we use the estimated mon-
etary cost of removal as a variable of interest visualized on the biplot,
but do not include it as a decision criteria within Tier 1 due to the un-
certainties associated with cost estimation. Similarly, variables such as
dam ownership or primary purpose may also be retained as variables of
interest. The correlation between variable metrics in each Tier can be
examined for data redundancies. However, users may choose to retain
certain correlated metrics if they correspond to different variables or are
valued to be important.

2.1.3. Tier 3, socio-cultural variables

Socio-cultural factors can ultimately control the fate of dam removal
projects. Although sometimes assessed as potential economic losses and
benefits accruing for stakeholder groups (Pejchar and Warner, 2001),
descriptive case studies shed light on more nuanced socio-cultural fac-
tors that can be difficult to quantify or predict without focused com-
munity engagement (Born et al., 1998; Fox et al., 2016). For example,
stakeholder values, legal and regulatory issues, and quality of relation-
ships within communities and between communities and government
agencies can all influence the dam removal decisions (Born et al., 1998;
Fox et al., 2016). These are also likely influenced by local historical
and geographical conditions, particularly with respect to Indigenous
nations that have been disproportionately affected by dam prolifera-
tion (Lejon et al., 2009; Gosnell and Kelly, 2010; Fox et al., 2022).
Effectively addressing community concerns is critical to dam removal
(Johnson and Graber, 2002). Though often overlooked, the process of
stakeholder identification and engagement should be fully inclusive to
ensure that all perspectives, particularly those whose voices were ex-
cluded from the decision to build the dam, receive respectful consider-
ation.
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Tier 2 variables, the rationale for their selection, and the metrics and data sources used to quantify them in the case study.

Variables

Rationale

Case study application
Metric & data source

Data type & processing

Increase in river
connectivity

Degree of flow
regulation

Catchment resilience

Habitat types
connected

Risk of sediment
toxicity

Freshwater species
richness

Specialist or
migratory fish
species richness
Restoration of
migratory fish runs

Barrier passability

Risk of invasive
species spread

Connectivity is critical to basin-wide biophysical and
ecological processes. Loss of connectivity is among the
primary hydrologic impacts of dam building and impedes
the movement of organisms, water, sediment, organic
matter, and nutrients across space and time. Dam removals
that cause the greatest increases in river connectivity are
preferred (Pringle 2003; Magilligan et al., 2016).

The natural flow regime is a ‘master variable’ that
regulates the ecological and geomorphological integrity of
a river. When a dam impounds large volumes of water
relative to annual runoff, its flow regulation impacts can
be severe. Dam removals that restore flow to a greater
extent are preferred (Richter et al., 1997; Poff et al., 1997).
Climate change poses growing risks to river ecosystems
and infrastructure projects. Ecologically resilient basins
characterized by dynamic spatial heterogeneity are more
likely to withstand disturbances without losing key
functions. We prioritize dam removals in more resilient
basins to maximize ecological benefit (Boltz et al., 2019;
Grantham et al., 2019).

Dam removals that re-establish connectivity between more
than one unique river habitat type (as defined by their
hydrology, climate, geomorphology, water chemistry
and/or biology) are preferred due to improvements to
habitat heterogeneity (Higgins et al., 2005; Dallaire et al.,
2019).

Sediment contamination can drastically influence removal
costs and decisions. Improper management can facilitate
contaminant redistribution across the river network,
adversely impacting ecological and human communities
(Tullos et al., 2016; Foley et al., 2017; Randle, and Bountry
2017).

Dam removals that benefit a greater number of freshwater
species, especially endemic species (including fish,
amphibians, reptiles, and macroinvertebrates) are
prioritized (Doyle et al., 2000, 2003).

The impact of dams on species specialists and migratory
species of conservation concern can be particularly severe.
Given drastic declines in migratory fish populations and
distributions, there have been growing efforts to restore
these fisheries for biodiversity preservation, fisheries
persistence, and cultural practices. We prioritize dam
removals that benefit a larger number of specialist species
and restore greater lengths of migratory fish runs

(Pejchar and Warner 2001; Nunn and Cowx 2012;
Quifiones et al., 2015).

Impassable barriers are more important for removal
relative to partial barriers that allow for some movement
of organisms. (Lejon et al., 2009).

