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Title
Minimizing opportunity costs to aquatic connectivity restoration while controlling an invasive

species

Abstract

Controlling invasive species is critical for conservation but can have unintended consequences
for native species and divert resources away from other efforts. This dilemma occurs on a grand
scale in the North American Great Lakes, where dams and culverts block tributary habitat access
for desirable fish species and are also a lynchpin of long-standing efforts to limit ecological
damage inflicted by invasive, parasitic sea lamprey. Habitat restoration and sea lamprey control
create conflicting goals for managing aging infrastructure. Here, we use optimization to
minimize opportunity costs to habitat gains for 37 desirable migratory fishes that arise from
restricting sea lamprey access (0-25% increase) when selecting barriers for removal under a
limited budget ($1-105M). Imposing limits on sea lamprey habitat reduces gains in tributary
access for desirable species by 15-50% relative to an unconstrained scenario. Working around a
sea lamprey access cap is costly for 30 of 37 species (e.g., an additional $20-80M for lake
sturgeon), and often requires >5% increase in sea lamprey access to be feasible. Narrowly
distributed species exhibit the highest opportunity costs, but also benefit more at lower cost from
allowing small increases in sea lamprey access. Our results illustrate the value of optimization
for limiting opportunity costs when balancing invasion control against restoration benefits for
diverse desirable species. Such tradeoff analyses are essential for expanded efforts in the
conservation community to restore connectivity within fragmented rivers without unleashing

invaders.
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Introduction

Construction of dams and road crossing structures is widely viewed as a profound threat to
riverine animals. These barriers can prevent fish and other species from accessing critical habitat
for breeding or feeding (Fuller et al. 2015), leading to growing desire to remove barriers.
However, these same barriers can be important to blocking the spread of aquatic invasive species
(Fausch et al. 2009; Vélez-Espino et al. 2011). Thus, removing barriers can give rise to conflicts
between conservation goals (Peterson et al. 2008; Kopf et al. 2017). Identifying balanced sets of
barrier removals is further complicated by variation in the life history needs and conservation
status of affected species, the configuration of river networks and barriers, and funding
constraints. In any river network with more than a few dozen barriers, such a problem requires
sophisticated optimization techniques that can assist decision making by quantitatively

comparing the consequences of barrier removal combinations (King et al. 2017).

Both species invasions and river fragmentation are key conservation challenges from
local to global scales but are generally considered separately. Human-mediated biological
invasions are a leading contributor to species declines and extinctions in aquatic ecosystems
(Harrison & Stiassny 2004) and also alter ecosystem processes (Vander Zanden et al. 2016) and
service provisioning (Pejchar & Mooney 2017). Mitigating the effects of invasive species can be
costly (Zavaleta 2000; Olson & Roy 2002), so controlling them preemptively is ideal. As dams

and road culverts have proliferated worldwide (Laurance et al. 2014; Grill et al. 2015), these
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barriers have sometimes fostered species invasions by shifting water temperatures and creating
standing water habitats (Closs et al. 2015). Barriers fragment river networks, alter flow
dynamics, sediment transport, and nutrient cycling (Closs et al. 2015) and hinder animal
movement (Fuller et al. 2015). Man-made barriers that inhibit dispersal of native species within
river networks also inhibit expansion of harmful invaders, thereby protecting economically
valuable or endangered native species (Fausch et al. 2006; Scott et al. 2010). Concerns about
both connectivity and infrastructure degradation have spurred efforts to remove barriers from
rivers (Doyle et al. 2008), but consequent increased invasion risk is rarely considered

simultaneously.

Tradeoffs between connectivity restoration and invasion control are exemplified by
management of thousands of tributary rivers flowing into the North American Great Lakes. Of
42 native and commercial migratory fishes (McLaughlin et al. 2006; Landsman et al. 2011;
Moody et al. 2017), many have suffered from overfishing, habitat degradation, and loss of access
to breeding habitat. Species invasions, most prominently the parasitic sea lamprey(Limburg &
Waldman 2009), have further pressured desirable fishes. Sea lamprey (Petromyzon marinus)
were introduced to the Great Lakes in the early 1900s and subsequently contributed to the
collapse of several fisheries, including lake trout (Salvelinus namaycush), whitefish (Coregonus
clupeaformis), and cisco (Coregonus spp.) and reduction of burbot (Lota lota), walleye (Sander
vitreus), and rainbow trout (Oncorhynchus mykiss) populations in all five Great Lakes (Hubbs &
Pope 1937; Smith & Tibbles 1980). Consequently, Great Lakes sea lamprey are the focus of one
of the world’s largest and oldest invasive species control programs. To suppress sea lamprey
populations to a fraction of historical levels (Sullivan et al. 2015; Hansen et al. 2016), annually

this program spends millions of dollars on chemical lampricides (Great Lakes Fishery
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Commission 2008) and construction and maintenance of barriers (Lavis et al. 2003). Seasonal
trapping is used to assess spawning-phase sea lampreys while also reducing reproductive success
in trapped streams (Heinrich et al. 2003; Jones et al. 2009), and researchers continue to work on
pheromone attractants and repellents and selective fish passage structures. These experimental
technologies may one day enable full removal of tributary barriers without enhancing sea
lamprey populations but are not currently viable alternatives to migration barriers and

lampricides.

Over recent decades, interest in connectivity restoration has led to removal of dozens of
dams and replacement of hundreds of road culverts. Some such projects were paid for by the
$1.7B U.S. Great Lakes Restoration Initiative between 2010-2017 (Great Lakes Restoration
Initiative 2017), with the specific goal of restoring aquatic organism passage (Burroughs et al.
2010; Bunt et al. 2012). These underscore the need to strategically assess potential barrier
removals in a way that maximizes habitat available to desirable species while also minimizing
habitat available to harmful sea lamprey (McLaughlin et al. 2007). A few previous studies have
addressed this balance, but without explicitly accounting for the biogeography and diversity of

beneficiary species (Zheng et al. 2009; Vélez-Espino et al. 2011).

