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a b s t r a c t 

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. 
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. Introduction 

Dams have proliferated worldwide to provide hydropower, navi-

ation, water supply, flood control, and recreational benefits to hu-

an societies ( World Commission on Dams, 2000 ; ICOLD, 2020 ).

he United States (US) in particular has had a long history of dam

evelopment dating back to the late 17th century ( Moran et al.,

018 ). An estimated 2.5 million dams currently exist in the US

 National Research Council, 1992 ). Of these, about 91,000 are con-

idered “large ” and are included in the National Inventory of Dams

NID) 1 ( U.S. Army Corps of Engineers, 2020 ). By 2030, about 70%

f the dams in the NID will be over 50 years old ( ASCE, 2021 ) and
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1 The NID includes dams that have (1) significant or high hazard potential in the ev

cre-feet or more, or (3) exceed 6 feet in height and have a storage capacity of 50 or
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pproaching the end of their reservoir design life, generally between

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

onsequently, a growing number of these dams no longer provide

heir intended functions ( Habel et al., 2020 ), are expensive to main-

ain, or do not meet current standards of environmental and pub-

ic safety ( ASCE 2021 ). Aging dams also face increasing failure risks

rom extreme weather events that are occurring with greater sever-

ty and frequency under climate change ( Kundzewicz et al., 2018 ).

he number of high-hazard dams (i.e., loss of human life is likely

f the dam fails) has more than doubled in the past 20 years, with

t least $94 billion needed to rehabilitate the nation’s dams ( ASCE,

021 ). 
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ent of failure, or (2) exceed 25 feet in height and have a storage capacity of 15 

 more acre-feet. 
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Decisions over new investments in dams also come at a time of grow-

ng awareness of their adverse environmental effects. By fragmenting

iver networks and altering their flow regimes, dams disrupt riverine

iophysical characteristics, altering ecosystem processes and functions

nd biotic communities ( Richter et al., 1997 ; Poff et al., 1997 ). Several

olicies, such as the Endangered Species Act, FERC relicensing condi-

ions, and Federal-Tribal Trust Responsibilities, among others, intend to

alance the traditional water-supply and hydropower benefits of dams

ith growing environmental protection, public safety concerns and pro-

ecting the rights of stakeholders. The social values attributed to these

tructures also evolve over time, with many dams no longer holding the

ame socio-cultural values they once did ( Born et al., 1998 ; Gosnell and

elly, 2010 ). Although some communities seek to preserve historic dams

s a source of identity or place ( Fox et al., 2016 ), many are in favor of

am removals. For instance, local communities in New Hampshire have

trongly supported the removal of obsolete dams to restore water qual-

ty and fish populations ( Mullens and Wanstreet, 2010 ; Diessner et al.,

020 ), signaling a shift in how communities value rivers. 

Given the high costs of repairs, growing safety and liability concerns,

nd environmental impacts, dam decommissioning is increasingly con-

idered a viable, cost-effective option for water managers worldwide

 Pohl 2002 ; Magilligan et al., 2016 ; Bellmore et al., 2017 ; Noda et al.,

018 ). In fact, since 1912, roughly 1900 dams have been removed across

he US ( American Rivers 2022 ). The increase in federal funding for

nfrastructure and climate resilience is further expected to accelerate

am removals in the US. For instance, the Bipartisan Infrastructure Law

f 2021 makes available roughly $3 billion for dam safety programs,

ncluding $800 million for dam removals. Studies project that there

ill 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

nd driven by local coalitions of NGOs, community groups, and govern-

ent agencies ( Magilligan et al., 2016 ; Foley et al., 2017 ; McKay et al.,

020 ). This approach has successfully resulted in numerous dam re-

ovals. However, with the large number of dams requiring removal

ssessment and the high costs of maintaining or removing aging dams

 American Rivers, 2022 ), a systematic approach that considers the nu-

erous benefits and services that can result from dam removals could

e particularly useful. This requires moving beyond individual dam ap-

raisals to basin-scale assessments that consider the removal costs and

enefits of a portfolio of dams ( Garcia de Leaniz and O’Hanley, 2022 ).

 framework for systematic planning should also consider a broad

uite of economic, environmental, and social factors embedded in such

ecision-making contexts ( Hoenke et al., 2014 ). While the importance

f these factors to dam removal have been recognized ( Pejchar and

arner, 2001 ; Doyle et al., 2003 ; Magilligan et al., 2016 ; Tonitto and

iha, 2016 ; Foley et al., 2017 ), researchers and practitioners have only

ecently started to organize them in structured frameworks to enable

ore systematic planning. 

Most prioritization frameworks continue to operate within sin-

ular or related disciplines despite the multi-sectoral factors driv-

ng dam removal decision-making, (Hart et al. 2002; Wildman and

acBroom 2010). Interactive web tools such as the Southeast Aquatic

esources Partnership’s (SARP) Aquatic Barrier Prioritization Tool

https://connectivity.sarpdata.com/priority/) provide among the most

omprehensive barrier inventory datasets for its area of coverage in the

S, and allow users to prioritize dam removal options based on select

am characteristics, social benefits, and ecological considerations. How-

ver, this tool does not account for the costs and risks associated with

am removal (particularly reservoir sedimentation and pollution) or the

pportunistic factors (such as dam licensing and safety concerns) that

an facilitate removal and offers limited user flexibility in incorporating

dditional variables of interest. Optimization techniques to prioritize

am removals based on the spatial configuration and impacts of mul-

iple barriers offer effective solutions to evaluate several options and

nd the ‘best’ combination of dams that would yield maximum out-
2 
ut ( Kemp and O’Hanley, 2010 ). However, incorporating a larger num-

er of ecological and socioeconomic benefits, costs, and risks within

hese methods remains a challenge. Further, these approaches are data-

ntensive and computationally rigorous, potentially impeding their ap-

lication by non-specialist users and across watersheds. 

Indeed, structured decision frameworks to prioritize dam removals

ased on a comprehensive assessment of ecological, economic, and so-

ial factors has been identified as a critical knowledge gap ( Doyle et al.,

003 ; Grabowski et al., 2018 ; Curry et al., 2020 ). Given the several ob-

ectives, uncertainties, data types, and perspectives involved in dam re-

ovals, Multi-criteria Decision Analysis (MCDA) techniques can provide

n effective approach for this context ( Triantaphyllou, 2000a ). With

am removals expected to increase rapidly in the coming decades, such a

ramework is vital to ensure that decisions effectively balance tradeoffs

mong multiple objectives and deliver outcomes that align economic,

nvironmental, and social benefits. 

We propose a hierarchical, multi-disciplinary framework to priori-

ize dam removals based on (1) opportunistic factors (e.g., functional

bsolescence, dam size, and safety concerns), (2) hydro-ecological con-

iderations (e.g., current impacts to sensitive species and ecosystem re-

overy potential), and (3) socio-cultural aspects (e.g., stakeholder en-

agement and values). This MCDA framework allows users to priori-

ize dam removals based on a flexible suite of multi-disciplinary crite-

ia that considers removal opportunity, ecological considerations, and

ocial dimensions. The final output is a shortlisted set of dams whose

emoval can align and deliver opportunistic, environmental, and social

enefits. The generation of a holistic suite of benefits is also expected

o improve project appeal to various stakeholder groups with different

alue-systems, increase support to dam removal projects, facilitate ac-

ess to broader funding sources, and increase overall project viability.

he framework is intentionally simple, computationally efficient, and

daptable to a variety of settings, diversity of decision-makers, and vari-

tion in data availability. We intend for this framework to be employed

y environmental managers, agencies, dam owners, and NGOs to guide

am removal planning at regional or national scales. We view applica-

ion of this framework as a critical first step to identifying high-priority

andidate dams for removal (whilst avoiding low-priority dams), recog-

izing that decisions will ultimately require detailed feasibility studies

nd stakeholder engagement. Here, we describe the organization and

ationale behind the decision-making framework and provide an appli-

ation example to dams in California’s North Coast region. We conclude

ith recommendations for filling critical knowledge gaps and advancing

ystematic dam removal planning in the U.S. and beyond. 

