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ABSTRACT 

 Despite increasing efforts globally to remove dams and construct fish passage structures, 

broad-scale analyses balancing tradeoffs between cost and habitat gains from these mitigations 

infrequently consider invasive species. We present an optimization-based approach for 

prioritizing dam mitigations to restore habitat connectivity for native fish species, while limiting 

invasive species spread. Our methodology is tested with a case study involving 240 dams in the 

Upper Mississippi River, USA. We integrate six native migratory fish species distribution 

models, distributions of two invasive fishes, and estimated costs for dam removal and 

construction of fish passes. Varying budgets and post-mitigation fish passage rates are analyzed 

for two scenarios: ‘no invasives’ where non-selective mitigations (e.g., dam removal) are used 

irrespective of potential invasive species habitat gains and ‘invasives’ where a mixture of 

selective (e.g., lift-and-sort fish passage) and non-selective mitigations are deployed to limit 

invasive species range expansion. To achieve the same overall habitat connectivity gains, we 

find that prioritizations accounting for invasive species are 3 to 6 times more costly than those 

that do not. Habitat gains among native fish species were highly variable based on potential 

habitat overlap with invasive species and post-mitigation passabilities, ranging from 0.4–58.9% 

(‘invasives’) and 7.9–95.6% (‘no invasives’) for a $50M USD budget. Despite challenges 

associated with ongoing nonnative fish invasions, opportunities still exist to restore connectivity 

for native species as indicated by individual dams being frequently selected in both scenarios 

across varying passabilities and budgets, however increased restoration costs associated with 

invasive species control indicates the importance of limiting their further spread within the basin. 

Given tradeoffs in managing for native vs. invasive species in river systems worldwide, our 

approach demonstrates strategies for identifying a portfolio of candidate barriers that can be 



 

 

investigated further for their potential to enhance native fish habitat connectivity while 

concurrently limiting invasive species dispersal. 

Keywords: dams, river fragmentation, barrier mitigation, prioritization, species distribution 

models
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1. INTRODUCTION 

 Habitat connectivity is essential for supporting organism fitness and sustaining 

populations and, therefore, is a critical factor for long-term species persistence (Hanski, 1999; 

Baguette et al., 2013). In fluvial systems, where aquatic organisms such as fishes are constrained 

to living and navigating within dendritic river networks (Fagan, 2002; Campbell Grant et al., 

2007), anthropogenic barriers can adversely disrupt connectivity and fragment habitats (Nilsson 

et al., 2005; Liermann et al., 2012). For migratory fishes, habitat connectivity is particularly 

important as individuals often move long distances within river networks to utilize disparate 

habitats for rearing, spawning, and refugia access (Schlosser and Angermeier, 1995; Lucas and 

Baras, 2001). However, migratory fishes inhabiting large rivers often face severe loss of 

longitudinal (and lateral) connectivity (Cooke et al., 2012), as large rivers are frequently the most 

fragmented by dams (Cooper et al., 2017). Globally, there has been increased investment in dam 

removals and building fish passage structures (O'Connor et al. 2015; Silva et al., 2018) to reopen 

critical migratory fish pathways. 

 In many cases, promoting habitat connectivity for native species conflicts with the need 

to preclude movement and spread of invasive species (Rahel, 2013). In fluvial ecosystems, this 

“connectivity conundrum” (Zielinski et al., 2020) occurs where dam removal or construction of 

fish passes facilitates dispersal not only for desirable native species but also invasive species that 

can cause economic and/or ecological harm within reconnected streams (McLaughlin et al., 

2013; Rahel, 2013). To tackle this challenging problem, approaches that identify dam mitigation 

opportunities favoring native species despite potential or ongoing invasions are needed (Galat 

and Zweimüller, 2001; Rahel, 2013; Rahel and McLaughlin, 2018). However, such approaches 

have rarely been applied (Kerr et al., 2021), particularly at the broad spatial extents over which 
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long-distance native freshwater fish migrations occur. A notable exception is the decades-long 

management of invasive sea lamprey (Petromyzon marinus) in the Laurentian Great Lakes in 

part through use of low-head dams to block their upstream movement (Lavis et al., 2003). 

Despite successfully limiting sea lamprey spawning, these efforts are increasingly recognized as 

constraining other fish species from accessing key habitats, thus underscoring the need to restore 

fish passage for desirable fishes while managing the spread of invasives (Vélez-Espino et al., 

2011; Milt et al., 2018; Lin et al., 2019). Restoring connectivity under such circumstances 

involves identifying locations where non-selective mitigation (e.g., dam removal) versus 

selective passage strategies for desirable species would be most effective (Rahel and 

McLaughlin, 2018). Successful approaches for evaluating tradeoffs invariably needs to rely on 

vital information to guide when, where, and how to deploy different mitigation actions, including 

estimation of project cost and suitability of reconnected habitats, which is likely to prove 

particularly challenging in the case of migratory fish species whose migratory pathways can span 

long distances and many dams located in different management jurisdictions (e.g., Pracheil et al., 

2012, Tripp et al., 2019). 

 Dam prioritization using an optimization-based approach is well-suited to address this 

problem. Optimization is ideally suited for evaluating complex barrier mitigation problems 

(Kemp and O’Hanley, 2010) in order to maximize potential habitat connectivity gains given 

limited financial and/or other resources (e.g., Neeson et al., 2015). Optimization modeling has 

the capacity to evaluate large numbers of dams spanning multiple jurisdictions (Neeson et al., 

2015; Milt et al., 2017) and account for multiple available projects (e.g., dam removal vs. 

fishway construction) that differ in terms of economic costs and anticipated species habitat gains 

at each dam site. An important component of optimization includes the integration of differing 
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fish passage rates among projects at dam locations along with their combined effects on 

cumulative fish passage. This ability to evaluate cumulative passability through a series of dams 

is particularly important for migratory species due to the interactive effect of mitigation actions, 

as any single mitigation action has a cascading effect on increased habitat accessibility and 

relative benefit (i.e., habitat gain) provided by other potential mitigation projects within the river 

system (Kemp and O’Hanley, 2010). Accurately representing this spatially complex problem 

requires the integration of habitat influences from numerous dams producing a mosaic of 

fragmented habitats of differing abiotic suitability for multiple species of interest (e.g., Wiens, 

2002). 