The removal of dams that incidentally prevent the spread
of invasive species could aid in their dispersal, adversely
impacting native biota. Such removals should be
cautiously considered (Barnett and Adams 2021;
Teréncio et al., 2021).

Assessed in two ways (each assigned a
weight of 0.1): first as the length of river
reconnected if the dam was removed;
second as the reduction in fragmentation
as measured by the Catchment Area-based
Fragmentation Index (CAFL Jumani et al.,
2022)

Degree of regulation or (DOR;
Lehner et al., 2011)

Dimensionless index of integer values
ranging from 8 to 16 that captures
physical habitat richness (Howard et al. in
prep)

Count of unique environmental flow
regime classes (a proxy for habitat type
and complexity) connected through dam
removal (Lane et al., 2022)

Mercury presence in reservoir sediments
from California’s Statewide Mercury
Control Program for Reservoirs

Native aquatic species richness index
ranging between 0 and 1 from the
California Department of Fish and
Wildlife’s Areas of Conservation Emphasis
Assessed as the anadromous species
richness in the river reach at the dam
location, and length of anadromous fish
runs restored. Data obtained from CalFish
range maps for anadromous species
(https://www.calfish.org/programsdata/
species/anadromousfishdistribution.aspx)

Passability categories from the California
Fish Passage Assessment Database
(Pacific States Marine Fisheries
Commission 2022)

Not assessed due to lack of spatially
explicit data

Total river length reconnected: Calculated
as the sum of the lengths of river channel
to the immediate upstream and
downstream dams or channel termination.
Reduction in basin-wide fragmentation:
CAFI values calculated per dam relative to
the basin catchment area to determine
each dams’ contribution to fragmentation.
Both metrics were natural log transformed
and rescaled between 0 and 3.

Captured as the proportion of average
annual river flow that the reservoir can
impound. DOR values were natural log
transformed and rescaled between

0 and 3.

Resilience values were natural log
transformed and rescaled between
0 and 3.

Counts range from 0 to 5. Values were
natural log transformed and rescaled
between 0 and 3.

Dam reservoirs with mercury presence or
absence were assigned scores of 0 and 1
respectively.

Index values were natural log transformed
and rescaled between 0 and 3.

Since resultant values ranged from 0 to 3,
scores were equal to the values obtained.

If anadromous species are present,
assessed as the length of upstream river
channel to the immediate upstream dam
or channel terminus. If anadromous
species are absent, assigned a value of 0.
These values were then natural log
transformed and rescaled between

0 and 3.

Scores assigned based on barrier
passability designation of the dam:

1: Temporal and partial

2: Either temporal or partial

3: Totally impassable, unassessed or
unknown

0: All other statuses

NA

Socio-cultural considerations are expected to be site-specific and
context-dependent and therefore cannot be assessed through readily
available datasets. We therefore anticipate that Tier 3 assessments will
entail extended periods of community engagement to identify target
stakeholders, communicate the potential risks and benefits of remov-
ing a dam (or not), and respond to community concerns. Because of
the labor and resources such engagement entails, we suggest that only
dams shortlisted through Tiers 1 and 2 be subject to Tier 3 assessments

at the time of dam removal decision-making (indicated by dashed lines
in Fig. 1). We do not provide a rigid list of decision criteria for Tier 3
due to its contextual and variable nature. Instead, we recommend that
practitioners tailor Tier 3 decision criteria to suit the local context and
community concerns. However, some important variables to consider
may include: (1) impacts on water-based recreational opportunities, which
may include concerns about the loss of fishing or boating sites in reser-
voirs or improvements, or positive impacts including the creation of
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Fig. 3. Tier 2 of the decision framework based
on hydro-ecological variables. The weights are
those used in the case study application. Vari-
able scores can be measured along categorical
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or continuous scales based on the metric and
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recreational opportunities such as free-flowing reaches for kayaking or
restoration of habitat for sport fisheries, (2) impact on property values
adjacent to the dam and/or reservoir, which may be caused by changes
in water levels and environmental conditions following dam removal;
(3) impacts on human safety, which may be related to both risks asso-
ciated with removal (e.g., mobilization of heavy metals in sediments
stored behind dams) and with maintenance of dams that pose risks to
human safety (e.g., drownings associated with hydraulically dangerous
low-head dams or potential property damage from dam breaching); (4)
actual or perceived loss of critical function, which relate to dam removal
effects on flood risk exposure, hydropower generation, and/or water
supply reliability; (5) esthetic concerns, which addresses the potential for
dam removal to create undesirable features (such as dried up riverbeds
or unvegetated hillslopes) or result in esthetic improvement (such as
free flowing rivers); (6) cultural or traditional benefits, which may be re-
vitalized following removal, particularly pertaining to the restoration
of fish species and traditional fishing grounds that are deeply valued by
Indigenous tribes; and (7) community attachment, which can describe the
affinity of a community to a river either prior to dam-building or to in
its impounded state following dam construction. When capturing Tier 3
considerations, it is important to note that they may be dynamic, require
qualitative assessment, and may change over time based on the level of
community engagement and negotiations between parties involved.