. Material and methods 

.1. Decision ‐making framework 

Case study documentation and the literature pertaining to dam re-

oval decision-making suggest that dam removals are predominantly

riven by safety and/or economic reasons, the need to restore fish habi-

at and fish passage, improve water quality, improve recreation ameni-

ies, or a combination of the above. Accordingly, our proposed frame-

ork 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

ramework, in which several variables are evaluated on a scoring and

eighting system ( Fig. 1 ). Tier 1 considers variables that represent dam

unctionality, economic feasibility, and safety considerations (hence-

orth referred to as “removal opportunity ”). Tier 2 encompasses hydro-

cological considerations, addressing the consequences of removal for
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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). 
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iver connectivity, flow regulation, and freshwater biodiversity. Tier 3

onsiders socio-cultural aspects including potential changes in recre-

tional, economic, and cultural values for various stakeholders in re-

ponse to dam removal. User-specified weights and choice of variables

ncorporate flexibility in the framework, making it applicable for a

ide range of contexts, with different users, data availability scenar-

os, and/or objectives. Consequently, an important characteristic of this

ramework is that the output is value-driven and reflects the relative im-

ortance that stakeholders attribute to different decision criteria. Tiers

 and 2 can be quantified for every dam using readily available data

ources for large dams documented within state, federal, or international

atasets ( Table 1 ). 

Application of the framework results in assigning all assessed dams

n opportunity (Tier 1) and hydro-ecological (Tier 2) score, which can

e visualized on a two-dimensional plot ( Fig. 2 ). Dams that have higher

cores along both axes are considered suitable or good candidates for re-

oval as their scores suggest opportunistic feasibility (e.g., limited eco-

omic benefits and high safety risks) and significant ecological benefits
3 
e.g., restoration of river network connectivity and habitat for sensitive

pecies). Similarly, dams that have high Tier 2 scores, but lower Tier 1

cores may be better suited for restoration or mitigation. Consequently,

 portfolio of dams within a region or basin can be compared by their

cores along a gradient of removal suitability. In cases where multiple

ams are being considered for removal, a spatial optimization analysis

ay also be warranted to identify combinations of dams that could be

emoved to achieve optimal benefits (see Kemp and O’Hanley, 2010 for

 review of optimization techniques). This is because the combined ben-

fit of multiple dam removals may be greater than the sum of individ-

al dam removals based on their spatial dependencies ( McKay et al.,

017 ). Finally, the shortlisted set of “good candidates ” is subject to Tier

 analysis of socio-cultural factors that could enable or constrain dam

emoval. Whereas the evaluation of Tiers 1 and 2 is a data-driven “desk-

op ” analysis, Tier 3 cannot be effectively assessed through readily avail-

ble data sources. Instead, shortlisted dams are assessed for social cost

nd value based on primary data collection, stakeholder engagement,

nd site-specific considerations. Each tier is expanded upon below. 
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Table 1 

Tier 1 variables, the rationale for their selection, and the metrics and data sources used to quantify them in the case study. 

Variable Rationale 

Case study application 

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 

assessment 

Indicates dam condition with respect to safety 

deficiencies and expected performance under all 

loading conditions. Dams with poorer condition 

are expected scored higher for removal, as 

remediation can require significant financial 

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

Perera et al., 2021 ). 

Dam condition from the California 

Division of Safety of Dams 

(https://water.ca.gov/programs/all- 

programs/division-of-safety-of-dams) 

Scores assigned based on condition category: 

0: Satisfactory 

1: Fair 

2: Poor 

3: Unsatisfactory 

Dam size All else being equal, smaller dams are less 

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 ). 

Dam height from the NID Dam height values were natural log transformed 

and rescaled between 0 and 3. 

Downstream hazard Indicates the potential downstream impacts to life 

and economic assets in case of a dam failure. 

Dams with higher hazard potential are prioritized 

for removal ( Bowman 2002 ; Perera et al., 2021 ). 

Downstream hazard category from 

the NID 

Scores assigned based on hazard category: 

0: Low 

1: Significant 

2: High 

3: Extremely high 

Licensing status Dams usually undergo impact assessments and 

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 ). 

Not assessed due to inability to 

harmonize between the FERC and 

NID databases 

NA 

2
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.1.1. Tier 1: dam characteristics that represent opportunistic factors 

Implementing the framework first requires compiling an inventory

f dams to be assessed for removal. These data can be obtained from

tate, national, and/or international databases, and potentially be com-

lemented with primary information. It may be helpful to condense the

ortfolio of dams to be evaluated, for example by excluding off-channel

tructures, critical infrastructure, or newer and high functioning dams

or which removal is not a viable option. However, all dams, including

hose excluded in this step, must be retained whilst computing Tier 1

nd 2 variables, particularly those pertaining to connectivity. 

Next, dam characteristics that represent removal opportunity are

valuated in Tier 1. This involves an assessment of (1) dam function-

lity , which identifies defunct, obsolete, or low functioning dams, often

rom high reservoir sedimentation, (2) dam condition , which identifies

ams that pose a safety concern or require significant financial invest-

ent to maintain, (3) dam size , identifying smaller dams are generally

ess expensive to remove and/or lose functionality sooner than large

ams, (4) hazard potential , which characterizes dams with high poten-

ial downstream impacts to human life and economic assets in case of

ailure, and (5) relicensing requirements , which identifies dams undergo-

ng relicensing since they need to partake in impact assessments and

takeholder consultations, presenting a potential opportunity to facili-

ate decommissioning. The rationale behind the variables selected and

he metric and data sources used to quantify each is outlined in Table 1 .

Since the data are obtained from unique data sources and measured

n different scales, all variables are standardized. Categorical variables
4 
re sorted into four ordinal classes, while continuous variables are scaled

sing a minimum-maximum normalization, such that all variables have

cores ranging from 0 to 3. Lower scores indicate lower potential for

emoval. Next, each variable is assigned a user-defined weight to rep-

esent its perceived relative importance to dam removal potential, such

hat the sum of weights across all variables is one. Users are encouraged

o assign weights that best reflect variable relative importance as de-

ermined by stakeholder values and removal objectives. For every dam,

 Weighted Sum Model ( Triantaphyllou, 2000a ) is used to calculate a

otal score that reflects the sum of the product of the variable weights

nd scores. The total score is then rescaled such that all dams are scored

etween 0 (poor candidates) and 1 (good candidates) on an opportunity

radient ( Eq. 1 ). 

 𝑜𝑡𝑎𝑙 𝑆𝑐𝑜𝑟𝑒 = 

∑𝑛 

𝑖 =1 𝑉 𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑠𝑐𝑜𝑟 𝑒 𝑖 ∗ 𝑉 𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑤𝑒𝑖𝑔ℎ 𝑡 𝑖 

𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑠𝑐𝑜𝑟𝑒 
(1)

.1.2. Tier 2: hydro ‐ecological variables 

Tier 2 incorporates variables that relate to the hydro-ecological ben-

fits of dam removal while minimizing associated risks. These include:

1) river connectivity , which quantifies how removal of a dam would

ncrease river network connectivity, a critical variable driving basin-

ide biophysical and ecological processes; (2) degree of flow regulation ,

hich relates the capacity of dam storage to average annual inflow and

s correlated with the degree of natural flow regime alteration; (3) catch-

ent resilience , which characterizes the physical heterogeneity of river
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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 

the case study application but can be changed 

based on user preferences. Variable scores can 

be measured along categorical or continuous 

scales based on the metric and data source 

used to quantify each variable. 
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asins that enhances their ecological resilience to climate change im-

acts and should be prioritized for dam removal and conservation; (4)

abitat diversity is another measure of heterogeneity at a finer spatial

cale that quantifies the number of distinct habitat types that would be

onnected by dam removal; (5) sediment toxicity , which addresses the

isk of contaminant redistribution across the river network following

am removal; (6) native freshwater species richness , with an emphasis on

ndemic species, which indicate the diversity of species that could ben-

fit from dam removal; (7) specialist or migratory species richness , which

ndicate the diversity of specialist or migratory species of high conserva-

ion concern that could benefit from dam removal (8) migratory fish runs ,

here migratory fish are potentially present this variable measures the

otential increase in river network access to historically or potentially

tilized habitats; (9) barrier passability , which identifies impassable bar-

iers that may be more important for removal than passable barriers; and

10) risk of invasive species , which considers that (potential) presence of

nvasive species that could be spread by dam removal and adversely im-

act native biota. The rationale behind the selection of these variables

nd the metric and data sources used to quantify each are outlined in

able 2 . As in Tier 1, data from each variable is ordinally categorized (for

ategorical variables) or scaled (for continuous variables) with a score

anging from 0 to 3 ( Fig. 3 ). Each variable is assigned a user-defined

eight such that the weights sum to one. Each variable is scored based

n the product of the variable weight and score. The rescaled sum of

hese scores across all Tier 2 variables ( Eq. 1 ) results in every dam be-

ng scored between 0 (poor candidates) and 1 (good candidates) based

n hydro-ecological characteristics. 