 For native fish species, dam mitigations are only successful if they reconnect suitable 

habitats (Pompeu et al., 2012; McLaughlin et al., 2013). This highlights the need for approaches 

that adequately represent potential habitat gains when assessing mitigation options (Crook et al., 

2015). Approaches that use generic structural connectivity measures (i.e., total accessible stream 

network length) as proxies for habitat gain result in less efficient, more costly solutions (Sethi et 

al., 2017; Rodeles et al., 2020), prompting calls to move towards functional connectivity 

measures in dam prioritizations (Branco et al., 2014). Increasingly, prioritizations have utilized 

functional connectivity measures representing fish diversity, richness, populations, and life 

history traits (Erős et al., 2018; Ioannidou and O’Hanley, 2019; McManamay et al., 2019; Kemp 

et al., 2020, King et al., 2021), but attempts to address functional connectivity in dam 

prioritizations incorporating habitat suitability for individual species have often relied on species 

ranges. However, relying solely on species range data can result in large potential commission 

errors and inadequate estimates of habitat overlap with invasive species, as all stream habitat 

accessible within a species’ range is treated as equally suitable (McKay et al., 2017) irrespective 
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of differences in actual habitat quality of different stream segments. Species distribution models 

(SDMs) have been utilized to predict species habitat for a variety of fish conservation 

applications (e.g., Taylor et al., 2018). Coupling SDMs with dam prioritizations, while rarely 

used (see Branco et al., 2014), can improve estimates of functional connectivity gains among 

mitigation projects and provide a means of accounting for habitat suitability when prioritizing for 

one or more species.  

 Here we present an approach that combines species distribution models for native 

species, estimated dam removal and fish pass construction costs, and distributions of invasive 

species to prioritize fish passage mitigation projects. We test our approach using six imperiled 

native migratory fishes and two invasive bigheaded carp species (Hypophthalmichthys nobilis 

and H. molitrix) obstructed by 240 dams in the Upper Mississippi River, USA. Specifically, we: 

1) quantify species habitat using modeled distributions for native fishes and known current 

distributions for invasive species, 2) use dam locations to characterize species-level habitat 

fragmentation, 3) develop cost estimates for dam removal and fishway construction, and 4) 

utilize this information in optimized dam mitigation planning aimed at enhancing native fish 

habitat connectivity according to two contrasting scenarios: ‘no invasives’ where potential 

mitigation actions do not consider current bigheaded carp distributions and ‘invasives’ where 

selective mitigation actions are used to limit bigheaded carp dispersal. We use these results to 

ask: Are there opportunities to improve connectivity for native migratory fishes despite ongoing 

fish invasions? Our approach can be utilized for the conservation of native species by better 

understanding tradeoffs between cost and habitat gains in rivers undergoing invasions when 

designing dam removal/mitigation strategies. 
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2. METHODS 

2.1 Study area 

The Upper Mississippi River (UMR), including its many large tributaries and their 

headwaters, is a highly complex social-ecological system that supports both high biological 

diversity and numerous ecosystem services (Bouska et al., 2018). Variability in natural landscape 

conditions within the region (e.g., glacial/non-glacial landforms, geology, and climate) has 

resulted in a wide range of chemical, hydrologic, and thermal conditions among streams (Wang 

et al., 2001; Lyons et al., 2009; De Jager and Houser, 2016). This range in stream conditions has 

given rise to a diversity of fishes occurring within the basin, with over 140 fish species identified 

(Garvey et al., 2010). The UMR and the basin it drains supports numerous socioeconomic 

activities including commercial and recreational fisheries (Garvey et al., 2010, Klein et al., 

2018), extensive agricultural production, and urban development (Bouska et al., 2018). Dams 

located throughout the UMR provide economic benefits such as shipping, hydropower 

generation, and recreation, however, they have also resulted in extensive stream habitat 

fragmentation along the UMR mainstem and tributaries (Cooper et al., 2017). Given the 

emphasis on potential dam mitigation options for the current study, we focused on the dammed 

portion of the UMR, starting from the lowest dam on the UMR mainstem (Lock and Dam 26) 

just above the confluence of the Missouri River (Figure 1). In total, the study area includes 

289,300 km of streams (USEPA and USGS, 2015) and a land area covering 447,394 km2. 

2.2 Characterizing stream fragmentation 

Large dams generally defined as >1.8 m in height (Cooper et al., 2017) obtained from the 

2012 National Anthropogenic Barrier Database (NABD; Ostroff et al., 2013) were used to 
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identify barriers to migratory fish in the UMR basin. Of the initial 2,593 dams located within the 

study region, we identified 29 dams that have been either removed or breached since the NABD 

dataset was created (American Rivers, 2020). These dams were subsequently removed from our 

list of dams, thus resulting in a revised dataset of 2,564 dams. The 1:100,000 scale National 

Hydrography Dataset Plus Version 2 (NHDPlusV2; USEPA and USGS, 2015) was used to 

represent a confluence-to-confluence stream network for the UMR (Wang et al., 2011). To 

quantify stream fragmentation, we utilized existing methods to delineate river subnetworks 

bounded by dams (see Cooper et al., 2017), termed ‘patches’ in this study (but also known as 

‘functionally connected stream networks’; Anderson et al., 2013). Patches represent contiguous, 

connected sections of stream network located between large dams, while patch catchments 

represent the land area draining to stream reaches within a patch (Cooper et al., 2017; Figure 1a). 

These patches and their catchments were used to quantify species-level habitat fragmentation 

based on predicted habitat suitability within patches and define habitat availability within patches 

as inputs to barrier prioritizations (explained below). 

2.3 Developing species distribution models and quantifying species level habitat 

fragmentation 

 Distributions models were developed for six species in three families (Table 1). These 

included paddlefish (Polyodon spathula), lake sturgeon (Acipenser fulvescens), shovelnose 

sturgeon (Scaphirhynchus platorynchus), blue sucker (Cycleptus elongatus), river redhorse 

(Moxostoma carinatum), and greater redhorse (Moxostoma valenciennesi). These species were 

chosen because they are considered highly migratory fishes (Bunt and Cooke, 2001; Reid, 2006; 

Neely et al., 2009; Hupfeld et al., 2016; Tripp et al., 2019), representing ideal targets for barrier 
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mitigation, and because they are listed as Species of Greatest Conservation Need (SGCN) by two 

or more states within the study basin (USGS, 2015).  