2.2. Application to California’s north coast watershed

2.2.1. Study site

We apply this framework as a proof of concept to California’s North
Coast Region (Hydrologic Unit Code 180,101), composed of the Smith,
Redwood, Mad, Eel, Russian, Cape Mendocino, Mendocino Coast, and

Bodega watersheds (Fig. 1a), cumulatively spanning an area of 24,247
km?2. This region is part of a global biodiversity hotspot (Myers et al.,
2000) and comprises important habitat for freshwater fishes, notably
three anadromous species listed as threatened or endangered under state
and federal Endangered Species Acts: Chinook salmon (Oncorhynchus
tshawytscha), Coho salmon (O. kisutch), and summer- and winter-run
steelhead (O. mykiss). This region receives the highest annual precipita-
tion in California and provides water for human communities, irrigation
for a variety of crops, and recreational and cultural value for many com-
munities, particularly Indigenous Tribes.

The Russian River is the most developed river in the region and has
two large dams - Warm Springs Dam (Lake Sonoma) and Coyote Valley
Dam (Lake Mendocino). The Eel River comprises vital habitat for salmon
and steelhead trout populations. The Potter Valley Project, composed
of the Scott and Cape Horn dams, diverts water from the Eel River in
the north and exports it into the Russian River watershed through a
cross-basin pipeline. This project is recently set to be decommissioned
to restore habitat for salmon and steelhead (Fishman, 2022).

The rivers of the North Coast Region, predominantly the Russian,
Eel, and Mad rivers, have been the focus of much study and ecolog-
ical restoration due to their importance in the recovery of state and
federally listed salmonids (https://wildlife.ca.gov/Grants/FRGP). Most
restoration projects have predominantly focused on remediating non-
point source pollution and physical habitat improvements. Less atten-
tion has been given to adverse effects of dams and diversions (Christian-
Smith and Merenlender, 2010), despite recent research highlighting the
need to reduce environmental pressures from dams and diversions for
salmon and steelhead recovery (Grantham et al., 2012; Vander Vorste
et al., 2020).
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2.2.2. Data and methods

We compiled a list of dams located within the North Coast water-
shed using the NID. Smaller barriers were not considered in this analy-
sis. We applied two filters to condense the list of dams being evaluated:
we retained only on-stream dams based on visual inspection from satel-
lite imagery and excluded dams less than the “alert” age of 50 years
(Perera et al., 2021). For each of the remaining dams (Appendix A),
variables from Tiers 1 and 2 were quantified or estimated from the data
sources outlined in Table 1. Two of the 15 variables - relicensing require-
ment (from Tier 1) and risk of invasive species spread (from Tier 2) -
were not included in our analysis due to lack of spatially explicit data.
The exclusion of these variables resulted in the range of unscaled Tier 1
and 2 scores being 0-2.7 and 0-2.75 (instead of 0 and 3), respectively.
These scores were then rescaled between 0 and 1.