In this paper, we quantify the tradeoffs between habitat gains for desirable migratory
fishes versus sea lamprey during connectivity restoration in Great Lakes tributaries. Specifically,
we first assess the degree to which limiting access for sea lamprey to spawning habitat affects the
ability to restore access for 37 desirable species. Second, we evaluate whether such opportunity
costs can be overcome by paying a premium for removals that avoid sea lamprey habitats. We
use a basin-wide barrier removal optimization model that maximizes accessibility-weighted

habitat for individual desirable species while limiting access for sea lamprey. We conclude with
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recommendations for decision makers faced with situations where restoration has both positive

and negative consequences for conservation.

Materials and methods

Great Lakes Tributary Connectivity

This analysis was conducted with the same 1:100,000-scale tributary hydrography and
barrier datasets described in Moody et al. (2017). Historical access to Great Lakes tributaries is
limited by an estimated 4,417 dams and 99,936 road crossings, resulting in only 15% of potential
stream habitat (2,082 km?) being accessible to migratory fishes after accounting for partially-
passable barriers (Neeson et al. 2015). We defined the gain in habitat access resulting from
barrier removal as the increase in accessibility-weighted tributary area for fish migrating
upstream from the Great Lakes (O’Hanley & Tomberlin 2005; Zheng et al. 2009). Cumulative
accessibility of a stream reach for a fish was defined as the probability that a fish can bypass all
downstream barriers and calculated as the product of passabilities of those barriers (O’Hanley &
Tomberlin 2005). Consequently, it also reflects the expected fraction of a migrating population
that can access the full reach beyond the barrier. For example, a 1-km? section of stream above a
series of two road culverts that each has passability 0.5 for species X would have an
accessibility-weighted area of 0.25 km? — 25% of fish species X would be able to use 100% of
the habitat - which would increase to 0.5 km? (and 50% of fish species X) if one of these two
culverts were replaced. The intent is to approximate the total potential use of upstream habitat
given a set of downstream barriers. Since most dams lack specialized fish-passage structures —
though see Hatry et al. (2013) for a treatment of Canadian structures - and have either unknown

height or exceed the height that desirable fish can jump, all dams were assigned a passability of
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zero. Culvert passability was calculated as the product of (1) the probability that a culvert’s
downstream end is perched above the receiving stream level (and is thus impassable to most,
non-jumping fish), and (2) the probability that the water velocity in the culvert exceeds a fish’s
sustainable swimming speed (Januchowski-Hartley et al. 2014). Moody et al. (2017) assigned
each species to one of three guilds based on adult sustained swimming speed, so every culvert
has three guild-associated passability values. Removing a dam or replacing a culvert increases
access to upstream habitat by changing that barrier’s passability to one, which also increases the

cumulative passability of upstream barriers.

We focused on 37 native or introduced desirable migratory fish species that vary in their
historical range as well as their overlap with sea lamprey (Figure 1 and Figure 2). Species ranges
were estimated at the watershed scale using historical point observations collated from over
thirty data sources including fishery surveys, bioassessments, and museum records for every
state and province in the basin (Khoury et al. 2018). Data points further than 100 m from a
channel were verified. Any tributary in which >1-point observations of a species occurred was
considered potential habitat for that species. No species will spawn in all accessible parts of a
tributary, so our potential habitat estimates are liberal but must suffice given the lack of
systematic assessment of migration patterns and microhabitat needs. The tributary habitat area
affected by a particular barrier was calculated by summing the area of all reaches (Moody et al.
2017) beyond the focal barrier weighted by the estimated passability of each upstream barrier
until reaching the river terminus. This includes both mainstem and all tributary reaches. Reach
area was calculated as reach length multiplied by bankfull width estimated from a drainage area

regression (Wilkerson et al. 2014).
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Costs of replacing culverts with fish friendly’ structures were based on estimates of
replacement materials (e.g., culvert structure, fill, road resurfacing) and labor (Neeson et al.
unpublished). Cost components were derived from the Michigan Department of Transportation’s
2015 schedule of pay items (Michigan Department of Transportation 2017). The width of each
structure was derived by estimating bankfull width from a drainage area regression (Wilkerson et
al. 2014). Road crossing structure type was determined by road type and stream bankfull width.
Interstate, highway, and urban roads use concrete structures, rural roads use metal structures, and
all crossings use the lowest cost structure that meets material and size requirements. Dam
removal costs were modeled using a height-cost relationship fitted using inflation-adjusted data
for 108 recent removals (Neeson et al. 2015). Dams without height data (23%) were assigned the

median cost of all dams in the basin for which empirical cost data were available.

Barrier Removal Optimization

To maximize habitat access for desirable species while limiting access for sea lamprey, we
modified the optimization presented in Neeson et al. (2015), in which barriers are chosen for
“removal” to maximize the accessibility-weighted habitat for a single target species, subject to a
removal budget constraint. Here we add a constraint on the total accessibility-weighted habitat

for sea lamprey, of the form

171

j=1

J

where ] is the set of all barriers, indexed by j, 7; (X) is the cumulative passability for sea lamprey
at barrier j, which is a function of the binary vector of barrier removal decisions X, h; is the net

amount of habitat (km?) above barrier j (to the next set of upstream barriers), and u is the cap —
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an upper bound — on accessibility-weighted habitat for sea lamprey. In this way, accessibility-
weighted habitat for both sea lamprey and desirable species changes with every proposed barrier
removal. The algorithm searches over all feasible sets of removals to find the one that maximizes
accessibility-weighted habitat for desirable species while satisfying the cap on accessibility-
weighted habitat for sea lamprey. The optimization model was coded using General Algebraic
Modeling System (GAMS) v24.7.3 and solved using the CPLEX mixed integer linear

programming solver with an optimality tolerance of 1%.