Dam scores for Tiers 1 and 2 can be viewed on a two-dimensional plot

o communicate removal potential across both opportunity and hydro-

cological axes, such that dams whose removal would offer benefits in

oth categories can be readily identified, while dams whose benefits

xist predominantly in one dimension or perform poorly across both di-
5 
ensions can also be recognized. Additional variables of interest not

onsidered as decision criteria can also be visualized on the biplot. For

nstance, in the case study application below, we use the estimated mon-

tary cost of removal as a variable of interest visualized on the biplot,

ut do not include it as a decision criteria within Tier 1 due to the un-

ertainties associated with cost estimation. Similarly, variables such as

am ownership or primary purpose may also be retained as variables of

nterest. The correlation between variable metrics in each Tier can be

xamined for data redundancies. However, users may choose to retain

ertain correlated metrics if they correspond to different variables or are

alued to be important. 

.1.3. Tier 3, socio ‐cultural variables 

Socio-cultural factors can ultimately control the fate of dam removal

rojects. Although sometimes assessed as potential economic losses and

enefits accruing for stakeholder groups ( Pejchar and Warner, 2001 ),

escriptive case studies shed light on more nuanced socio-cultural fac-

ors that can be difficult to quantify or predict without focused com-

unity engagement ( Born et al., 1998 ; Fox et al., 2016 ). For example,

takeholder values, legal and regulatory issues, and quality of relation-

hips within communities and between communities and government

gencies can all influence the dam removal decisions ( Born et al., 1998 ;

ox et al., 2016 ). These are also likely influenced by local historical

nd geographical conditions, particularly with respect to Indigenous

ations that have been disproportionately affected by dam prolifera-

ion ( Lejon et al., 2009 ; Gosnell and Kelly, 2010 ; Fox et al., 2022 ).

ffectively addressing community concerns is critical to dam removal

 Johnson and Graber, 2002 ). Though often overlooked, the process of

takeholder identification and engagement should be fully inclusive to

nsure that all perspectives, particularly those whose voices were ex-

luded from the decision to build the dam, receive respectful consider-

tion. 
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Table 2 

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 

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 ). 

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 (CAFI; Jumani et al., 

2022 ) 

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. 

Degree of flow 

regulation 

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 ). 

Degree of regulation or (DOR; 

Lehner et al., 2011 ) 

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. 

Catchment resilience 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 ). 

Dimensionless index of integer values 

ranging from 8 to 16 that captures 

physical habitat richness (Howard et al. in 

prep ) 

Resilience values were natural log 

transformed and rescaled between 

0 and 3. 

Habitat types 

connected 

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 ). 

Count of unique environmental flow 

regime classes (a proxy for habitat type 

and complexity) connected through dam 

removal ( Lane et al., 2022 ) 

Counts range from 0 to 5. Values were 

natural log transformed and rescaled 

between 0 and 3. 

Risk of sediment 

toxicity 

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 ). 

Mercury presence in reservoir sediments 

from California’s Statewide Mercury 

Control Program for Reservoirs 

Dam reservoirs with mercury presence or 

absence were assigned scores of 0 and 1 

respectively. 

Freshwater species 

richness 

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). 

Native aquatic species richness index 

ranging between 0 and 1 from the 

California Department of Fish and 

Wildlife’s Areas of Conservation Emphasis 

Index values were natural log transformed 

and rescaled between 0 and 3. 

Specialist or 

migratory fish 

species richness 

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 ; 

Quiñones et al., 2015 ). 

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 ) 

Since resultant values ranged from 0 to 3, 

scores were equal to the values obtained. 

Restoration of 

migratory fish runs 

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. 

Barrier passability Impassable barriers are more important for removal 

relative to partial barriers that allow for some movement 

of organisms. ( Lejon et al., 2009 ). 

Passability categories from the California 

Fish Passage Assessment Database 

( Pacific States Marine Fisheries 

Commission 2022 ) 

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 

Risk of invasive 

species spread 

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 ; 

Terêncio et al., 2021 ). 

Not assessed due to lack of spatially 

explicit data 

NA 
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Socio-cultural considerations are expected to be site-specific and

ontext-dependent and therefore cannot be assessed through readily

vailable datasets. We therefore anticipate that Tier 3 assessments will

ntail extended periods of community engagement to identify target

takeholders, communicate the potential risks and benefits of remov-

ng a dam (or not), and respond to community concerns. Because of

he labor and resources such engagement entails, we suggest that only

ams shortlisted through Tiers 1 and 2 be subject to Tier 3 assessments
6 
t the time of dam removal decision-making (indicated by dashed lines

n Fig. 1 ). We do not provide a rigid list of decision criteria for Tier 3

ue to its contextual and variable nature. Instead, we recommend that

ractitioners tailor Tier 3 decision criteria to suit the local context and

ommunity concerns. However, some important variables to consider

ay include: (1) impacts on water-based recreational opportunities, which

ay include concerns about the loss of fishing or boating sites in reser-

oirs or improvements, or positive impacts including the creation of

https://www.calfish.org/programsdata/species/anadromousfishdistribution.aspx
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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 

or continuous scales based on the metric and 

data source used to quantify each variable. 
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ecreational opportunities such as free-flowing reaches for kayaking or

estoration of habitat for sport fisheries, (2) impact on property values

djacent to the dam and/or reservoir , which may be caused by changes

n water levels and environmental conditions following dam removal;

3) impacts on human safety , which may be related to both risks asso-

iated with removal (e.g., mobilization of heavy metals in sediments

tored behind dams) and with maintenance of dams that pose risks to

uman safety (e.g., drownings associated with hydraulically dangerous

ow-head dams or potential property damage from dam breaching); (4)

ctual or perceived loss of critical function , which relate to dam removal

ffects on flood risk exposure, hydropower generation, and/or water

upply reliability; (5) esthetic concerns , which addresses the potential for

am removal to create undesirable features (such as dried up riverbeds

r unvegetated hillslopes) or result in esthetic improvement (such as

ree flowing rivers); (6) cultural or traditional benefits , which may be re-

italized following removal, particularly pertaining to the restoration

f fish species and traditional fishing grounds that are deeply valued by

ndigenous tribes; and (7) community attachment , which can describe the

ffinity of a community to a river either prior to dam-building or to in

ts impounded state following dam construction. When capturing Tier 3

onsiderations, it is important to note that they may be dynamic, require

ualitative assessment, and may change over time based on the level of

ommunity engagement and negotiations between parties involved. 

.2. Application to California’s north coast watershed 

.2.1. Study site 

We apply this framework as a proof of concept to California’s North

oast Region (Hydrologic Unit Code 180,101), composed of the Smith,

edwood, Mad, Eel, Russian, Cape Mendocino, Mendocino Coast, and
7 
odega watersheds ( Fig. 1 a), cumulatively spanning an area of 24,247

m 

2 . This region is part of a global biodiversity hotspot ( Myers et al.,

000 ) and comprises important habitat for freshwater fishes, notably

hree anadromous species listed as threatened or endangered under state

nd federal Endangered Species Acts: Chinook salmon ( Oncorhynchus

shawytscha ), Coho salmon ( O. kisutch ), and summer- and winter-run

teelhead ( O. mykiss ). This region receives the highest annual precipita-

ion in California and provides water for human communities, irrigation

or a variety of crops, and recreational and cultural value for many com-

unities, particularly Indigenous Tribes. 