For Tier 1 variable weights, we identified dam functionality and con-
dition as the most important drivers of removal potential since they
quantify the utility and safety of existing structures, respectively. Con-
sequently, they were assigned weights of 0.3 each. Dam size was ex-
pected to be relatively less important and was assigned a weight of 0.2.
Finally, downstream hazard rating and licensing status were assigned
weights of 0.1 each since the former represents potential impacts in
case of a hypothetical dam failure and not all dams are subject to FERC
licensing procedures. For Tier 2, we assigned the highest weight (0.2) to
river connectivity since it critically influences river ecosystem processes,
functions, and species (Vannote et al., 1980). Flow regulation and catch-
ment resilience to climate change were assigned weights of 0.1 each to
prioritize dam removals that will result in greater extent of flow restora-
tion in more resilient catchments. Habitat types connected and risk of
sediment toxicity were assigned weights of 0.05 each. Within the species
centric variables, total endemic freshwater species richness was given a
weight of 0.15. Anadromous species richness, length of anadromous fish
runs restored, and barrier passability were assigned scores of 0.1 each,
while the risk of invasive species had a weight of 0.05.

We also considered the monetary cost of dam removal as a variable
of interest that could be important although not weighed as a decision
criteria in the framework. Hence, for every dam scored along Tiers 1
and 2, simple estimates of removal costs were computed from a newly
developed dam removal cost database (Duda et al., 2022). Generalized
linear models with a Gaussian distribution were used to model the cost
of dam removal against the variables of dam height and stream order
(Appendix B). The top model, as selected by Akaike information crite-
rion, corrected for small sample sizes (AICc) and McFadden’s pseudo
R2 (Smith and McKenna, 2013), was used to predict removal costs for
the screened dams. Additionally, dam ownership, dam type, and dam
purpose were retained as variables of interest. Individual dam Tier 1
and 2 scores, scaled by size to represent their cost of removal, were
examined on a biplot. Dams were then categorized as ‘good’, ‘ecologi-
cally sub-optimal’, ‘opportunistically sub-optimal’, or ‘poor’ candidates
for removal based on their relative positions within the biplot. Good can-
didates were further examined to determine the relative contribution of
different variables to their high scores.

The correlation between variables was examined to determine re-
dundancy in the data. A sensitivity analysis was also conducted to ex-
amine the effect of variable weights on the result. To do so, a hundred
different sets of weights were randomly generated from a uniform dis-
tribution and assigned to Tier 1 and 2 variables such that the sum of
weights was equal to one for each Tier (Appendix C). The range of Tier
1 and 2 scores for each dam subject to the different weighting distribu-
tions were examined on a biplot. All data processing and analysis was
carried out in R 4.2.1. (R Core Team, 2022).

Since an in-depth stakeholder assessment was beyond the scope of
our case study, we relied on site-specific expertise to provide a first-
level approximation of Tier 3 variables. We considered three variables
for which qualitative scores could be estimated - the anticipated loss
of critical function from dam removal, potential community attachment
to the structure, and benefits of removal to traditional, cultural uses by
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Fig. 4. Biplot of Tier 1 and 2 scores of the 25 dams assessed for their removal
potential. The size of each circle is proportional to its predicted cost of removal
(standardized to 2020 US dollars). Higher scores along both axes (indicated by
darker color gradients) imply greater benefits to be gained from removal.

indigenous communities. For every dam these variables were qualita-
tively scored into one of four categories (High, Medium, Low, Unknown)
based on the subjective judgment of the co-authors with expertise in
the region. While this does not comprehensively capture the complex-
ities and nuances of socio-cultural considerations, it indicates a rough,
first-level approximation of Tier 3 variables. For real-world application,
however, we recommend an in-depth Tier 3 assessment as outlined in
Section 2.1.3.

3. Results and discussion

The North Coast watershed contained 87 NID-listed dams. Of these,
57 were off-stream and an additional five, including Warm Springs dam
(a major water-supply project in the region), were under 50 years old.
The remaining 25 dams were subject to further screening. These dams
were primarily owned by local government (n = 12) or private (n = 9)
entities. The primary purposes of these dams were water supply (n = 12),
flood control (n = 9), and hydropower generation (n = 2), although the
majority were multipurpose (n = 19) (Appendix A).