To avoid excessive memory usage, the addition of a cap on sea lamprey access required
us to add a pre-analysis filtering process to the optimization workflow (Supporting Information,
SI). Barriers that had little potential to increase desirable access, were expensive to remove, or
resulted in large increases for sea lamprey access relative to the cap were excluded as candidates
for removal. Preliminary models indicated that this filtering did not affect the ability of the

model to discover a near-optimal set of barrier removals.

Policy scenarios

We explored several scenarios to understand the opportunity costs from capping sea lamprey
access to tributary habitat. Two idealized scenarios illustrate the range of opportunity costs. The
first is a “no-cap” scenario that allows any level of sea lamprey access and reflects the maximum
amount of habitat that could be restored for a species and budget. While this scenario represents
an unrealistic policy, it serves as an important reference point. The second, “no-increase”
scenario places a strict limit of no new sea lamprey access. This is a best-case scenario for sea
lamprey control when focusing exclusively on barrier removals, and most closely reflects the
current policy of the Great Lakes Fishery Commission. Between these two extremes, we

explored a range of compromise scenarios, including 5, 10, 15, 20, and 25% increases in sea
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lamprey access over current, basin-wide accessibility-weighted habitat. These scenarios
represent a spectrum of potential options that could guide management of connectivity in the
future. Scenarios were analyzed over a range of removal budgets: 1, 3, 6, 10, 15, 21, 28, 36, 45,
55, 66, 78, 91, and 105 million US$. Non-uniform budget increments were chosen to resolve the

shapes of return-on-investment curves at low budgets.

Additional metrics were derived from core results. First, we estimated opportunity cost
by calculating the difference in accessibility-weighted habitat between the no-cap scenario and
each of the sea lamprey access-cap scenarios. This value represents the reduced potential to
restore habitat access for a desirable species imposed by the sea lamprey cap beyond that
imposed by budget constraints. Second, we estimated Pareto-style tradeoffs between increased
access for desirable species and limits on sea lamprey access. Third, we estimated the additional
budget required to overcome the opportunity cost by calculating the difference in budget to

achieve a target accessibility-weighted habitat under no-cap versus sea lamprey cap scenarios.

Results

Opportunities for restoring habitat access for desirable migratory fish are strongly controlled by
both the barrier removal budget and sea lamprey access cap (Figure 3). Currently, each migratory
fish species can access an average of 115 km? (95% CI = 10 km?) of tributary habitat across the
basin. Under a no-cap scenario, this access could be tripled for $14M. However, barrier removals
offer diminishing returns. For instance, further increasing accessible habitat to 550 km? would
cost a total of $80M. Individual species vary in both current habitat access and relative gains
from barrier removals (Table S1). At one extreme, mooneye (Hiodon tergisus) currently has 19

km? of accessibility-weighted habitat in the basin. For $15M, access to 96 km? of its 235 km?
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potential range could be restored under a no-cap scenario. At the other extreme, yellow perch
(Perca flavescens) would require $65M for a proportionally similar increase beyond its current

228 km?,

Opportunity costs of a sea lamprey access cap

Capping sea lamprey access imposes limits on opportunities for restoring habitat access
across species. Doubling current average access per species (115 km?) would cost $8-16M
depending on the strictness of the cap (Figure 3). Tripling access, achievable for $14M under a
no-cap scenario, would require both a >20% increase in sea lamprey access and a budget of at
least $78M. Incremental cap increases can enhance access for most desirable species. Interactive
effects of budget level and lamprey constraints diminished at larger budgets; for instance, any
two scenarios with a cap are equidistant beyond $20M budget (Figure 3). Except for three
species — mooneye, bigmouth buffalo (Ictiobus cyprinellus), and river darter (Percina shumardi)
— individual species results were qualitatively like the average. For these three species, >5%-cap

scenarios would boost their access close to the no-cap scenario (Table S1).

Comparing the no-cap to other scenarios revealed that average opportunity costs to
desirable species of capping sea lamprey access increased disproportionately fast as the strictness
of the lamprey cap tightened (Figure 3). At relatively low budgets (<$5M), this opportunity cost
grew quickly to 10-30% beyond the no-cap scenario. This growth slowed at larger budgets; at
$105M, a no-increase cap on sea lamprey access resulted in an opportunity cost of 53% relative
to the no-cap scenario. Conversely, incrementally relaxing the cap from a no-increase starting
point led to reduced opportunity cost, but relaxation beyond the initial 5% had a constant effect
(i.e., in Figure 3 distances between curves above 5% are constant). This is likely due to the high

spatial overlap of species with sea lamprey, such that an increase in sea lamprey access beyond
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5% results in a similar increase in desirable species access. However, some species exhibited
qualitative differences from the average. For example, river darter exhibited an opportunity cost
of 80% at $20M under a no-increase scenario, but that could be reduced to 30% under a 5%-

increase scenario (Table S1).

Importantly, narrowly distributed species exhibited higher opportunity costs from
limiting sea lamprey access, and conversely gained proportionally more from relaxing the cap
(Figure 2 fourth chart, Table S1). At one extreme, mooneye exhibited an opportunity cost of 83%
at $105M under a no-increase scenario, while relaxing the cap to 15%-increase would reduce the
opportunity cost to 2%. At the other extreme, white sucker’s opportunity cost under the same

scenarios only would change from 40% to 37%, respectively.