 Fish presence-absence data were obtained from a national dataset (see Yu et al., 2020) 

developed from fish sampling surveys by federal, state, and academic institutions and 

georeferenced to the NHDPlusV2 stream network. Due to limited presence-absence data for lake 

sturgeon and paddlefish (i.e., < 50 fluvial presences), additional presence-only data were 

acquired from the Global Biodiversity Information Facility (GBIF, 2020a; GBIF, 2020b) and 

Montana Fish, Wildlife & Parks for paddlefish (MTFWP, 2020). In total, 57 and 42 presence-

only locations were available for lake sturgeon and paddlefish, respectively (Table 1). We used 

two commonly applied machine learning algorithms to develop species distribution models 

(SDMs). These included boosted regression trees (BRTs) when presence-absence data were 

available (Elith et al., 2008) and MaxEnt when presence-only data were available (Phillips et al., 

2006). These approaches use machine-learning techniques to model complex species-habitat 

relationships in the development of SDMs. BRTs were used to develop SDMs for shovelnose 

sturgeon, blue sucker, river redhorse, and greater redhorse, while lake sturgeon and paddlefish 

SDMs were modeled with MaxEnt (Table 1).  

 For both SDM approaches (BRT and MaxEnt), models were built using data across their 

entire native ranges, including data occurring outside the study area (Figure S1). In all, 22 

predictors variables representing both natural and anthropogenic landscape conditions frequently 

utilized in fluvial fish SDMs were included (Table S1; Cooper et al., 2019, Yu et al., 2020). 

Model efficacy for both approaches was evaluated using the area under the receiver operating 

characteristic curve (AUC; Swets, 1988) values based on 10-fold cross-validation, a technique 

that partitions data into 10 unique test sets that are withheld for model validation while 



8 

 

remaining training sets are used for model development. Model predictions were used to map 

predicted presence at stream reaches within each species’ native range, with the prevalence 

method used as the threshold for presence/absence predictions for BRTs (Liu et al., 2005) and 

the 10th percentile training occurrence used as the cutoff for MaxEnt (Daniel et al., 2018). 

Predicted presences for stream reaches were mapped to quantify both the total amount of 

predicted habitat (in river kilometers) within the study basin as well as the amount of habitat 

located within individual patches (Figure S2). 

2.4 Acquiring mitigation cost data and estimating dam removal and fishway construction 

costs 

Based on a literature review, removal costs (n = 101) and fishway construction costs (n = 

62) for large dams were gathered for the conterminous USA and used in model development 

(Tables S2 and S3). Costs for dam removals and fishway construction projects were obtained 

from a variety of sources, including government reports, gray literature, and news publications. 

Due to a range of years from which cost data originated (1986–2020), an inflation calculator 

(https://www.bls.gov/data/inflation_calculator.htm) was used to convert dam removal and 

fishway costs to 2020 U.S. dollars.  

We developed generalized additive models (GAMs) to estimate dam removal and 

fishway construction costs for dams within the UMR. GAMs are semi-parametric extensions of 

generalized linear models (GLMs) that replace predictor variables with smoothing functions 

(Hastie and Tibshirani, 1986) and are better suited for modeling non-linear or non-monotonic 

relationships between response and predictor variables (Guisan et al., 2002). GLMs were first 

developed using 11 candidate quantitative and categorical predictors. These included four dam 

attributes representing dam height, age, length, and reservoir storage volume and four categorical 
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variables describing dam type, main purpose, ownership, and hazard status (Table 2). In addition, 

three stream reach predictors obtained from the NHDPlusV2 dataset were used, including stream 

gradient, stream order, and estimated annual discharge. All numerical predictors were log 

transformed prior to model development. GLMs for dam removal and fishway construction were 

generated using a forward stepwise approach by selecting the model with the smallest Akaike 

information criteria (AIC) value. Final GAM models were developed based on the set of 

predictor variables identified by the best GLM models. Models were subsequently checked for 

normality and homoscedasticity of the residuals. Both GLM and GAM models were developed 

using the R (version 3.6.1, R Core Team, Vienna, Austria) package mgcv. 

In addition to predicting costs for conventional fishways, we estimated costs to install 

lift-and-sort fish passage structures. These are structures that have elevator-like mechanisms to 

lift fish over dams, with native or desirable fish being manually sorted and placed upstream by 

fisheries technicians and non-native species excluded. Due to lack of cost data for these 

structures for predictive modeling, we used a static cost of $23.7M (USD) per structure based on 

maximum cost (rounded for inflation) identified from several structures with cost information 

(Table S4). We chose this figure due to potential increased costs associated with technical and 

engineering aspects associated with large dams (Wilcox et al., 2004). This fish passage option 

was utilized in prioritization scenarios accounting for invasive species (described below). 

2.5 Optimizing dam mitigation 

2.5.1 Estimating the distribution of invasive fish species 

 Establishment of invasive bighead carp (Hypophthalmichthys nobilis) and silver carp 

(Hypophthalmichthys molitrix) within the UMR have resulted in declines of native game species 
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(Chick et al., 2020), shifts in fish size and biomass (Bouska et al., 2020), and reduction in body 

condition for paddlefish (Kinlock et al., 2020). Further, dispersal capabilities of these invasive 

species are comparable to native migratory species (i.e., paddlefish and lake sturgeon, 

DeGrandchamp et al., 2008), making their exclusion from uninvaded habitats paramount to their 

management within the UMR. To account for these two invasive fishes in the study basin, 

known occurrences of bighead carp (n = 1,444; USGS, 2020a) and silver carp (n = 3,183; 

USGS, 2020b) were used to develop an estimated distribution representing both species 

(hereafter referred to as ‘bigheaded carps’). This distribution was created by mapping all 

occurrences of bigheaded carps to delineate stream reaches with potential habitat within the 

study basin (Figure S3). By including all occurrences, the resulting distribution represents both 

lower sections of the UMR where bigheaded carps are known to be well established as well as 

potential establishment in upper sections of the UMR where occurrences correspond to upstream 

advancement and evidence of spawning has been observed (Larson et al., 2017). This estimated 

distribution was used to quantify potential habitat overlap with the six native migratory fishes in 

this study as well as to constrain dam prioritization scenarios involving invasive species 

(described below). 