The Russian River is the most developed river in the region and has

wo large dams - Warm Springs Dam (Lake Sonoma) and Coyote Valley

am (Lake Mendocino). The Eel River comprises vital habitat for salmon

nd steelhead trout populations. The Potter Valley Project, composed

f the Scott and Cape Horn dams, diverts water from the Eel River in

he north and exports it into the Russian River watershed through a

ross-basin pipeline. This project is recently set to be decommissioned

o restore habitat for salmon and steelhead ( Fishman, 2022 ). 

The rivers of the North Coast Region, predominantly the Russian,

el, and Mad rivers, have been the focus of much study and ecolog-

cal restoration due to their importance in the recovery of state and

ederally listed salmonids ( https://wildlife.ca.gov/Grants/FRGP ). Most

estoration projects have predominantly focused on remediating non-

oint source pollution and physical habitat improvements. Less atten-

ion has been given to adverse effects of dams and diversions ( Christian-

mith and Merenlender, 2010 ), despite recent research highlighting the

eed to reduce environmental pressures from dams and diversions for

almon and steelhead recovery ( Grantham et al., 2012 ; Vander Vorste

t al., 2020 ). 
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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. 
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.2.2. Data and methods 

We compiled a list of dams located within the North Coast water-

hed using the NID. Smaller barriers were not considered in this analy-

is. We applied two filters to condense the list of dams being evaluated:

e retained only on-stream dams based on visual inspection from satel-

ite imagery and excluded dams less than the “alert ” age of 50 years

 Perera et al., 2021 ). For each of the remaining dams (Appendix A),

ariables from Tiers 1 and 2 were quantified or estimated from the data

ources outlined in Table 1 . Two of the 15 variables - relicensing require-

ent (from Tier 1) and risk of invasive species spread (from Tier 2) -

ere not included in our analysis due to lack of spatially explicit data.

he exclusion of these variables resulted in the range of unscaled Tier 1

nd 2 scores being 0–2.7 and 0–2.75 (instead of 0 and 3), respectively.

hese scores were then rescaled between 0 and 1. 

For Tier 1 variable weights, we identified dam functionality and con-

ition as the most important drivers of removal potential since they

uantify the utility and safety of existing structures, respectively. Con-

equently, they were assigned weights of 0.3 each. Dam size was ex-

ected to be relatively less important and was assigned a weight of 0.2.

inally, downstream hazard rating and licensing status were assigned

eights of 0.1 each since the former represents potential impacts in

ase of a hypothetical dam failure and not all dams are subject to FERC

icensing procedures. For Tier 2, we assigned the highest weight (0.2) to

iver connectivity since it critically influences river ecosystem processes,

unctions, and species ( Vannote et al., 1980 ). Flow regulation and catch-

ent resilience to climate change were assigned weights of 0.1 each to

rioritize dam removals that will result in greater extent of flow restora-

ion in more resilient catchments. Habitat types connected and risk of

ediment toxicity were assigned weights of 0.05 each. Within the species

entric variables, total endemic freshwater species richness was given a

eight of 0.15. Anadromous species richness, length of anadromous fish

uns restored, and barrier passability were assigned scores of 0.1 each,

hile the risk of invasive species had a weight of 0.05. 

We also considered the monetary cost of dam removal as a variable

f interest that could be important although not weighed as a decision

riteria in the framework. Hence, for every dam scored along Tiers 1

nd 2, simple estimates of removal costs were computed from a newly

eveloped dam removal cost database ( Duda et al., 2022 ). Generalized

inear models with a Gaussian distribution were used to model the cost

f dam removal against the variables of dam height and stream order

Appendix B). The top model, as selected by Akaike information crite-

ion, corrected for small sample sizes (AICc) and McFadden’s pseudo

 

2 ( Smith and McKenna, 2013 ), was used to predict removal costs for

he screened dams. Additionally, dam ownership, dam type, and dam

urpose were retained as variables of interest. Individual dam Tier 1

nd 2 scores, scaled by size to represent their cost of removal, were

xamined on a biplot. Dams were then categorized as ‘good’, ‘ecologi-

ally sub-optimal’, ‘opportunistically sub-optimal’, or ‘poor’ candidates

or removal based on their relative positions within the biplot. Good can-

idates were further examined to determine the relative contribution of

ifferent variables to their high scores. 

The correlation between variables was examined to determine re-

undancy in the data. A sensitivity analysis was also conducted to ex-

mine the effect of variable weights on the result. To do so, a hundred

ifferent sets of weights were randomly generated from a uniform dis-

ribution and assigned to Tier 1 and 2 variables such that the sum of

eights was equal to one for each Tier (Appendix C). The range of Tier

 and 2 scores for each dam subject to the different weighting distribu-

ions were examined on a biplot. All data processing and analysis was

arried out in R 4.2.1. (R Core Team, 2022 ). 

Since an in-depth stakeholder assessment was beyond the scope of

ur case study, we relied on site-specific expertise to provide a first-

evel approximation of Tier 3 variables. We considered three variables

or which qualitative scores could be estimated - the anticipated loss

f critical function from dam removal, potential community attachment

o the structure, and benefits of removal to traditional, cultural uses by
8 
ndigenous communities. For every dam these variables were qualita-

ively scored into one of four categories (High, Medium, Low, Unknown)

ased on the subjective judgment of the co-authors with expertise in

he region. While this does not comprehensively capture the complex-

ties and nuances of socio-cultural considerations, it indicates a rough,

rst-level approximation of Tier 3 variables. For real-world application,

owever, we recommend an in-depth Tier 3 assessment as outlined in

ection 2.1.3 . 

. Results and discussion 

The North Coast watershed contained 87 NID-listed dams. Of these,

7 were off-stream and an additional five, including Warm Springs dam

a major water-supply project in the region), were under 50 years old.

he remaining 25 dams were subject to further screening. These dams

ere primarily owned by local government ( n = 12) or private ( n = 9)

ntities. The primary purposes of these dams were water supply ( n = 12),

ood control ( n = 9), and hydropower generation ( n = 2), although the

ajority were multipurpose ( n = 19) (Appendix A). 

Of the 25 dams evaluated, four were identified to be “good candi-

ates ”, the removal of which could be opportunistically feasible and

ydro-ecologically beneficial. Five dams were identified as “oppor-

unistically sub-optimal ”, and six were “ecologically sub-optimal ”. Ten

ams were “poor candidates ”, with Tier 1 and Tier 2 scores indicat-

ng the lowest degree of opportunistic feasibility and hydro-ecological

enefits ( Fig. 4 ). Several “poor candidates ” were also associated with

igher costs of removal, further indicating that their removal would

e economically impractical. On the other hand, several “good candi-

ates ” were associated with lower costs of removal, presenting poten-

ial win-win options that would allow for the alignment of opportunity-

elated, hydro-ecological, and economic objectives. Opportunistically

ub-optimal dams, particularly those with higher estimated removal

osts, may be suitable for restoration rather than removal to achieve

ydro-ecological benefits without incurring the high opportunistic and

conomic costs associated with their removal. 

The Healdsburg Recreation and Russian River #1 dams ranked first

nd second in both Tiers respectively. Of the four “good ” candidates

dentified, three are in the Russian River basin (Healdsburg Recreation,

ussian River No. 1, and Foote #3) and one in the Eel River basin (Cape

orn) ( Fig. 5 ). On the basis on ownership, Cape Horn and Foote #3 are

rivately owned, while Healdsburg Recreation and Russian River No. 1

re owned by the local government and public utility respectively. Both
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Fig. 5. (a) Study site of the North Coast region, represented by the shaded area, in California, USA, (b) the watersheds and dams within the North Coast, with the 

dams colored based on their removal potential as good, opportunistically sub-optimal, ecologically sub-optimal, or poor candidates, with (c) results from the Russian 

river expanded for clarity. 
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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. 
otter Valley Project dams (Cape Horn and Scott dams) ranked high on

heir hydro-ecological benefit or Tier 2 score. While Cape Horn was a

good ” candidate, the Scott Dam was an “opportunistically sub-optimal ”

andidate due to its relatively lower Tier 1 score (Appendix A). 