There were clear tradeoffs between the goals of increasing access for desirable species
relative to current (at $0) levels versus reducing sea lamprey access relative to the no-cap
scenario (Figure 4). At any budget, relaxing the cap benefitted desirable species and sea
lampreys roughly proportionately (Figure 4, curves have slopes near -1). Spending more
improved the relative efficiency of achieving both goals (Figure 4, increasing values with
budget), but gains in habitat access for desirable species were achieved more quickly (Figure 4,

slopes of curves are more negative at larger budgets).

Between the no-cap and no-increase scenarios, the geography and number of barriers
recommended for removal shifted (Figure S1). At $105M, more barriers were removed in the no-
cap scenario (average + 95%-CI over species = 339 + 14) versus the no-increase scenario (298 +
33). Barrier removals were more spatially concentrated in the no-increase scenario (number of

watersheds with >1 removal: 30.8 = 6.9 versus 44.1 + 5.9) as the model avoided watersheds

11
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known to be used by sea lamprey. Under the no-cap, $105M scenario, barrier removals were
concentrated in the Fox (Lake Michigan) and Trent (Lake Ontario) river watersheds (averaged
20% of removals across species). Under the no-increase scenario, barrier removals shifted to Fox

and French (Lake Huron) river watersheds (31%).

Additional investment required to offset opportunity costs of a sea lamprey cap

Species varied in the cost of and degree to which supplementing the removal budget could offset
opportunity costs from capping sea lamprey access (Figure 5). Two distinct patterns emerged.
First, for seven study species with modest ranges (<1000 km?; Figure 2), including American eel
(Anguilla rostrata), mooneye, bigmouth buffalo, white bass (Morone chrysops), pink salmon
(Onchorynchus gorbuscha), channel darter (Percina copelandi), and river darter, an additional
investment of <$10M with some sea lamprey access cap could boost habitat access to 50% of
that range of habitat access achieved in the no-cap scenario (e.g. Figure 5, top). For most of those
species, the sea lamprey access cap would also need to be increased to 25%. For these seven
species, it was costly or impossible to achieve much higher habitat access regardless of further

spending, especially under the no-increase scenario.

Most of the remaining 30 species exhibited less potential to offset the effect of capping
sea lamprey access, and high cost of doing so (Figure 5, bottom). For the state-listed lake
sturgeon (Acipenser fulvescens), 250 km? habitat access could be achieved under the no-increase
scenario at an additional $5M beyond the no-cap scenario. However, to reach 350 km? would
cost an additional $20M-80M and require >5%-increase cap. Further increases in tributary access
for lake sturgeon could not be achieved for any cost. Similar patterns were applicable to many

broadly-distributed species.
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Discussion

Ours is among the first studies to evaluate the collateral damage to numerous desirable species of
controlling invasions at a large spatial scale. Controlling sea lamprey to protect desirable species
has limited opportunities for cost-efficient restoration of habitat access for desirable migratory
fish (Vélez-Espino et al. 2011). We found this approach resulted in an average 15-50% lower
habitat gains for budgets >$5M (Figure 3). Gains of desirable habitat access traded-off with
reductions in sea lamprey access relative to a no-cap scenario at every budget and cap level, but
this compromise could be reduced by spending more (Figure 4). For seven narrowly distributed
species (Figure 2), >50% of this reduced restoration could be regained for <$10M and increased
sea lamprey access. In contrast, we found relatively little scope to offset opportunity costs for the

other 30 species (Figure 5).

Many important Great Lakes fishes benefit from blocking sea lamprey access to
tributaries (Landsman et al. 2011), but more species are impacted by lost access to tributary
spawning grounds (Cheng et al. 2006; Burroughs et al. 2010). Our analyses are a step toward
accounting for impacts of connectivity management on a broad range of migratory species, yet a
comprehensive assessment would require demographic models based on current distributions of
target species — we were limited to historical presence/absence data, value weightings of species,
and accounting for other current (round goby, Neogobius melanostomus) and potential (silver
carp, Hypophthalmichthys molitrix; bighead carp, Hypophthalmichthys nobilis) invaders of Great
Lakes tributaries. Such a comprehensive approach is not possible because even the best-studied
species’ demographics are insufficiently understood. Thus, we assume that every species present
benefits equally per additional unit of access anywhere in a tributary, even though we recognize

that species’ needs differ along tributary penetration, substrate, temperature, and other factors.
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Summing benefits across all species in this study buffers against inability to use demographic

models.

Our findings help to frame barrier removal decisions around questions of societal values.
For example, is a 10% increase in habitat access for dozens of migratory fishes worth an
accompanying 5% increase in sea lamprey access (Figure 4)? Resolving such issues will require
difficult dialogue among parties with conflicting mandates. Our optimization models show that

win-win solutions do exist but are limited in location and scope.

A no-increase scenario for sea lamprey access, a goal of the Great Lakes Fishery
Commission and other fisheries agencies, would concentrate more removals in fewer watersheds.
Such a strategy should boost local populations of desirable species that breed in those watersheds
and could benefit recreational fishing. However, concentrating removals might cushion species
less against environmental variation, stochastic demographic events, and overfishing (e.g.

Schindler et al. 2010).

Restoring connectivity is expensive, may not increase resilience or population size
(Mclaughlin et al. 2013), and consequences are neither uniformly positive nor certain (Smyth
2011) for all fishes. This is true even without accounting for complex interactions with species
invasions. Moreover, maintaining fragmentation can separate hatchery from wild populations,
prevent the spread of disease, and help fish avoid ecological traps (Rahel 2013). Some of these
factors are surely at play for Great Lakes migratory fishes, resulting in overestimation of the
aggregate benefits of increasing connectivity in our model. Though such complexities have been

explored for certain well-studied species in specific tributaries (e.g. Smyth, 2011), it is unknown
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if this generalizes to other species and places. We have elected to focus on benefits for lack of

information to guide a more refined approach.