2.5.2 Optimization scenarios – no invasives vs. invasives 

 Two primary optimization scenarios were compared (Figure 2). This included a ‘no 

invasives’ scenario where mitigation options focused solely on enhancing native migratory fish 

habitat connectivity irrespective of potential bigheaded carp movement and an ‘invasives’ 

scenario where dam mitigation options for enhancing native migratory fish habitat connectivity 

also attempt to minimize invasive bigheaded carp movement. To generate these scenarios, we 

first used primary dam purposes to identify dams not likely to be removed (including dams that 
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generate hydroelectric power and promote navigation) and where fish passage structures were 

considered the only restoration option. This step acknowledges that dam removal is not a 

realistic option for certain dams serving critical societal needs (Kocovsky et al., 2009; Hoenke et 

al., 2014) and was used to constrain overall mitigation options prior to running ‘no invasives’ 

and ‘invasives’ scenarios. Under the ‘invasive’ scenario, all dams identified as blocking 

upstream movement of bigheaded carps were constrained to the lift-and-sort fish passage 

mitigation option only. All other dams were assigned fishway only or fishway/dam removal 

options depending on dam purpose (describe above). For the ‘no invasives’ scenario, lift-and-sort 

structures were not considered and dam mitigation options were similarly identified based on 

primary dam purpose. 

2.5.3 Optimization approach and parameters 

To systematically choose among dam removal and fishway passage mitigation options, 

we adopted an optimization-based approach. Optimization is a sophisticated approach to decision 

making that has advantages over other types of prioritization methods due to its ability to identity 

the most efficient (i.e., optimal) use of limited resources. Our mixed integer linear programing 

model was coded in the Optimization Programming Language (OPL) using CPLEX Studio 

v12.10 software (IBM, 2020). Optimization models such as ours are useful in evaluating multiple 

mitigation actions at each barrier location (i.e., dam removal or fishway construction) and 

accounting for the interactive effects of dam mitigation actions on cumulative passability. This 

leads to more robust solutions than other approaches that typically consider a single mitigation 

option and/or each mitigation decision in isolation, thus ignoring the spatial structure of river 

barrier networks (Kemp and O’Hanley, 2010; McKay et al., 2017). 
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In the context of this study, optimizations were utilized to identify solutions that 

maximize native fish habitat gains for a given budget. Inputs to the optimization included 

predicted habitat lengths within patches, mitigation cost(s) at each dam location, and pre- and 

post-passability estimates, which correspond to the level of fish passage at each structure before 

and after mitigation. The amount of upstream habitat above each dam was set to the predicted 

suitability habitat length for each species based on habitat suitability models. Costs for dam 

mitigation, including dam removal, fishway construction, and lift-and-sort fish passage, were 

assigned to each dam based on model predictions in both ‘no invasives’ and ‘invasives’ 

scenarios. Pre- and post-passability of barriers are scaled from 0% (completely impassable) to 

100% (fully passable). For the potamodromous (within-basin) migration patterns considered in 

this study, both upstream and downstream passabilities are considered when determining an 

overall passability value for each dam. In assigning pre-passability for 35 lock and dam 

structures on the Mississippi and Illinois Rivers, we primarily used data from Bouska et al. 

(2019), who calculated the average percentage of time that gates at lock and dam structures were 

open during the 1985–2015 period. For four lock and dams without data, we based our estimates 

on Wilcox et al. (2004), who suggested that the uppermost lock and dam structures on the 

Mississippi River (St. Anthony Falls Upper/Lower and Lock and Dam 1) were either closed or 

impassible and on Snyder (2019), who carried out a microchemistry analysis of fish passage for 

Catostomidae species in the Illinois River (Brandon Road Lock and Dam). For one remaining 

lock and dam on the Illinois River lacking information (Lockport Powerhouse Lock and Dam), 

we used the average passability of all other lock and dam structures. For all other dams without 

locks, we assigned a 0% pre-passability. 
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To account for variability of the potential effectiveness of fishway and lift-and-sort 

structures, we ran a series of experiments with different post-mitigation passabilities representing 

low, moderate, and high rates of fish passage. Post-mitigation passabilities for fishways were set 

at 25, 50, and 75% based on the range of reported passabilities for migratory fishes at these 

structures (Bunt et al., 2012; Noonan et al., 2012). Similarly, we set overall post-mitigation 

passabilities at 20, 40, and 60% for lift-and-sort structures, which falls within the range of 

passabilities reported in the literature (Noonan et al., 2012). For lock and dams, the above 

percentages were added to existing pre-passabilities values, with maximum passability values 

capped at 100%. Dam removals were given a post-passability of 100%.  

The optimization approach utilized in this study allows for multiple species to be 

simultaneously evaluated with optional weightings applied to different species. Species were 

weighted by the number of states listing that species as a 2015 SGCN within the study basin 

(Table 1). Finally, to generate cost-benefit curves of fish passage mitigation for both scenarios 

under low, moderate, and high post-mitigation passabilities, we ran optimizations for budgets 

between $1 and $500M USD at intervals of $1M USD. Resulting cost-benefit curves compare 

the length of migratory fish habitat connectivity gained over varying budgets.  

3. RESULTS 

3.1 Species distribution models and quantifying stream habitat fragmentation 

 AUC values ranged from 0.90–0.98 among species, indicating high SDM predictive 

accuracy (Table 1). Partial dependence plots for SDMs showed a positive relationship between 

model fitted functions and distance to the nearest downstream mainstem dam for all six 

migratory species, indicating increased suitability with increasing downstream mainstem habitat 
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availability (Figure S4). Total predicted habitat lengths ranged from 2753 to 8601 river 

kilometers (rkm) among species (Table 3). When predicted habitats were mapped with respect to 

dam locations, 240 of the 2,564 dams (9.4%) in the study region were identified as restricting 

upstream and downstream habitat connectivity for one or more species. Fragmentation caused by 

these dams has resulted in predicted habitats across species being divided into 44–175 total 

patches of varying predicted habitat lengths (i.e., >25, >50, and >100 rkm), showing the degree 

to which native migratory fish habitats are disconnected in the study basin (Table 3). In 

particular, only 7 and 9 patches contain greater than 100 rkm of predicted habitat for lake 

sturgeon and paddlefish, respectively. For bigheaded carps, 3599 rkm of habitat is estimated 

within the basin among 44 river patches. Comparisons of estimated bigheaded carp habitat and 

predicted habitats for native migratory fish species indicated a varying degree of potential habitat 

overlap within the study basin (Table 4). Paddlefish, blue sucker, and shovelnose sturgeon had 

the highest overlap, ranging from 55–67% of total habitat length and 57–77% of river patches. 