An examination of variable scores for the good candidates revealed

hat a loss of function was the predominant driver of high Tier 1 scores

or all four dams ( Fig. 6 A). Except for Cape Horn (an intermediate sized

am), small dam size also contributed to high removal suitability. Tier 1

cores for Healdsburg Recreation were further driven by its ‘Fair’ condi-

ion assessment. Finally, downstream hazard potential influenced both

ape Horn and Foote #3 dams, which had ‘High’ and ‘Significant’ haz-

rd ratings respectively. 

For Tier 2 scores, anadromy (including anadromous species richness

nd fish runs restored) was the predominant driver for all dams except

oote #3 ( Fig. 6 B). When freshwater biodiversity was considered along

ith anadromy, it accounted for greater than 38% of the total Tier 2

core for all four structures. Hydrology (i.e., connectivity and flow reg-

lation) comprised over a quarter of the Tier 2 score for all candidates

xcept Foote #3, whose low connectivity and flow alteration score can

e attributed to its upstream headwater location. Habitat heterogeneity

i.e., catchment resilience and habitat types connected) was a significant

ontributor of Tier 2 scores as well. Since Healdsburg Recreation and

ape Horn are partial barriers and Foote #3 has an unassessed barrier

assability, their barrier passability scores were relatively small. Finally,

ince none of these dams had mercury impaired reservoir sediment, the

ack of sediment toxicity contributed to a small proportion of their total

core ( Fig. 6 B). 

The sensitivity analysis indicated that the selection of weights criti-

ally influences the final output. Most dams varied drastically in their re-
9 
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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 1 High 1 Low 

2 

Cultural/traditional benefits from removal Unknown Unknown High 3 Low 

Prior experience with dam removal 4 High High Medium High 

1 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 ). 
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oval potential as indicated by the range of their Tier 1 and Tier 2 scores

cross weight combinations (Appendix C). This underscores the value-

riven prioritization of this decision-support framework, with variable

eights corresponding to stakeholder values or relative importance at-

ributed to the different variables. 

Based on a qualitative and preliminary approximation of three socio-

ultural variables by regional experts ( Table 3 ), the removal of Healds-

urg Recreation and Russian River # 1 is likely to face active oppo-

ition given their importance as popular recreation sites. For this rea-

on, in addition to the old age of these dams, local communities may

ssociate these dams with a sense of place. However, Cape Horn (and

otentially Scott Dam, together comprising the Potter Valley Project)

wned by a utility company could fare better. This result is in ac-

ordance with and further validates ongoing efforts to decommission

he Potter Valley project. The FERC license for this project expired

n April 2022, and a new license was not pursued, potentially set-

ing the stage for decommissioning. Consequently, several stakehold-

rs including NGOs, Indigenous tribes (Round Valley Indian Tribes and

iyot Tribe), and local public agencies have formed the Two-Basin

artnership to remove both dams while striving to meet local water

eeds ( https://www.twobasinsolution.org/ ). The potential restoration

f anadromous fish runs from the removal of this project would also

rovide traditional and cultural benefits to Indigenous tribes in the re-

ion. Finally, Foote #3, a privately owned water supply dam, is expected

o be associated with low levels of community attachment and potential

ultural benefits given its low anadromy score. If an alternative source of

ater supply is negotiated, its loss of critical function may also be small,

otentially improving its Tier 3 performance. While this is a broad first-

evel approximation, actual Tier 3 scores from detailed community-level

ngagement will be influenced by a myriad of factors including prior

ommunity experiences with dam removals, the involvement of exter-

al entities, the diversity of stakeholders involved and their associations

ith the dam, and uncertainties and perceived consequences of dam re-

oval. 

. Discussion 

Recognizing the complexities involved in dam removal planning,

e propose a decision support framework that integrates multidisci-

linary decision criteria, incorporates stakeholder driven weights, and

s flexibly designed to allow application at various spatial scales. The

hree tiers of this framework facilitate the identification of projects that

lign opportunistic, environmental, and social benefits. User flexibility

n variable selection may be particularly useful in accommodating di-

erse project objectives, site-specific considerations, and data availabil-

ty constraints. For instance, application of the framework to rivers in

he US East Coast might replace anadromous variables in Tier 2 with

egional diadromous species of conservation importance such as Amer-

can eel ( Anguilla rostrata ) or American shad ( Alosa sapidissima ). User-

efined variable weights also allows for explicit representation of stake-

older values, concerns, and potential tradeoffs involved in dam re-

oval decision-making ( Gregory and Keeney, 2002 ). An examination
10 
f component scores ( Fig. 6 ) further illustrates the relative influence of

ecision criteria on the final score. Finally, the simplicity, transparency,

nd computational ease of a scoring and ranking system makes it acces-

ible to several users, with results being easy to visualize and commu-

icate ( McKay et al., 2017 ). 

User expertise and awareness are crucial to the application of this

ramework. The list of decision criteria and metrics used to quantify

hem requires careful selection based on project goals, stakeholders in-

olved, site-specific characteristics, and data limitations. Often, when

ata on key variables are not available, metric proxies may be used.

or instance, in our application, we used sedimentation and mercury

ontamination as proxy metrics for dam functionality and sediment

oxicity, respectively, recognizing that other, more direct measures of

hese dam characteristics is desirable. Variables with no data availabil-

ty may be excluded from the analysis, as illustrated by the exclusion

f the relicensing requirement and risk of invasive species spread from

ur analysis. Determining relative weights for decision criteria is criti-

al to the outcome of framework (Appendix C), particularly when sev-

ral stakeholders with different points-of-view are involved. Users are

ncouraged to apply appropriate methods to derive relative weights

 Triantaphyllou, 2000b ; Zardari et al., 2015 ) that can accurately re-

ect stakeholder values and relative importance of decision variables.

e note that our framework focuses on large dams, which are rela-

ively well documented in state- and nation-wide databases but repre-

ent only a small fraction of the total number of dams present in the

andscape. There remains a need to consider small dams, weirs, culverts

nd other artificial barriers in dam removal decisions ( Garcia de Leaniz

nd O’Hanley, 2022 ), especially given their abundances and their im-

act on watershed connectivity ( Couto and Olden, 2018 ; Jumani et al.,

018 ). We also acknowledge that this framework evaluates individual

arge dams independently and does account for their spatial interde-

endencies. This is particularly problematic where several dams are

o-managed under a single project or when removal of multiple dams

s feasible. Since removal or mitigation of multiple barriers results in

umulative, non-additive changes, we suggest the use of optimization

echniques that consider the spatial relationships of dams within river

etworks ( Kemp and O’Hanley, 2010 ). 

It is important to note that the output of the framework is not in-

ended to be a ranked list of dam removal options. Instead, this frame-

ork facilitates the evaluation of dam removal suitability across vari-

us tiers such that clusters of ‘good’, ‘ecologically sub-optimal’, ‘oppor-

unistically sub-optimal’ and ‘poor’ candidates can be identified. While

good’ dams appear suitable for removal based on Tier 1 and 2 considera-

ions, they would require further Tier 3 to determine the social-cultural

upport for such a decision. We also note that ‘opportunistically sub-

ptimal’ dams (those that have low Tier 1 scores but whose removal

ould offer significant hydro-ecological benefits), might still be consid-

red for removal, recognizing that this option could entail larger ex-

ense. Such dams could also be candidates for mitigation actions such

s installation of fish ladders or implementation of environmental flow

perations. ‘Ecologically sub-optimal’ dams are expected to produce lim-

ted ecological benefits and are considered lower-priority candidates,

https://www.twobasinsolution.org/
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cknowledging that their removal could still be justified for safety or

ther Tier 3 socio-cultural reasons. ‘Poor’ candidates may be selected

or removal as part of an optimization analysis when a combination of

ams is being selected. 