Future studies could expand upon our approach by performing simultaneous planning
across species. We focused on barrier removal optimizations to benefit a single species while
capping sea lamprey access. Simultaneously planning across all 37 desirable species would
suggest removals that maximize restoration of access for the entire group. Solving such models
is computationally challenging and requires difficult decisions about weighting each species. Our
approach informs conservation of particular priority species and offers a precursor to
multispecies optimization if recommendations are compared or aggregated across species. We
found sufficient disparities in species distributions to create complex trade-offs when
maximizing restoration of habitat access (see also Vélez-Espino et al. 2011), such that one could
achieve greater gains for any single species alone than the average of a joint-optimization. Such
tradeoffs are unavoidable when the overall goal is to improve habitat access for all desirable

species.

Including sea lamprey control strategies other than barrier management (Jones et al.
2015) were beyond the scope of this analysis but could improve outcomes. For instance,
lampricide — lamprey-specific pesticide - application has helped reduce sea lamprey populations
by >85% in most areas of the Great Lakes basin (Great Lakes Fishery Commission 2008).
Complete eradication of sea lamprey from the Great Lakes is implausible (Mullett & Sullivan
2016), but the combination of existing dams, strategic application of lampricides, and selective
passage structures that stop sea lamprey has proven effective in suppressing them (McLaughlin
et al. 2007). Increased access for sea lamprey could trigger demographic feedback mechanisms

leading to explosive population growth (Jones et al. 2003), making other controls more
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necessary. We are unable to account for demographic consequences on commercial and other
desirable species from additional sea lamprey production. In addition, it is beyond the scope of
this study to estimate potential lampricide application costs that might be used to suppress sea
lamprey following barrier removals. Instead, we focus on locating sites where gains for desirable
species can be accomplished while minimizing increases in sea lamprey without additional

controls.

Species invasions will continue to threaten native biodiversity and desirable species for
the foreseeable future. Our findings show how and why we must assess collateral damage from
control. This consideration extends beyond aquatic connectivity in the Great Lakes, for instance
to predator exclusions which may not be complete barriers and may prevent movement of non-
target species (Hayward & Kerley 2009), or in myriad examples where biological or chemical
control affects non-target species (Kettenring & Adams 2011; Kopf et al. 2017). Opportunity
costs to restoration for desirable species are not trivial; there are few win-win options available
in Great Lakes tributary connectivity management. We expect this to be the case generally when
harmful invaders substantially overlap with beneficiaries. Great Lakes sea lamprey control will
likely have to become increasingly reliant on non-barrier strategies, since aging infrastructure
(Doyle et al. 2008), increased storm flows under a changing climate (Cherkauer & Sinha 2010),
and benefits of aquatic connectivity (Moody et al. 2017) all favor barrier removal. Thus,
systematic analyses of restoration options are more important than ever for balancing invasive
species control with these other priorities to achieve ecologically and economically efficient

outcomes.
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Details on barrier removal candidate filtering and spatial distribution of removals
(Appendix S1) and table of species-level results (Table S1) are available online. The authors are
solely responsible for the content and functionality of these materials. Queries (other than

absence of the material) should be directed to the corresponding author.

Literature Cited

Bunt CM, Castro-Santos T, Haro A. 2012. Performance of Fish Passage Structures at Upstream
Barriers to Migration. River Research and Applications 28:457-478. John Wiley & Sons,
Ltd. Available from http://dx.doi.org/10.1002/rra.1565.

Burroughs BA, Hayes DB, Klomp KD, Hansen JF, Mistak J. 2010. The Effects of the Stronach
Dam Removal on Fish in the Pine River, Manistee County, Michigan. Transactions of the
American Fisheries Society 139:1595-1613. Taylor & Francis. Available from
http://dx.doi.org/10.1577/T09-056.1.

Cheng F, Zika U, Banachowski K, Gillenwater D, Granata T. 2006. Modelling the effects of dam
removal on migratory walleye (Sander vitreus) early life-history stages. River Research and
Applications 22:837-851. John Wiley & Sons, Ltd. Available from
http://dx.doi.org/10.1002/rra.939.

Cherkauer KA, Sinha T. 2010. Hydrologic impacts of projected future climate change in the
Lake Michigan region. Journal of Great Lakes Research 36:33-50. Available from
http://www.sciencedirect.com/science/article/pii/S0380133009002184.

Closs GP, Krkosek M, Olden JD. 2015. Conservation of Freshwater Fishes. Cambridge
University Press. Available from https://books.google.com/books?id=pfcTCwAAQBAJ.

Doyle MW, Stanley EH, Havlick DG, Kaiser MJ, Steinbach G, Graf WL, Galloway GE,

17



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

Riggsbee JA. 2008. Aging Infrastructure and Ecosystem Restoration. Science 319:286-287.
Available from http://science.sciencemag.org/content/319/5861/286.abstract.

Fausch KD, Rieman BE, Dunham JB, Young MK, Peterson DP. 2009. Invasion versus Isolation:
Trade-Offs in Managing Native Salmonids with Barriers to Upstream Movement.
Conservation Biology 23:859-870. Blackwell Publishing Inc. Available from
http://dx.doi.org/10.1111/}.1523-1739.2008.01159.x.

Fausch KD, Rieman BE, Young MK, Dunham JB. 2006. Strategies for Conserving Native
Salmonid Populations at Risk from Nonnative Fish Invasions: Tradeoffs in Using Barriers
to Upstream Movement. Fort Collins, CO. Available from
https://www.fs.fed.us/rm/pubs/rmrs_gtr174.pdf.