Overlap was much lower for lake sturgeon, river redhorse, and greater redhorse, ranging from 

10–24% of total habitat length and 14–28% of river patches. 

3.2 Dam removal and fishway construction cost estimates 

Forward stepwise selection of predictors for the GLM dam removal cost model selected 

dam height, dam age, estimated stream discharge, and dam type, which were then used in the 

final GAM model for dam removal costs (R2 = 0.71). Results for individual predictors indicated 

that increased dam height, dam age, and estimated annual stream discharge resulted in increased 

dam removal costs (Figure 4a), while arch and concrete buttress dams are more expensive to 

remove than other dam types (e.g., earthen, timber crib, concrete, etc.). Stepwise selection of 

predictors for fishway cost selected dam height, estimated stream discharge, and dam type 
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resulting in a final GAM model with an R2 = 0.59. Similar to dam removal cost, partial 

dependence plots of dam height and estimated stream discharge generally showed increases in 

fishway construction costs with increased dam height and stream discharge (Figure 4b).  

Of the 240 dams impairing fish connectivity in the study basin, 111 dams were identified 

under the ‘no invasives’ scenario as candidates for either dam removal or fishway construction, 

with dam removal cost estimates averaging $1.44M USD (sd = $2.09M) and fishway 

construction cost estimates averaging $1.34M (sd = $1.46M). For 129 additional dams where 

only fishways were considered (i.e., hydroelectric and lock dams), fishway costs averaged 

$7.20M (sd = $8.71M). Under the ‘invasives’ scenario, 100 dams were identified as candidates 

for either dam removal or fishway construction, with averages of $1.46M (sd = $2.19M) for dam 

removal and $1.22M (sd = $1.42M) for fishway construction. Another 85 dams where only 

fishway construction was considered had estimated costs averaging $3.49M (sd = $3.09), while 

55 remaining dams that were either restricting movement among existing habitats or blocking 

upstream advancement of bigheaded carps were given a static cost of $23.7M for lift-and-sort 

passage structures (see methods). 

3.3 Optimization results for the ‘no invasives’ vs. ‘invasives’ scenarios 

 As expected, vastly different results were found for the ‘no invasives’ and ‘invasives’ 

scenarios. Cost-benefit curves for ‘no invasives’ and ‘invasives’ scenarios reveal that that 

scenarios involving mitigation options aimed at limiting the spread of invasive bigheaded carps 

(‘invasives’ scenario) yield much lower habitat gain for any given budget level than when only 

non-selective dam removal and fishway construction mitigation options are considered (‘no 

invasives’ scenario; Figure 5). Indeed, habitat gains up to a budget of $100M for a given post-

mitigation passability level (i.e., low, moderate, or high) under the ‘invasives’ scenario were 
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generally half or less of those under the ‘no invasives’ scenario. For instance, with a budget of 

$50M and high post-mitigation passabilities for fish passage structures, potential habitat gains 

were ~60% for ‘no invasives’scenario compared to ~20% for ‘invasives’ scenario. Comparing 

costs for habitat gains ranging from 10–50% for low, moderate, and high post-mitigation 

passabilities indicates that optimizations accounting for invasive species are 3–6 times more 

costly than optimizations that do not consider invasive species (Table 5). In addition, comparison 

of mitigation options (i.e., dam removal, fishway construction, and lift-and-sort fish passage) 

indicates that dam removals are more frequently selected at lower budgets, whereas fishways and 

lift-and-sort fish passage structures are increasingly favored at higher passabilities and budgets 

(Figure S7). 

 Similarly, habitat gains for individual species also differed between scenarios, with 

greatly diminished potential habitat gains under the ‘invasives’ scenario for most species (Figure 

6). Substantial differences between the ‘no invasives’ and ‘invasives’ scenarios occurred for 

paddlefish, shovelnose sturgeon, and blue sucker. For these species, potential habitat gains based 

on the ‘invasives’ scenario with high passabilities were either comparable or lower than gains 

under the ‘no invasives’ scenario with moderate passabilities. Further, under the ‘invasives’ 

scenario with low passabilities, gains for these species were minimal (e.g., 10–25% range) even 

with large budgets, demonstrating very limited mitigation opportunities due to the need to opt for 

less efficient fish passage structures instead of dam removals. Larger potential habitat gains were 

observed for lake sturgeon, river redhorse, and greater redhorse under the ‘invasives’ scenario. 

However, even for these species, gains were more limited under the ‘invasives’ scenario 

compared to the ‘no invasives’ scenario. Greater redhorse had the highest potential gains of any 

species due to a combination of having the greatest amount of predicted habitat and the least 
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habitat overlap with bigheaded carps. Overall, habitat gains among species varied based on 

potential habitat overlap with invasive species and post-mitigation passabilities, ranging from 

0.4–58.9% for the ‘invasives’ scenario and 7.9–95.6% for the ‘no invasives’ scenario given a 

$50M USD budget. Differences in results between scenarios given low, moderate, and high post-

mitigation passabilities highlight the importance of fish passage efficacy for alternative 

mitigation projects in maximizing potential habitat gain (Figure 6).  

 Comparison of the number of times a dam was selected for mitigation action across 

budgets in the range $1–500M (dam removal or fish passage structure) for the ‘invasives’ and 

‘no invasives’ scenarios showed the spatial influence of bigheaded carps on optimization results 

(Figure 7). Dams selected for mitigation in the ‘no invasives’ scenario included those along the 

Mississippi River mainstem and lower tributaries, however for the ‘invasives’ scenario, many of 

these dams were excluded in favor of mitigating dams located outside of the current bigheaded 

carp distribution. The comparison also highlighted dams that were regularly included in both ‘no 

invasives’ and ‘invasives’ scenarios, mainly dams found in the upper tributaries of the 

Mississippi River above the current distribution of bigheaded carps (e.g., dams along the Saint 

Croix River and upper tributaries), but also some mainstem (e.g., Lock and Dam 3, 18, and 19) 

and large tributary dams that could be managed for selective passage to exclude bigheaded carps. 

Certain dams were selected in more than 99% of optimization runs across budgets, indicating 

that mitigation of these dams have great potential to enhance river connectivity even at lower 

budgets. 