The application of this framework to California’s North Coast illus-

rates its utility as a screening tool to evaluate strategic dam removal

uitability. Based on Tier 1 and 2 scores, we identified several ‘poor

andidates’ for removal. We also identified a smaller pool of ‘good’ and

opportunistically sub-optimal’ candidates. In combination with the es-

imated costs of removal, our biplot visualization identifies candidate

ams for removal that represent ‘low hanging fruit’ and potentially sup-

ort multiple economic, opportunistic, and environmental benefits. In

articular, our case study analysis highlighted the alignment of eco-

omic, ecological, and socio-cultural factors that would support the re-

oval of dams associated with the Potter Valley Project. 

Socio-cultural factors are crucial, yet often overlooked in dam re-

oval planning ( Lejon et al., 2009 ; Magilligan et al., 2017 ). Different

takeholder groups value riverine resources and infrastructure differ-

ntly, which complicates decision-making ( Doyle et al., 2000 ). Con-

equently, a single variable may be assessed differently across tiers.

or example, older dams, that are likely to have reduced functional-

ty and poorer condition tend to be scored higher for removal in Tier 1.

owever, due to their historic value to local communities, older dams

ould score lower in Tier 3. Weighing these tradeoffs in the decision-

aking process is likely to be a long and potentially contentious pro-

ess, with the final outcome being influenced by the quality of stake-

older consultations, relationships between stakeholder groups, aware-

ess of the local historical–geographical conditions, and the efficacy of

utreach on the costs and benefits of free-flowing rivers ( Born et al.,

998 ; Gosnell and Kelly, 2010 ). Given the effort required for stakeholder

ngagement, we suggest prioritizing the ‘good candidate’ dams identi-

ed through Tier 1 and Tier 2 analysis could bring efficiencies to dam

emoval planning and implementation. 

.1. Conclusion 

Strategic dam removals present an opportunity to generate and align

nvironmental, economic, safety, and social benefits. The generation

f multiple forms of benefit can not only improve project support,

ut also facilitate access to broader funding sources thereby improv-

ng project feasibility. Recent policies and funding allotments are likely

o increase dam removals worldwide. In the US, for example, the Bi-

artisan Infrastructure Law of 2021 makes available $800 million for

am removals, $800 million for dam safety, $65 million for fish pas-

age projects, and $753 million for environmental and safety improve-

ents and grid resilience of existing hydropower dams ( National Hy-

ropower Association, 2021 ). The European Union’s Nature Restora-

ion Law, currently under consideration, would mandate the restoration

f 25,000 kms of river through dam removals and floodplain restora-

ion ( European Environment Agency, 2020 ). In China, a national cam-

aign to remove or improve 40,000 small hydro stations is underway

 Bloomberg News, 2021 ). Given the several thousand dam removals po-

entially occurring in the coming decades, our framework offers a tool

or guiding how and where efforts should be invested to maximize their

enefits for people and the environment. 

eclaration of Competing Interest 

The authors declare that they have no known competing financial

nterests or personal relationships that could have appeared to influence

he work reported in this paper. 

ata availability 
Data will be made available on request. 

11 
cknowledgements 

This research was supported in part by an appointment to the Depart-

ent of Defense (DOD) Research Participation Program administered by

he Oak Ridge Institute for Science and Education (ORISE) through an

nteragency agreement between the U.S. Department of Energy (DOE)

nd the DOD . ORISE is managed by ORAU under DOE contract num-

er DE-SC0014664 . SKM’s involvement was supported by the Network

or Engineering with Nature ( https://n-ewn.org/ ). LA’s involvement was

upported by a grant from the Resources Legacy Fund #1623 4. All opin-

ons expressed in this paper are the authors’ and do not necessarily re-

ect the policies and views of DOD, DOE, or ORAU/ORISE. Any use of

rade, firm, or product names is for descriptive purposes only and does

ot imply endorsement by the U.S. Government. 

upplementary materials 

Supplementary material associated with this article can be found, in

he online version, at doi:10.1016/j.envc.2023.100731 . 

eferences 

merican Rivers (2022) Free rivers: the state of dam removal in the United States 

SCE, 2021. 2021 Report Card for America’s infrastructure. American Society of Civil

Engineers . 

arnett, Z.C., Adams, S.B., 2021. Review of dam effects on native and invasive cray-

fishes illustrates complex choices for conservation planning. Front. Ecol. Evol. 8, 507.

doi: 10.3389/fevo.2020.621723 . 

ellmore J.R., Duda J.J., Craig L.S., et al. (2017) Status and trends of dam removal research

in the United States: status and trends of dam removal research in the U.S. WIREs

Water 4:e1164. 10.1002/wat2.1164 . 

loomberg News (2021) China has thousands of hydropower projects It doesn’t want 

oltz, F., LeRoy Poff, N., Folke, C., et al., 2019. Water is a master vari-

able: solving for resilience in the modern era. Water Security 8, 100048.

doi: 10.1016/j.wasec.2019.100048 . 

orn, S.M., Genskow, K.D., Filbert, T.L., et al., 1998. Socioeconomic and institutional

dimensions of dam removals: the wisconsin experience. Environ. Manage. 22, 359–

370. doi: 10.1007/s002679900111 . 

owman, M.B., 2002. Legal perspectives on dam removal. Bioscience 52, 739–747.

doi: 10.1641/0006-3568 , (2002)052[0739:LPODR]2.0.CO;2 . 

hristian-Smith, J., Merenlender, A.M., 2010. The disconnect between restoration goals

and practices: a case study of watershed restoration in the Russian River Basin, Cali-

fornia. Restoration Ecol. 18, 95–102. doi: 10.1111/j.1526-100X.2008.00428.x . 

outo, T.B., Olden, J.D., 2018. Global proliferation of small hydropower plants – science

and policy. Front. Ecol. Environ. 16, 91–100. doi: 10.1002/fee.1746 . 

urry, R.A., Yamazaki, G., Linnansaari, T., et al., 2020. Large dam renewals and re-

movals —Part 1: building a science framework to support a decision-making process.

River Res. Appl. 36, 1460–1471. doi: 10.1002/rra.3680 . 

allaire, C.O., Lehner, B., Sayre, R., Thieme, M., 2019. A multidisciplinary framework to

derive global river reach classifications at high spatial resolution. Environ. Res. Lett.

14, 024003. doi: 10.1088/1748-9326/aad8e9 . 

iessner, N.L., Ashcraft, C.M., Gardner, K.H., Hamilton, L.C., 2020. I’ll be dammed! Public

preferences regarding dam removal in New Hampshire. Elementa: Sci. Anthropocene

8. doi: 10.1525/elementa.003 , 003 . 

oyle, M.W., Harbor, J.M., Stanley, E.H., 2003. Toward policies and decision-making for

dam removal. Environ. Manage. 31, 453–465. doi: 10.1007/s00267-002-2819-z . 

oyle, M.W., Stanley, E.H., Luebke, M.A., Harbor, J.M., 2000. Dam removal: physical,

biological, and societal considerations. In: Building Partnerships. American Society of

Civil Engineers, Minneapolis, Minnesota, United States, pp. 1–10 . 

uda J.J., Johnson R.C., Jensen B.L., et al. (2022) Compilation of cost estimates for dam

removal projects in the United States: data release. 10.5066/P9G8V371 . 

uropean Environment Agency, 2020. State of Nature in the EU: Results from Reporting

Under the Nature Directives 2013-2018. Publications Office, LU . 

ishman K. (2022) Fishing and conservation groups sue FERC over “fish-killing ” Potter

Valley Project. The Mendocino Voice 

oley, M.M., Bellmore, J.R., O’Connor, J.E., et al., 2017. Dam removal: listening in. Water

Resour. Res. 53, 5229–5246. doi: 10.1002/2017WR020457 . 

ox, C.A., Magilligan, F.J., Sneddon, C.S., 2016. “You kill the dam, you are killing a part

of me ”: dam removal and the environmental politics of river restoration. Geoforum

70, 93–104. doi: 10.1016/j.geoforum.2016.02.013 . 

ox, C.A., Reo, N.J., Fessell, B., Dituri, F., 2022. Native American tribes and dam removal:

restoring the Ottaway, Penobscot and Elwha Rivers. Water Alternatives 15, 31–55 . 