Fuller MR, Doyle MW, Strayer DL. 2015. Causes and consequences of habitat fragmentation in
river networks. Annals of the New York Academy of Sciences 1355:31-51. Available from
http://dx.doi.org/10.1111/nyas.12853.

Great Lakes Fishery Commission. 2008. Great Lakes Fishery Commission Program
Requirements and Cost Estimates Fiscal Year 2010. Ann Arbor, MI. Available from
http://www.glfc.org/staff/PRCE_10.pdf.

Great Lakes Restoration Initiative. 2017. GLRI Projects. Available from
https://www.glri.us/projects/index.html (accessed May 29, 2017).

Grill G, Lehner B, Lumsdon AE, MacDonald GK, Zarfl C, Reidy Liermann C. 2015. An index-
based framework for assessing patterns and trends in river fragmentation and flow
regulation by global dams at multiple scales. Environmental Research Letters 10:15001.
Available from http://stacks.iop.org/1748-

9326/10/i=1/a=0150017?key=crossref.83de05e4e3a7983ch863cee5880c3db8.

18



404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

Hansen MJ, Madenjian CP, Slade JW, Steeves TB, Almeida PR, Quintella BR. 2016. Population
ecology of the sea lamprey (Petromyzon marinus) as an invasive species in the Laurentian
Great Lakes and an imperiled species in Europe. Reviews in Fish Biology and Fisheries:1—
27. Available from http://dx.doi.org/10.1007/s11160-016-9440-3.

Harrison 1J, Stiassny MLJ. 2004. CREO List of Fish Extinctions since AD 1500.

Hatry C, Binder TR, Thiem JD, Hasler CT, Smokorowski KE, Clarke KD, Katopodis C, Cooke
SJ. 2013. The status of fishways in Canada: trends identified using the national CanFishPass
database. Reviews in Fish Biology and Fisheries 23:271-281. Available from
https://doi.org/10.1007/s11160-012-9293-3.

Hayward MW, Kerley GIH. 2009. Fencing for conservation: Restriction of evolutionary
potential or a riposte to threatening processes? Biological Conservation 142:1-13. Available
from http://www.sciencedirect.com/science/article/pii/S0006320708003649.

Heinrich JW, Mullett KM, Hansen MJ, Adams J V, Klar GT, Johnson DA, Christie GC, Young
RJ. 2003. Sea Lamprey Abundance and Management in Lake Superior, 1957 to 1999.
Journal of Great Lakes Research 29:566-583. Available from
http://www.sciencedirect.com/science/article/pii/S0380133003705176.

Hubbs CL, Pope TEB. 1937. The Spread of the Sea Lamprey Through the Great Lakes.
Transactions of the American Fisheries Society 66:172-176. Taylor & Francis. Available
from http://dx.doi.org/10.1577/1548-8659(1936)66[172: TSOTSL]2.0.CO.

Januchowski-Hartley SR, Diebel M, Doran PJ, Mclintyre PB. 2014. Predicting road culvert
passability for migratory fishes. Diversity and Distributions 20:1414-1424. Available from
http://dx.doi.org/10.1111/ddi.12248.

Jones ML, Bergstedt RA, Twohey MB, Fodale MF, Cuddy DW, Slade JW. 2003. Compensatory

19



427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

Mechanisms in Great Lakes Sea Lamprey Populations: Implications for Alternative Control
Strategies. Journal of Great Lakes Research 29:113-129. Available from
http://www.sciencedirect.com/science/article/pii/S038013300370481X.

Jones ML, Brenden TO, Irwin BJ. 2015. Re-examination of sea lamprey control policies for the
St. Marys River: completion of an adaptive management cycle. Canadian Journal of
Fisheries and Aquatic Sciences 72:1538-1551. NRC Research Press. Available from
https://doi.org/10.1139/cjfas-2014-0567.

Jones ML, Irwin BJ, Hansen GJA, Dawson HA, Treble AJ, Liu W, Dai W, Bence JR. 2009. An
Operating Model for the Integrated Pest Management of Great Lakes Sea Lampreys. The
Open Fish Science Journal 2:59-73. Available from
http://benthamopen.com/ABSTRACT/TOFISHSJ-2-59.

Kettenring KM, Adams CR. 2011. Lessons learned from invasive plant control experiments: a
systematic review and meta-analysis. Journal of Applied Ecology 48:970-979. Blackwell
Publishing Ltd. Available from http://dx.doi.org/10.1111/j.1365-2664.2011.01979.x.

Khoury ML, Herbert M, Yacobson E, Ross J. 2018. Development of tributary conservation
priorities for Great Lakes migratory fishes. Lansing, MI. Available from
https://www.conservationgateway.org/ConservationByGeography/NorthAmerica/wholesyst
ems/greatlakes/watersheds/Documents/Dev_trib_conspriorities GL_migfish.pdf.

King S, O’Hanley JR, Newbold LR, Kemp PS, Diebel MW. 2017. A toolkit for optimizing fish
passage barrier mitigation actions. Journal of Applied Ecology 54:599-611. Available from
http://dx.doi.org/10.1111/1365-2664.12706.

Kopf RK et al. 2017. Confronting the risks of large-scale invasive species control. Nature

Ecology & Evolution 1:172. Available from http://www.nature.com/articles/s41559-017-

20



450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

0172.

Landsman SJ, Nguyen VM, Gutowsky LFG, Gobin J, Cook K V., Binder TR, Lower N,
McLaughlin RL, Cooke SJ. 2011. Fish movement and migration studies in the Laurentian
Great Lakes: Research trends and knowledge gaps. Journal of Great Lakes Research
37:365-379. Elsevier B.V. Available from http://dx.doi.org/10.1016/j.jglr.2011.03.003.