Of the 25 dams evaluated, four were identified to be “good candi-
dates”, the removal of which could be opportunistically feasible and
hydro-ecologically beneficial. Five dams were identified as “oppor-
tunistically sub-optimal”, and six were “ecologically sub-optimal”. Ten
dams were “poor candidates”, with Tier 1 and Tier 2 scores indicat-
ing the lowest degree of opportunistic feasibility and hydro-ecological
benefits (Fig. 4). Several “poor candidates” were also associated with
higher costs of removal, further indicating that their removal would
be economically impractical. On the other hand, several “good candi-
dates” were associated with lower costs of removal, presenting poten-
tial win-win options that would allow for the alignment of opportunity-
related, hydro-ecological, and economic objectives. Opportunistically
sub-optimal dams, particularly those with higher estimated removal
costs, may be suitable for restoration rather than removal to achieve
hydro-ecological benefits without incurring the high opportunistic and
economic costs associated with their removal.

The Healdsburg Recreation and Russian River #1 dams ranked first
and second in both Tiers respectively. Of the four “good” candidates
identified, three are in the Russian River basin (Healdsburg Recreation,
Russian River No. 1, and Foote #3) and one in the Eel River basin (Cape
Horn) (Fig. 5). On the basis on ownership, Cape Horn and Foote #3 are
privately owned, while Healdsburg Recreation and Russian River No. 1
are owned by the local government and public utility respectively. Both
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river expanded for clarity.

Potter Valley Project dams (Cape Horn and Scott dams) ranked high on
their hydro-ecological benefit or Tier 2 score. While Cape Horn was a
“good” candidate, the Scott Dam was an “opportunistically sub-optimal”
candidate due to its relatively lower Tier 1 score (Appendix A).

An examination of variable scores for the good candidates revealed
that a loss of function was the predominant driver of high Tier 1 scores
for all four dams (Fig. 6A). Except for Cape Horn (an intermediate sized
dam), small dam size also contributed to high removal suitability. Tier 1
scores for Healdsburg Recreation were further driven by its ‘Fair’ condi-
tion assessment. Finally, downstream hazard potential influenced both
Cape Horn and Foote #3 dams, which had ‘High’ and ‘Significant’ haz-
ard ratings respectively.

For Tier 2 scores, anadromy (including anadromous species richness
and fish runs restored) was the predominant driver for all dams except
Foote #3 (Fig. 6B). When freshwater biodiversity was considered along
with anadromy, it accounted for greater than 38% of the total Tier 2
score for all four structures. Hydrology (i.e., connectivity and flow reg-
ulation) comprised over a quarter of the Tier 2 score for all candidates
except Foote #3, whose low connectivity and flow alteration score can
be attributed to its upstream headwater location. Habitat heterogeneity
(i.e., catchment resilience and habitat types connected) was a significant
contributor of Tier 2 scores as well. Since Healdsburg Recreation and
Cape Horn are partial barriers and Foote #3 has an unassessed barrier
passability, their barrier passability scores were relatively small. Finally,
since none of these dams had mercury impaired reservoir sediment, the
lack of sediment toxicity contributed to a small proportion of their total
score (Fig. 6B).

The sensitivity analysis indicated that the selection of weights criti-
cally influences the final output. Most dams varied drastically in their re-
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Fig. 6. Tier 1 (a) and Tier 2 (b) scores by variable contribution for the four good
candidates. Numbers within the bars correspond to the percentage contribution
of a given variable to the overall score.
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Table 3

Qualitative assessments of three socio-cultural variables for the four good candidates.
Socio-cultural variables Healdsburg Recreation ~ Russian River No. 1 Cape Horn  Foote #3
Community attachment to the dam High High Low Low
Loss of critical function High! High' Low?
Cultural/traditional benefits from removal ~ Unknown Unknown High® Low
Prior experience with dam removal* High High Medium High

! Loss of an important recreation site.

2 After agreements to replace water supply functions from the Two-Basin Partnership.
3 Primarily for Indigenous tribes participating in the Two-Basin Partnership.
4 Number of prior dam removals in the Russian and Eel basins are 6 and 3 respectively (American Rivers 2022).

moval potential as indicated by the range of their Tier 1 and Tier 2 scores
across weight combinations (Appendix C). This underscores the value-
driven prioritization of this decision-support framework, with variable
weights corresponding to stakeholder values or relative importance at-
tributed to the different variables.