arcia de Leaniz, C., O’Hanley, J.R., 2022. Operational methods for prioritizing the re-

moval of river barriers: synthesis and guidance. Sci. Total Environ. 848, 157471.

doi: 10.1016/j.scitotenv.2022.157471 . 

osnell, H., Kelly, E.C., 2010. Peace on the river? Social-ecological restoration and large

dam removal in the Klamath Basin, USA. Water Alternatives 3, 361–383 . 

rabowski, Z.J., Chang, H., Granek, E.F., 2018. Fracturing dams, fractured data: empirical

trends and characteristics of existing and removed dams in the United States. River

Res. Appl. 34, 526–537. doi: 10.1002/rra.3283 . 

https://www.n-ewn.org/
https://doi.org/10.1016/j.envc.2023.100731
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0002
https://doi.org/10.3389/fevo.2020.621723
https://doi.org/10.1002/wat2.1164
https://doi.org/10.1016/j.wasec.2019.100048
https://doi.org/10.1007/s002679900111
https://doi.org/10.1641/0006-3568
https://doi.org/10.1111/j.1526-100X.2008.00428.x
https://doi.org/10.1002/fee.1746
https://doi.org/10.1002/rra.3680
https://doi.org/10.1088/1748-9326/aad8e9
https://doi.org/10.1525/elementa.003
https://doi.org/10.1007/s00267-002-2819-z
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0015
https://doi.org/10.5066/P9G8V371
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0017
https://doi.org/10.1002/2017WR020457
https://doi.org/10.1016/j.geoforum.2016.02.013
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0021
https://doi.org/10.1016/j.scitotenv.2022.157471
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0023
https://doi.org/10.1002/rra.3283


S. Jumani, L. Andrews, T.E. Grantham et al. Environmental Challenges 12 (2023) 100731 

G  

 

G  

 

 

G  

 

H  

 

H  

 

H  

I  

J  

 

J  

 

J  

 

 

K  

 

K  

 

L

L  

 

L  

M  

 

M  

 

M  

M  

 

M  

 

M  

 

M  

M  

M  

N  

 

N  

N  

N  

 

P  

P  

 

P  

 

P  

P  

 

P  

Q  

 

R

R  

R  

S  

T  

 

T  

 

T  

T  

 

T  

 

U

V  

 

V  

W  

Z  

 

F

h

h

h

h

rantham, T.E., Matthews, J.H., Bledsoe, B.P., 2019. Shifting currents: managing fresh-

water systems for ecological resilience in a changing climate. Water Secur. 8, 100049.

doi: 10.1016/j.wasec.2019.100049 . 

rantham, T.E., Newburn, D.A., McCarthy, M.A., Merenlender, A.M., 2012. The

role of streamflow and land use in limiting oversummer survival of juve-

nile steelhead in California Streams. Trans. Am. Fish. Soc. 141, 585–598.

doi: 10.1080/00028487.2012.683472 . 

regory, R.S., Keeney, R.L., 2002. Making smarter environmental man-

agement decisions. J. Am. Water Resour. Assoc. 38, 1601–1612.

doi: 10.1111/j.1752-1688.2002.tb04367.x . 

abel, M., Mechkin, K., Podgorska, K., et al., 2020. Dam and reservoir removal projects:

a mix of social-ecological trends and cost-cutting attitudes. Sci. Rep. 10, 19210.

doi: 10.1038/s41598-020-76158-3 . 

iggins, J.V., Bryer, M.T., Khoury, M.L., Fitzhugh, T.W., 2005. A freshwater classifica-

tion approach for biodiversity conservation planning. Conserv. Biol. 19, 432–445.

doi: 10.1111/j.1523-1739.2005.00504.x . 

oenke, K.M., Kumar, M., Batt, L., 2014. A GIS based approach for prioritizing dams for

potential removal. Ecol. Eng. 64, 27–36. doi: 10.1016/j.ecoleng.2013.12.009 . 

COLD (2020) International commission on large dams. https://www.icold-cigb.org/

article/GB/world_register/general_synthesis/number-of-dams-by-country-members . 

Accessed 9 Jun 2019 

ohnson, S.E., Graber, B.E., 2002. Enlisting the social sciences in decisions about

dam removal. Bioscience 52, 731–738. doi: 10.1641/0006-3568(2002)052 ,

[0731:ETSSID]2.0.CO;2 . 

umani, S., Deitch:, M.J., Valle, D., et al., 2022. A new index to quantify longitudinal river

fragmentation: conservation and management implications. Ecol. Indic. 136, 108680.

doi: 10.1016/j.ecolind.2022.108680 . 

umani, S., Rao, S., Kelkar, N., et al., 2018. Fish community responses to stream flow

alterations and habitat modifications by small hydropower projects in the Western

Ghats biodiversity hotspot, India. Aquatic Conser.: Marine Freshwater Ecosystems 28,

979–993. doi: 10.1002/aqc.2904 . 

emp, P.S., O’Hanley, J.R., 2010. Procedures for evaluating and prioritising the re-

moval of fish passage barriers: a synthesis. Fish. Manag. Ecol. 17, 297–322.

doi: 10.1111/j.1365-2400.2010.00751.x . 

undzewicz, Z.W., Krysanova, V., Benestad, R.E., et al., 2018. Uncertainty in

climate change impacts on water resources. Environ. Sci. Policy 79, 1–8.

doi: 10.1016/j.envsci.2017.10.008 . 

ane B., Patterson N., Qiu L., et al. (2022) Functional flows calculator 

ehner, B., Liermann, C.R., Revenga, C., et al., 2011. High-resolution mapping of the

world’s reservoirs and dams for sustainable river-flow management. Front. Ecol. En-

viron 9, 494–502. doi: 10.1890/100125 . 

ejon, A.G.C., Renöfält, B.M., Nilsson, C., 2009. Conflicts associated with dam removal in

Sweden. Ecol. Soc. 14, 4. http://www.ecologyandsociety.org/vol14/iss2/art4/ . 

agilligan, F.J., Graber, B.E., Nislow, K.H., et al., 2016. River restoration by dam removal:

enhancing connectivity at watershed scales. Elementa: Sci.e Anthropocene 4, 1–14.

doi: 10.12952/journal.elementa.000108 . 

agilligan, F.J., Sneddon, C.S., Fox, C.A., 2017. The social, historical, and in-

stitutional contingencies of dam removal. Environ. Manage. 59, 982–994.

doi: 10.1007/s00267-017-0835-2 . 

anahan, M.D., Verville, S.A., 2004. Ferc and dam decommissioning. Nat. Resour. Env’t

19, 45–49. https://heinonline.org/HOL/P?h = hein.journals/nre19&i = 214 . 

cKay, S.K., Cooper, A.R., Diebel, M.W., et al., 2017. Informing watershed connec-

tivity barrier prioritization decisions: a synthesis. River Res. Appl. 33, 847–862.

doi: 10.1002/rra.3021 . 

cKay, S.K., Martin, E.H., McIntyre, P.B., et al., 2020. A comparison of approaches for

prioritizing removal and repair of barriers to stream connectivity. River Res. Appl.

36, 1754–1761. doi: 10.1002/rra.3684 . 

inear, J.T., Kondolf, G.M., 2009. Estimating reservoir sedimentation rates at large spa-

tial and temporal scales: a case study of California. Water Resour. Res. 45, 1–8.

doi: 10.1029/2007WR006703 . 

oran, E.F., Lopez, M.C., Moore, N., et al., 2018. Sustainable hydropower in the 21st

century. Proc. Natl Acad. Sci. 115, 11891–11898. doi: 10.1073/pnas.1809426115 . 

ullens, J.B., Wanstreet, V., 2010. Using willingness-to-pay surveys when assessing dam

removal: a new hampshire case study. Geographical Bull. 51, 97–110 . 

yers, N., Mittermeier, R.A., Mittermeier, C.G., et al., 2000. Biodiversity hotspots for

conservation priorities. Nature 403, 853–858. doi: 10.1038/35002501 . 

ational Hydropower Association (2021) Summary infrastructure & investment

jobs act. https://asdso-impexium.informz.net/ASDSO-impexium/data/images/

InfrastructureInvestmentAc__Summary.pdf . Accessed 5 Dec 2022 
12 
ational Research Council, 1992. Restoration of Aquatic ecosystems: Science, technology,

and Public Policy. National Academy Press, Washington, DC . 

oda, K., Hamada, J., Kimura, M., Oki, K., 2018. Debates over dam removal in Japan.