Laurance WF et al. 2014. A global strategy for road building. Nature 513:229-232. Nature
Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved.
Available from http://dx.doi.org/10.1038/nature13717.

Lavis DS, Hallett A, Koon EM, McAuley TC. 2003. History of and Advances in Barriers as an
Alternative Method to Suppress Sea Lampreys in the Great Lakes. Journal of Great Lakes
Research 29:362—-372. Available from
http://www.sciencedirect.com/science/article/pii/S0380133003705000.

Limburg KE, Waldman JR. 2009. Dramatic Declines in North Atlantic Diadromous Fishes.
BioScience 59:955-965. Available from http://dx.doi.org/10.1525/bi0.2009.59.11.7.
McLaughlin RL, Hallett A, Pratt TC, O’Connor LM, McDonald DG. 2007. Research to Guide
Use of Barriers, Traps, and Fishways to Control Sea Lamprey. Journal of Great Lakes
Research 33:7-19. International Association for Great Lakes Research. Available from

http://dx.doi.org/10.3394/0380-1330(2007)33[7:RTGUOB]2.0.CO.

McLaughlin RL, Porto L, Noakes DLG, Baylis JR, Carl LM, Dodd HR, Goldstein JD, Hayes

DB, Randall RG. 2006. Effects of low-head barriers on stream fishes: taxonomic affiliations

and morphological correlates of sensitive species. Canadian Journal of Fisheries and
Aquatic Sciences 63:766—779. NRC Research Press. Available from

http://dx.doi.org/10.1139/f05-256.

21



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

Mclaughlin RL, Smyth ERB, Castro-Santos T, Jones ML, Koops M a., Pratt TC, Vélez-Espino
LA. 2013. Unintended consequences and trade-offs of fish passage. Fish and Fisheries
14:580-604.

Michigan Department of Transportation. 2017. MDOT Bid Letting. Available from
https://mdotjboss.state.mi.us/BidLetting/BidLettingHome.htm (accessed June 7, 2017).

Moody AT et al. 2017. Pet project or best project? Online decision support tools for prioritizing
barrier removals in the Great Lakes and beyond. Fisheries 42:47-56.

Mullett K, Sullivan P. 2016. Sea Lamprey Control in the Great Lakes 2016. Ann Arbor, MI.
Available from
http://lwww.glfc.org/pubs/sicp/annual_reports/ANNUAL_REPORT _2016.pdf.

Neeson TM, Ferris MC, Diebel MW, Doran PJ, O’Hanley JR, McIntyre PB. 2015. Enhancing
ecosystem restoration efficiency through spatial and temporal coordination. Proceedings of
the National Academy of Sciences 112:6236-6241. Available from
http://www.pnas.org/lookup/doi/10.1073/pnas.1423812112.

O’Hanley JR, Tomberlin D. 2005. Optimizing the removal of small fish passage barriers.
Environmental Modeling and Assessment 10:85-98.

Olson LJ, Roy S. 2002. The Economics of Controlling a Stochastic Biological Invasion.
American Journal of Agricultural Economics 84:1311-1316. [Agricultural & Applied
Economics Association, Oxford University Press]. Available from
http://www.jstor.org/stable/1245064.

Pejchar L, Mooney HA. 2017. Invasive species, ecosystem services and human well-being.
Trends in Ecology & Evolution 24:497-504. Elsevier. Available from

http://dx.doi.org/10.1016/j.tree.2009.03.016.

22



496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

Peterson DP, Rieman BE, Dunham JB, Fausch KD, Young MK. 2008. Analysis of trade-offs
between threats of invasion by nonnative brook trout (Salvelinus fontinalis) and intentional
isolation for native westslope cutthroat trout (Oncorhynchus clarkii lewisi). Canadian
Journal of Fisheries and Aquatic Sciences 65:557-573. Available from
https://doi.org/10.1139/f07-184.

Rahel FJ. 2013. Intentional Fragmentation as a Management Strategy in Aquatic Systems.
BioScience 63:362-372. Available from +.

Schindler DE, Hilborn R, Chasco B, Boatright CP, Quinn TP, Rogers LA, Webster MS. 2010.
Population diversity and the portfolio effect in an exploited species. Nature 465:609-612.
Nature Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved.
Available from http://dx.doi.org/10.1038/nature09060.

Scott JM, Goble DD, Haines AM, Wiens JA, Neel MC. 2010. Conservation-reliant species and
the future of conservation. Conservation Letters 3:91-97. Blackwell Publishing Inc.
Available from http://dx.doi.org/10.1111/j.1755-263X.2010.00096.x.

Smith BR, Tibbles JJ. 1980. Sea Lamprey ( Petromyzon marinus ) in Lakes Huron, Michigan,
and Superior: History of Invasion and Control, 1936-78. Canadian Journal of Fisheries and
Aquatic Sciences 37:1780-1801. NRC Research Press. Available from
http://dx.doi.org/10.1139/f80-222.

Smyth ERB. 2011. A Quantitative Evaluation of Fish Passage Options for the Dam on the Black
Sturgeon River. University of Guelph. Available from
https://atrium.lib.uoguelph.ca/xmlui/bitstream/handle/10214/3033/Eric_Smyth_Thesis_Sub
mission.pdf?sequence=1&isAllowed=y.

Sullivan P, Adair R, Woldt A. 2015. Sea Lamprey Control in the Great Lakes 2015. Ann Arbor,

23



519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

MI. Available from http://www.glfc.org/sealamp/ANNUAL_REPORT _2015.pdf.