4. DISCUSSION 

 In this study, we combined native fish species distribution models, known distributions of 

two invasive fish species, and predicted mitigation costs for dam removals and fishway 
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construction to target connectivity restoration for multiple migratory fish species of conservation 

importance. Our work represents an advancement over previous efforts that typically focus on 

one or a handful of desirable species, account for at most one invasive species, consider only 

anadromous migration patterns, and only consider one mitigation option (e.g., dam removal) at 

dam locations. We developed an approach to plan barrier mitigations over a broad spatial extent 

encompassing the Upper Mississippi River, likely leading to greater efficiencies in identifying 

potential habitat gains as compared to analyses conducted at individual jurisdictions such as 

states (Neeson et al., 2015; Milt et al., 2017). For migratory fish species, there is a clear need for 

managing these species with long distance migratory pathways spanning multiple jurisdictions 

(Jager et al., 2016; Tripp et al., 2019) and intersected by hundreds of dams within a large river 

system as in the current study. Methods presented here can be used to identify a portfolio of 

dams that can be scrutinized in finer detail, allowing analysis of potential mitigation projects to 

include factors that are less readily quantifiable. This includes feedback of experts with local 

knowledge of river systems and biotic conditions. In such a process, broad-scale assessments 

such as that provided by this study can provide a means of reducing a large set of potential 

projects to a much smaller and manageable shortlist of projects that can be evaluated with locally 

available information and expertise. Ultimately, assessments involving broad- and local-scale 

information can more effectively identify potential dam mitigation projects by evaluating various 

ecological and economic tradeoffs that can range in scale from the management of individual 

dams (e.g., Turney, 2020) to basin-wide evaluations (e.g., Milt et al., 2018). 

 Our case study in the UMR comparing mitigation costs between the ‘no invasives’ and 

‘invasives’ scenarios indicated that costs are 3 to 6 times higher to achieve a desired level of 

connectivity enhancement when invasive species are considered. Comparison among species 
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showed large differences both within and among species depending upon scenario and post-

mitigation passability levels. For species with a high degree of potential habitat overlap with 

invasive bigheaded carps, such as paddlefish, shovelnose sturgeon, and blue sucker, potential 

habitat gains achieved under the ‘invasives’ scenario were greatly diminished compared to the 

‘no invasives’ scenario. These results not only highlight the importance of limiting further 

bigheaded carp spread within the UMR which would further limit opportunities of increasing 

habitat connectivity for native species but also emphasize the consequences of invasive species 

establishment and spread in other river basins where dam mitigation is being considered. 

4.1 Can connectivity for native migratory fishes be improved despite ongoing fish 

invasions? 

 Results of this study demonstrate the complexity and high costs associated with 

enhancing connectivity for native migratory species while simultaneously preventing dispersal 

and establishment of invasive fishes. Nonetheless, we identified dams that could be targeted for 

mitigation and still limit invasive species dispersal. In particular, dams that were repeatedly 

selected for mitigation irrespective of differences in budget, passabilities, and invasive species 

distributions were identified and mapped. In many cases, these included dams in upper 

tributaries of the Mississippi River above the current distribution of invasive bigheaded carps, 

however they also included some dams where selective mitigation (i.e., lift-and-sort fish 

passage) could be used to increase connectivity along the UMR mainstem and its tributaries 

where bigheaded carps presently occur. These results indicate the value of reestablishing 

connectivity to major tributaries of the UMR and are supported by studies demonstrating the 

importance of tributaries in maintaining fish biodiversity within large river systems (Pracheil et 

al., 2013). This habitat connectivity is particularly important for migratory fishes, which often 
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require access to habitat not only along river mainstems but also their tributaries, which provide 

important areas for recruitment (Pracheil et al., 2009; Spurgeon et al., 2018) and can provide 

important conservation targets for restoring habitat connectivity (Pracheil et al., 2019). 

 In this study we included lift-and-sort fish passage structures as an option for dams that 

would limit dispersal and spread of invasive bigheaded carps, including at lock and dam 

locations (Wilcox et al., 2004). Lift-and-sort fish passages are expensive to build, require human 

labor to identify and sort fishes, and are operated only at certain times. This can make them less 

efficient compared to traditional fishways, particularly when a series of dams is involved 

(Nieminen et al., 2017). However, for a smaller subset of dams, lift-and-sort passage structures 

may be a feasible option for selective passage of native species in areas where bigheaded carp 

are present and there is a need to prevent their upstream advancement (Wilcox et al., 2004). In 

particular, Mississippi Lock and Dam 3, 18, and 19 were identified in the ‘invasive’ scenario 

runs as being locations with potential for selective habitat connectivity gains for the native 

migratory species despite higher economic costs and lower passabilities compared to traditional 

fishways. Since Lock and Dam 19 is a high-head dam with low baseline passability rates (Tripp 

et al., 2014), it has been viewed as a “pinch point” in limiting bigheaded carp dispersal in the 

UMR (Fritts et al., 2020) and may also provide an opportunity to selectively pass native species 

as indicated by results in this study. Aside from lift-and-sort structures, the need to restore 

connectivity for desirable species while restricting bigheaded carps has spurred various strategies 

within the UMR, including a combination of deterrence strategies (e.g., electric currents, 

bubbles, and noise) and modifications to gate and lock operation. Future prioritization work 

could evaluate these and other alternatives, however, they are unlikely to be completely effective 

at limiting invasive species passage (Rahel and McLaughlin, 2018). Zielinski et al. (2020) 
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suggest an innovative method of selectively passing desirable fish species modeled on single-

stream material recycling, where multiple sorting technologies are used to separate fish based on 

their physical characteristics. While some of these potential solutions are still in testing and 

development, they could represent future options for selective fish passage within the UMR and 

other river basins where selective barrier mitigations are needed. 

4.2 Coupling species distribution models with dam mitigation prioritizations 

 By integrating predicted suitable habitat length and dam fragmentation data, this study 

demonstrates the benefits of utilizing SDMs in barrier prioritizations. Although numerous 

measures have been generated to quantify stream connectivity in barrier prioritizations (King and 

O’Hanley, 2016; McKay et al., 2017), few approaches explicitly incorporate habitat suitability 

for individual species, instead relying upon either structural connectivity measures (e.g., total 

stream length) or coarse surrogates of species habitat usage (e.g., species ranges; Fitzpatrick et 

al., 2021). Such approaches assume (either explicitly or implicitly) that all river reaches are 

equally suitable or are of equal quality, very likely leading to suboptimal solutions that 

overestimate habitat availability for target species. By utilizing SDMs in this study as well as 

weightings for multiple species based on imperilment status, our approach is likely to promote 

better efficiency over approaches where each species is considered independently (Milt et al., 

2018). Nevertheless, the choice of relative weightings for species can alter fish passage project 

selection and tradeoffs among beneficiary species (Neeson et al., 2018). 