Water Environ. J. 32, 446–452. doi: 10.1111/wej.12344 . 

unn, A.D., Cowx, I.G., 2012. Restoring river connectivity: prioritizing passage

improvements for diadromous fishes and lampreys. Ambio 41, 402–409.

doi: 10.1007/s13280-012-0281-6 . 

acific States Marine Fisheries Commission (2022) California fish passage assessment

database 

ejchar, L., Warner, K., 2001. A river might run through it again: criteria for consideration

of dam removal and interim lessons from California. Environ. Manage. 28, 561–575.

doi: 10.1007/s002670010244 . 

erera, D., Smakhtin, V., Williams, S., et al., 2021. Ageing Water Storage Infrastructure:

An Emerging Global Risk. United Nations University Institute for Water, Environment

and Health, Hamilton, Canada . 

off, N.L., Allan, J.D., Bain, M.B., et al., 1997. The natural flow regime. Bioscience 47,

769–784. doi: 10.2307/1313099 . 

ohl, M.M., 2002. Bringing down our dams: trends in american dam removal rationales. J.

Am. Water Resour. Assoc. 38, 1511–1519. doi: 10.1111/j.1752-1688.2002.tb04361.x .

ringle, C., 2003. What is hydrologic connectivity and why is it ecologically important?

Hydrol. Process 17, 2685–2689. doi: 10.1002/hyp.5145 . 

uiñones, R.M., Grantham, T.E., Harvey, B.N., et al., 2015. Dam removal and anadromous

salmonid (Oncorhynchus spp.) conservation in California. Rev. Fish Biol. Fisheries 25,

195–215. doi: 10.1007/s11160-014-9359-5 . 

. Core Team (2022) R: a language and environment for statistical computing 

andle, T.J., Bountry, J., 2017. Dam Removal Analysis Guidelines for Sediment. U.S. De-

partment of the Interior, Bureau of Reclamation, Denver, Colorado . 

ichter, B., Baumgartner, J., Wigington, R., Braun, D., 1997. How much water does a river

need? Freshw. Biol. 37, 231–249. doi: 10.1046/j.1365-2427.1997.00153.x . 

mith T.J., McKenna C.M. (2013) A comparison of logistic regression pseudo R2 indices.

39:17–26 

erêncio, D.P.S., Pacheco, F.A.L., Sanches Fernandes, L.F., Cortes, R.M.V., 2021. Is it safe

to remove a dam at the risk of a sprawl by exotic fish species? Sci. Total Environ. 771,

144768. doi: 10.1016/j.scitotenv.2020.144768 . 

onitto, C., Riha, S.J., 2016. Planning and implementing small dam removals: lessons

learned from dam removals across the eastern United States. Sustain. Water Resour.

Manag. 2, 489–507. doi: 10.1007/s40899-016-0062-7 . 

riantaphyllou, E., 2000a. Multi-Criteria Decision Making Methods. In: Multi-criteria De-

cision Making Methods: A Comparative Study. Springer US, Boston, MA pp 5–21 . 

riantaphyllou, E., 2000b. Deriving Relative Weights from Difference Comparisons. In:

Multi-criteria Decision Making Methods: A Comparative Study. Springer US, Boston,

MA, pp. 73–86 . 

ullos, D.D., Collins, M.J., Bellmore, J.R., et al., 2016. Synthesis of common management

concerns associated with dam removal. J. Am. Water Resour. Assoc. 52, 1179–1206.

doi: 10.1111/1752-1688.12450 . 

.S. Army Corps of Engineers (2020) National inventory of dams 

ander Vorste, R., Obedzinski, M., Nossaman Pierce, S., et al., 2020. Refuges and ecologi-

cal traps: extreme drought threatens persistence of an endangered fish in intermittent

streams. Glob Change Biol 26, 3834–3845. doi: 10.1111/gcb.15116 . 

annote, R.L., Minshall, G.W., Cummins, K.W., et al., 1980. The River Continuum Concept.

Can. J. Fish. Aquat.Sci. 37, 130–137. doi: 10.1139/f80-017 . 

orld Commission on Dams, 2000. Dams and development: a New Framework For Deci-

sion-Making. Earthscan, London . 

ardari, N.H., Ahmed, K., Shirazi, S.M., Yusop, Z.B., 2015. Weighting Methods and Their

Effects on Multi-Criteria Decision Making Model Outcomes in Water Resources Man-

agement. Springer International Publishing, Cham . 

urther reading 

ttps://connectivity.sarpdata.com/priority/ (Accessed May 2, 2023). 

ttps://www.calfish.org/programsdata/species/anadromousfishdistribution.aspx (Ac- 

cessed April 6, 2022) 

ttps://wildlife.ca.gov/Grants/FRGP (Accessed April 6, 2022) 

ttps://www.twobasinsolution.org/ (Accessed April 6, 2022) 

https://doi.org/10.1016/j.wasec.2019.100049
https://doi.org/10.1080/00028487.2012.683472
https://doi.org/10.1111/j.1752-1688.2002.tb04367.x
https://doi.org/10.1038/s41598-020-76158-3
https://doi.org/10.1111/j.1523-1739.2005.00504.x
https://doi.org/10.1016/j.ecoleng.2013.12.009
https://www.icold-cigb.org/article/GB/world_register/general_synthesis/number-of-dams-by-country-members
https://doi.org/10.1641/0006-3568(2002)052
https://doi.org/10.1016/j.ecolind.2022.108680
https://doi.org/10.1002/aqc.2904
https://doi.org/10.1111/j.1365-2400.2010.00751.x
https://doi.org/10.1016/j.envsci.2017.10.008
https://doi.org/10.1890/100125
http://www.ecologyandsociety.org/vol14/iss2/art4/
https://doi.org/10.12952/journal.elementa.000108
https://doi.org/10.1007/s00267-017-0835-2
https://www.heinonline.org/HOL/P?h=hein.journals/nre1913i=214
https://doi.org/10.1002/rra.3021
https://doi.org/10.1002/rra.3684
https://doi.org/10.1029/2007WR006703
https://doi.org/10.1073/pnas.1809426115
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0047
https://doi.org/10.1038/35002501
https://www.asdso-impexium.informz.net/ASDSO-impexium/data/images/InfrastructureInvestmentAc__Summary.pdf
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0050
https://doi.org/10.1111/wej.12344
https://doi.org/10.1007/s13280-012-0281-6
https://doi.org/10.1007/s002670010244
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0055
https://doi.org/10.2307/1313099
https://doi.org/10.1111/j.1752-1688.2002.tb04361.x
https://doi.org/10.1002/hyp.5145
https://doi.org/10.1007/s11160-014-9359-5
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0061
https://doi.org/10.1046/j.1365-2427.1997.00153.x
https://doi.org/10.1016/j.scitotenv.2020.144768
https://doi.org/10.1007/s40899-016-0062-7
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0066
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0067
https://doi.org/10.1111/1752-1688.12450
https://doi.org/10.1111/gcb.15116
https://doi.org/10.1139/f80-017
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0073
http://refhub.elsevier.com/S2667-0100(23)00055-0/sbref0074
https://www.connectivity.sarpdata.com/priority/
https://www.calfish.org/programsdata/species/anadromousfishdistribution.aspx
https://www.wildlife.ca.gov/Grants/FRGP
https://www.twobasinsolution.org/

	A decision-support framework for dam removal planning and its application in northern California
	1 Introduction
	2 Material and methods
	2.1 Decision-making framework
	2.1.1 Tier 1: dam characteristics that represent opportunistic factors
	2.1.2 Tier 2: hydro-ecological variables
	2.1.3 Tier 3, socio-cultural variables

	2.2 Application to California’s north coast watershed
	2.2.1 Study site
	2.2.2 Data and methods


	3 Results and discussion
	4 Discussion
	4.1 Conclusion

	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References
	Further reading