Based on a qualitative and preliminary approximation of three socio-
cultural variables by regional experts (Table 3), the removal of Healds-
burg Recreation and Russian River # 1 is likely to face active oppo-
sition given their importance as popular recreation sites. For this rea-
son, in addition to the old age of these dams, local communities may
associate these dams with a sense of place. However, Cape Horn (and
potentially Scott Dam, together comprising the Potter Valley Project)
owned by a utility company could fare better. This result is in ac-
cordance with and further validates ongoing efforts to decommission
the Potter Valley project. The FERC license for this project expired
in April 2022, and a new license was not pursued, potentially set-
ting the stage for decommissioning. Consequently, several stakehold-
ers including NGOs, Indigenous tribes (Round Valley Indian Tribes and
Wiyot Tribe), and local public agencies have formed the Two-Basin
Partnership to remove both dams while striving to meet local water
needs (https://www.twobasinsolution.org/). The potential restoration
of anadromous fish runs from the removal of this project would also
provide traditional and cultural benefits to Indigenous tribes in the re-
gion. Finally, Foote #3, a privately owned water supply dam, is expected
to be associated with low levels of community attachment and potential
cultural benefits given its low anadromy score. If an alternative source of
water supply is negotiated, its loss of critical function may also be small,
potentially improving its Tier 3 performance. While this is a broad first-
level approximation, actual Tier 3 scores from detailed community-level
engagement will be influenced by a myriad of factors including prior
community experiences with dam removals, the involvement of exter-
nal entities, the diversity of stakeholders involved and their associations
with the dam, and uncertainties and perceived consequences of dam re-
moval.

4. Discussion

Recognizing the complexities involved in dam removal planning,
we propose a decision support framework that integrates multidisci-
plinary decision criteria, incorporates stakeholder driven weights, and
is flexibly designed to allow application at various spatial scales. The
three tiers of this framework facilitate the identification of projects that
align opportunistic, environmental, and social benefits. User flexibility
in variable selection may be particularly useful in accommodating di-
verse project objectives, site-specific considerations, and data availabil-
ity constraints. For instance, application of the framework to rivers in
the US East Coast might replace anadromous variables in Tier 2 with
regional diadromous species of conservation importance such as Amer-
ican eel (Anguilla rostrata) or American shad (Alosa sapidissima). User-
defined variable weights also allows for explicit representation of stake-
holder values, concerns, and potential tradeoffs involved in dam re-
moval decision-making (Gregory and Keeney, 2002). An examination
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of component scores (Fig. 6) further illustrates the relative influence of
decision criteria on the final score. Finally, the simplicity, transparency,
and computational ease of a scoring and ranking system makes it acces-
sible to several users, with results being easy to visualize and commu-
nicate (McKay et al., 2017).

User expertise and awareness are crucial to the application of this
framework. The list of decision criteria and metrics used to quantify
them requires careful selection based on project goals, stakeholders in-
volved, site-specific characteristics, and data limitations. Often, when
data on key variables are not available, metric proxies may be used.
For instance, in our application, we used sedimentation and mercury
contamination as proxy metrics for dam functionality and sediment
toxicity, respectively, recognizing that other, more direct measures of
these dam characteristics is desirable. Variables with no data availabil-
ity may be excluded from the analysis, as illustrated by the exclusion
of the relicensing requirement and risk of invasive species spread from
our analysis. Determining relative weights for decision criteria is criti-
cal to the outcome of framework (Appendix C), particularly when sev-
eral stakeholders with different points-of-view are involved. Users are
encouraged to apply appropriate methods to derive relative weights
(Triantaphyllou, 2000b; Zardari et al., 2015) that can accurately re-
flect stakeholder values and relative importance of decision variables.
We note that our framework focuses on large dams, which are rela-
tively well documented in state- and nation-wide databases but repre-
sent only a small fraction of the total number of dams present in the
landscape. There remains a need to consider small dams, weirs, culverts
and other artificial barriers in dam removal decisions (Garcia de Leaniz
and O’Hanley, 2022), especially given their abundances and their im-
pact on watershed connectivity (Couto and Olden, 2018; Jumani et al.,
2018). We also acknowledge that this framework evaluates individual
large dams independently and does account for their spatial interde-
pendencies. This is particularly problematic where several dams are
co-managed under a single project or when removal of multiple dams
is feasible. Since removal or mitigation of multiple barriers results in
cumulative, non-additive changes, we suggest the use of optimization
techniques that consider the spatial relationships of dams within river
networks (Kemp and O’Hanley, 2010).