A further benefit of using SDMs is the ability to incorporate other (non-dam) stressors in 

model development, as habitat restoration projects are at risk of failure if the full scope of 

human-induced changes to riverine landscapes are not considered (Bond and Lake, 2003, Palmer 

et al., 2005, Bernhardt and Palmer, 2011). Barrier mitigation projects that fail to consider habitat 
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suitability can encourage the use of poorer quality habitats among individuals, reducing overall 

species fitness (i.e., “ecological traps”; McLaughlin et al., 2013). Previous barrier prioritizations 

have included non-barrier forms of human disturbance such as water quality conditions, 

imperviousness, and land use within watersheds (e.g., Hoenke et al., 2014; Diebel et al., 2015), 

which offer a means of targeting the reconnection of higher quality stream habitats. Including 

multiple forms of human disturbance to river networks (e.g., agriculture, urbanization, point 

source pollutant locations, etc.) as predictors in SDMs could aid in achieving restoration 

objectives involving dam mitigation actions by accounting for these species-habitat relationships 

and ensuring that suitable or higher quality habitats are represented, making them ideal for 

inclusion in species-based prioritizations. 

4.3 Study limitations 

Efficacy of fish passage structures has primarily been studied for Salmoniformes and 

Clupeiformes (Bunt et al., 2012; Noonan et al., 2012), with the range of fish passability values 

for traditional fishways and lift-and-sort structures from these studies being used as the basis for 

the low, moderate, and high passability estimates used in this study. However, far less is known 

about fish passage rates at fish passage structures for large-bodied species such as sturgeon 

(Jager et al., 2016). For lock and dam structures, annual average length of time gates were open 

was used as a surrogate for baseline pre-passability values, however gate operation (i.e., degree 

of openness) can vary both annually and seasonally with discharge conditions (Tripp et al., 2014; 

Bouska et al., 2019), leading to differing potential passabilities based on these factors. Further, 

fish passage can occur through locks during their operation (Fritts et al., 2020), including low 

levels of fish movement during closed gate conditions (Finger et al., 2020). We recognize that 

passability at dams can vary depending upon a number of factors, such as species-specific 
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swimming capabilities, life stage, direction of movement (i.e., upstream or downstream) and 

physical characteristics of individual dams (Ioannidou and O’Hanley, 2019). For instance, 

previous research on large-bodied migratory species in the Mississippi River suggests that 

downstream passability at dams can be much greater than upstream passability (Tripp et al., 

2014). Passability estimates are often a critical aspect of dam prioritizations, and a determination 

of how passability will be defined and how uncertainty in passability will be handled is key 

(Kemp and O’Hanley, 2010; McKay et al., 2013). Gathering this passability information may 

require extensive additional work (Bourne et al., 2011), such as use of field measurements (e.g., 

Diebel et al., 2015) or the development of predictive statistical models (e.g., Januchowski-

Hartley et al., 2014). Such information would help inform passability estimates used in this and 

other dam prioritization studies and is an area of need in the evaluation of species-specific fish 

passage mitigation projects. 

Dam and stream attributes were used in this study to develop both dam removal and 

fishway construction cost models. We acknowledge that estimates for dam removal or fishway 

construction based on models such as those developed in this study may be imprecise, 

particularly given the wide variety of conditions that may exist among dam locations. Actual 

dam removal and fishway construction costs often vary based on site specific characteristics, 

degree of contamination cleanup, and regional project cost differences. Some of these factors can 

be unforeseen even after site-specific feasibility assessments have been conducted in view of 

geological conditions (e.g., extensive subsurface bedrock) or culturally significant findings that 

require modified project plans. Many of the fishways with cost information used in our fishway 

cost model were designed for species such as alewife (Alosa pseudoharengus), blueback herring 

(Alosa aestivalis), and American shad (Alosa sapidissima). For larger-bodied species such as 
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lake sturgeon, shovelnose sturgeon, and paddlefish, fishway construction costs are likely to be 

higher to meet fish passage needs for these species. Further, differences in fishway design (e.g., 

technical vs. nature-like) could account for differences in overall implementation costs and are 

not accounted for in the current study. Nonetheless, the models developed in this study rely on 

intuitive predictors, such as dam height, construction type, and age that have been successfully 

utilized in dam removal cost models in other studies (Zheng et al., 2009; Neeson et al., 2015). 

We also recognize that unmapped in-stream structures (e.g., road culverts in many regions) may 

also block fish movements in smaller channels; our modeling approach could be extended to 

account for these structures as spatial data on their locations improves (Fitzpatrick and Neeson, 

2018). 

4.4 Conclusion 

 Invasive fishes represent a pervasive threat to native fish globally, requiring approaches 

that foster native fish conservation while simultaneously managing for invasive fishes. Access to 

information at multiple spatial scales is increasingly acknowledged as being critical for making 

management decisions across large regions, including assessing the effectiveness of barrier 

mitigation to achieve management objectives given limited resources (Januchowski-Hartley et 

al., 2014, King and O’Hanley, 2016). Using information derived in this study, potential 

mitigation actions (i.e., dam removal and fish passage construction) for hundreds of dams was 

evaluated at a very large spatial extent. This approach can be replicated in other regions facing 

similar stream habitat connectivity dilemmas, including regions where dam building is occurring 

to meet increasing water supply and energy needs, helping managers and other stakeholders 

better understand the socioeconomic and ecological benefit/cost tradeoffs associated with dam 

mitigation in riverine landscapes facing ongoing species invasions. 
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Table 1. Fish species names, number of presences used in species distribution modeling, and 

area under the receiver operating characteristic curve (AUC) based on 10-fold cross-validation. 

Abbreviations for U.S. states with 2015 Species of Greatest Conservation Need (SGCN) listings 

within the study region are also included. 

Family/species Common name Presences AUC 
States with 

SGCN listing 

Acipenseridae      

 Acipenser fulvescens Lake sturgeon 57 0.98 
IA, IL, IN, MN, 

MO, WI 
 Scaphirhynchus platorynchus Shovelnose sturgeon 50 0.97 IA, MO, SD 

Catostomidae     

 Cycleptus elongatus Blue sucker 150 0.98 
IA, MN, MO, 

WI, SD 
 Moxostoma carinatum River redhorse 404 0.94 IA, IL, MO, WI 
 Moxostoma valenciennesi Greater redhorse 168 0.90 IL, IN 

Polyodontidae     

  Polyodon spathula Paddlefish 42 0.97 
IA, IL, MN, 

MO, WI 

 

Table 2. Dam and stream attributes evaluated as predictors for dam removal and fishway 

construction cost models. Dam attributes were sourced from the National Anthropogenic Barrier 

Dataset (NABD), while stream attributes were obtained from the National Hydrography Dataset 

Plus Version 2 (NHDPlusV2). 

Type/predictor Description Units 

Dam attributes   

 Dam height Dam structural height m 
 Dam length Dam structural length m 

 Reservoir storage 
Reservoir storage volume under normal 

storage conditions 
ha/m 

 Age Dam age years 

 Dam type Dam construction type n/a 
 Owner type Ownership type (private vs. public) n/a 
 Dam purpose Main dam operation purpose n/a 
 Hazard Hazard status for dam failure/breach n/a 

Stream attributes   

 Stream discharge 
Estimated mean annual stream discharge 

(1971–2000) 
m3/s 

 Stream order Strahler stream order n/a 

  Stream gradient Slope of the stream reach m/m 
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Table 3. Total predicted habitat length within the study region for six native migratory fish 

species along with overall number of patches containing predicted habitat and those with >25, 

>50, and >100 river kilometers (rkm) of predicted habitat length. 

Common name 

Predicted 

habitat 

length (rkm) 

Total 

patches 

Patches 

>25 rkm 

Patches 

>50 rkm 

Patches 

>100 rkm 

Paddlefish 2766 46 28 18 9 

Lake sturgeon 2753 72 27 14 7 

Shovelnose sturgeon 3508 44 22 19 12 

Blue sucker 3880 48 36 25 13 

River redhorse 5283 92 51 32 16 

Greater redhorse 8601 175 81 49 18 

 

Table 4. Estimated overlap in habitat length and number of patches containing habitat between 

six native migratory fish species and invasive bigheaded carps. 

Common name 

Habitat 

overlap 

(rkm) 

% Habitat 

overlap 

Patch 

overlap 

% Patch 

overlap 

Paddlefish 1744 63.1 29 63.0 

Lake sturgeon 568 20.6 13 18.1 

Shovelnose sturgeon 1937 55.2 25 56.8 

Blue sucker 2604 67.1 37 77.1 

River redhorse 1270 24.0 26 28.3 

Greater redhorse 820 9.5 24 13.7 
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Table 5. Comparison of costs and cost factors for combined habitat gain ranging from 10–50% for the ‘no invasives’ and ‘invasives’ 

scenarios given high, moderate, and low post-mitigation passability levels. Cost factors are defined as the multiplicative cost increase 

between the ‘no invasives’ and ‘invasives’ scenarios for a given habitat gain and passability level. Note, habitat gains beyond 30% are 

not achievable in the ‘invasive’ scenario with low passability and are unavailable for comparison. 

    High       Moderate       Low   

 Cost (millions USD)    Cost (millions USD)    Cost (millions USD)   

Habitat 

gain % 

No 

Invasives Invasives 

Cost 

factor   

No 

Invasives Invasives 

Cost 

factor   

No 

Invasives Invasives 

Cost 

factor 

10 3 8 2.7  6 15 2.5  11 31 2.8 

15 7 23 3.3  10 46 4.6  21 98 4.7 

20 9 46 5.1  15 71 4.7  42 173 4.1 

25 10 59 5.9  21 106 5.0  69 286 4.1 

30 13 74 5.7  33 132 4.0  107 445 4.2 

35 18 88 4.9  48 175 3.6  158 n/a n/a 

40 22 99 4.5  55 217 3.9  238 n/a n/a 

45 29 122 4.2  63 277 4.4  352 n/a n/a 

50 37 139 3.8   77 322 4.2   470 n/a n/a 
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FIGURE HEADINGS 

Figure 1. Map of the study region within the Upper Missippi River (UMR) showing 2,564 large 

dam locations, streams with an estimated mean annual discharge ≥ 1 m3/s, and state boundaries. 

Patch catchments, representing subdivisions of the basin at large dam locations, are shown in 

inset (a) while the study basin (hatched area) is shown in relation to the broader Mississippi 

River basin boundary in inset (b). 

Figure 2. Flow diagram of our study’s approach to prioritize dam mitigation in order to compare 

‘no invasives’ vs. ‘invasives’ scenarios for low, moderate, and high post-mitigation passability 

levels. 

Figure 3. Predicted species distributions for paddlefish (a), lake sturgeon (b), shovelnose 

sturgeon (c), blue sucker (d), river redhorse (e), and greater redhorse (f) within their native 

ranges for the study basin. 

Figure 4. Partial dependence plots of GAM models showing the marginal effects of predictors 

on predicted dam removal (a) and fishway construction (b) costs when all other predictors are 

held at their means. Solid lines represent mean responses, dashed lines represent 95% confidence 

intervals, and ticks along the x-axis show predictor variable distributions. Estimated degrees of 

freedom are indicted in y-axis labels of smoothed variables. 

Figure 5. Optimized cost-benefit curves of habitat gain versus budget for the ‘no invasives’ 

scenario (blue) and ‘invasives’ scenario (red) with individual lines corresponding to low (dotted), 

moderate (dashed), and high (solid) post-mitigation passability. 

Figure 6. Species-specific cost-benefit curves for paddlefish (a), lake sturgeon (b), shovelnose 

sturgeon (c), blue sucker (d), river redhorse (e), and greater redhorse (f) showing habitat gain 

versus budget for the ‘no invasives’ scenario (blue) and ‘invasives’ scenario (red), with 

individual lines corresponding to low (dotted), moderate (dashed), and high (solid) post-

mitigation passability. Note, unlike with combined habitat gain (Figure 5), habitat gain for 

individual species does not necessarily monotonically increase with budget due to tradeoffs 

among species. 

Figure 7. Maps showing the percentage of times a dam was selected for mitigation under the ‘no 

invasives’ (a) and ‘invasives’ (b) scenarios across budgets in the range $1–500M USD. Note, 

results are pooled over the low, moderate, and high post-passability levels. Dams displayed 

represent only those reducing connectivity among predicted habitats for one or more species (n = 

240). 
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