It is important to note that the output of the framework is not in-
tended to be a ranked list of dam removal options. Instead, this frame-
work facilitates the evaluation of dam removal suitability across vari-
ous tiers such that clusters of ‘good’, ‘ecologically sub-optimal’, ‘oppor-
tunistically sub-optimal’ and ‘poor’ candidates can be identified. While
‘good’ dams appear suitable for removal based on Tier 1 and 2 considera-
tions, they would require further Tier 3 to determine the social-cultural
support for such a decision. We also note that ‘opportunistically sub-
optimal’ dams (those that have low Tier 1 scores but whose removal
could offer significant hydro-ecological benefits), might still be consid-
ered for removal, recognizing that this option could entail larger ex-
pense. Such dams could also be candidates for mitigation actions such
as installation of fish ladders or implementation of environmental flow
operations. ‘Ecologically sub-optimal’ dams are expected to produce lim-
ited ecological benefits and are considered lower-priority candidates,
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acknowledging that their removal could still be justified for safety or
other Tier 3 socio-cultural reasons. ‘Poor’ candidates may be selected
for removal as part of an optimization analysis when a combination of
dams is being selected.

The application of this framework to California’s North Coast illus-
trates its utility as a screening tool to evaluate strategic dam removal
suitability. Based on Tier 1 and 2 scores, we identified several ‘poor
candidates’ for removal. We also identified a smaller pool of ‘good’ and
‘opportunistically sub-optimal’ candidates. In combination with the es-
timated costs of removal, our biplot visualization identifies candidate
dams for removal that represent ‘low hanging fruit’ and potentially sup-
port multiple economic, opportunistic, and environmental benefits. In
particular, our case study analysis highlighted the alignment of eco-
nomic, ecological, and socio-cultural factors that would support the re-
moval of dams associated with the Potter Valley Project.

Socio-cultural factors are crucial, yet often overlooked in dam re-
moval planning (Lejon et al., 2009; Magilligan et al., 2017). Different
stakeholder groups value riverine resources and infrastructure differ-
ently, which complicates decision-making (Doyle et al., 2000). Con-
sequently, a single variable may be assessed differently across tiers.
For example, older dams, that are likely to have reduced functional-
ity and poorer condition tend to be scored higher for removal in Tier 1.
However, due to their historic value to local communities, older dams
could score lower in Tier 3. Weighing these tradeoffs in the decision-
making process is likely to be a long and potentially contentious pro-
cess, with the final outcome being influenced by the quality of stake-
holder consultations, relationships between stakeholder groups, aware-
ness of the local historical-geographical conditions, and the efficacy of
outreach on the costs and benefits of free-flowing rivers (Born et al.,
1998; Gosnell and Kelly, 2010). Given the effort required for stakeholder
engagement, we suggest prioritizing the ‘good candidate’ dams identi-
fied through Tier 1 and Tier 2 analysis could bring efficiencies to dam
removal planning and implementation.

4.1. Conclusion

Strategic dam removals present an opportunity to generate and align
environmental, economic, safety, and social benefits. The generation
of multiple forms of benefit can not only improve project support,
but also facilitate access to broader funding sources thereby improv-
ing project feasibility. Recent policies and funding allotments are likely
to increase dam removals worldwide. In the US, for example, the Bi-
partisan Infrastructure Law of 2021 makes available $800 million for
dam removals, $800 million for dam safety, $65 million for fish pas-
sage projects, and $753 million for environmental and safety improve-
ments and grid resilience of existing hydropower dams (National Hy-
dropower Association, 2021). The European Union’s Nature Restora-
tion Law, currently under consideration, would mandate the restoration
of 25,000 kms of river through dam removals and floodplain restora-
tion (European Environment Agency, 2020). In China, a national cam-
paign to remove or improve 40,000 small hydro stations is underway
(Bloomberg News, 2021). Given the several thousand dam removals po-
tentially occurring in the coming decades, our framework offers a tool
for guiding how and where efforts should be invested to maximize their
benefits for people and the environment.
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