Vander Zanden JM, Lapointe NWR, Marchetti MP. 2016. Non-indigenous fishes and their role
in freshwater fish imperilment. Pages 238-269in G. P. Closs, M. Krkosek, and J. D. Olden,
editors.Conservation of Freshwater Fishes, 1st edition. Cambridge University Press,
Cambridge.

Veélez-Espino LA, McLaughlin RL, Jones ML, Pratt TC. 2011. Demographic analysis of trade-
offs with deliberate fragmentation of streams: Control of invasive species versus protection
of native species. Biological Conservation 144:1068-1080. Available from
http://www.sciencedirect.com/science/article/pii/S0006320710005355.

Wilkerson G V, Kandel DR, Perg LA, Dietrich WE, Wilcock PR, Whiles MR. 2014.
Continental-scale relationship between bankfull width and drainage area for single-thread
alluvial channels. Water Resources Research 50:919-936. Available from
http://dx.doi.org/10.1002/2013WR013916.

Zavaleta E. 2000. The Economic Value of Controlling an Invasive Shrub. AMBIO: A Journal of
the Human Environment 29:462-467. Royal Swedish Academy of Sciences. Available from
http://dx.doi.org/10.1579/0044-7447-29.8.462.

Zheng PQ, Hobbs BF, Koonce JF. 2009. Optimizing multiple dam removals under multiple
objectives: Linking tributary habitat and the Lake Erie ecosystem. Water Resources

Research 45:1-14. Available from http://doi.wiley.com/10.1029/2008WR007589.

24



539
540

o241

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

Figure Legends
Figure 1. Ranges of two study species relative to sea lamprey. Ranges for all species, including

sea lamprey, were derived from historical point observations and propagated to the entire

catchment of the tributary of observation.

Figure 2. Species range data and example results of imposing a limit on sea lamprey access in the
Great Lakes basin. From left to right: (1) “Range” is total potential accessible habitat if all
barriers were removed, (2) “Overlap with sea lamprey” is percent of range shared by Petromyzon
marinus, (3) “Unrealized potential gain” is opportunity cost to habitat access restoration incurred
from a no-increase cap on sea lamprey access beyond the effect of budget given a $105M
removal budget, and (4) “Cost to double access” describes the necessary removal budget beyond
a no-cap scenario to double habitat access while limiting sea lamprey increase to 10%.
Petromyzon marinus is bold to emphasize it is invasive and no optimizations were run to
maximize its habitat access. Species preceded by * are non-native. Species with “Not Possible”
were found to have no level of spending under the 10%-increase scenario that could offset the

effect of a cap to double current habitat access.

Figure 3. Return-on-investment, averaged across species and 95%-Cl. Curves between the
extremes increase the sea lamprey access cap in increments of 5% over current levels. Circles are

averages over all 37 single-species barrier-removal optimizations.

Figure 4. Tradeoff between (1) increasing desirable habitat access and (2) reducing sea lamprey
access relative to no-cap scenario. Points are averaged (£95%-CI) over individual species results
and joined along lines of the same budget. Right-most point on a curve is no-increase, and

advancing left are 5% incremental increases in the cap.
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Figure 5. Example species-specific costs of offsetting opportunity costs to desirable habitat
access from capping sea lamprey access. Horizontal axis is target level of habitat access for
species named in the upper-right. Vertical axis is additional budget required to achieve the same
level of habitat access as the no-cap scenario. No-cap scenario is drawn for reference to show
both zero additional cost and range of habitat access achieved for that species in our analyses
(ranges from current access to no-cap access at $105M). Other curves, from left-to-right and top-
to-bottom are 5%-increments of increasing caps on sea lamprey access. Curves are truncated to
the left of the no-cap scenario since under various caps species could only achieve a fraction of

the no-cap scenario’s habitat access regardless of cost.
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Figure 1. Ranges of two study species relative to sea lamprey. Ranges for all species, including
sea lamprey, were derived from historical point observations and propagated to the entire

catchment of the tributary of observation.
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Figure 2. Species range data and example results of imposing a limit on sea lamprey access in the

Great Lakes basin. From left to right: (1) “Range” is total potential accessible habitat if all

barriers were removed, (2) “Overlap with sea lamprey” is percent of range shared by Petromyzon

marinus, (3) “Unrealized potential gain” is opportunity cost to habitat access restoration incurred

from a no-increase cap on sea lamprey access beyond the effect of budget given a $105M

removal budget, and (4) “Cost to double access” describes the necessary removal budget beyond

a no-cap scenario to double habitat access while limiting sea lamprey increase to 10%.

Petromyzon marinus is bold to emphasize it is invasive and no optimizations were run to

maximize its habitat access. Species preceded by * are non-native. Species with “Not Possible”

were found to have no level of spending under the 10%-increase scenario that could offset the

effect of a cap to double current habitat access.
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Figure 3. Return-on-investment, averaged across species and 95%-Cl. Curves between the

extremes increase the sea lamprey access cap in increments of 5% over current levels. Circles are

averages over all 37 single-species barrier-removal optimizations.
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Figure 5. Example species-specific costs of offsetting opportunity costs to desirable habitat
access from capping sea lamprey access. Horizontal axis is target level of habitat access for
species named in the upper-right. Vertical axis is additional budget required to achieve the same
level of habitat access as the no-cap scenario. No-cap scenario is drawn for reference to show

both zero additional cost and range of habitat access achieved for that species in our analyses
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(ranges from current access to no-cap access at $105M). Other curves, from left-to-right and top-

to-bottom are 5%-increments of increasing caps on sea lamprey access. Curves are truncated to
the left of the no-cap scenario since under various caps species could only achieve a fraction of

the no-cap scenario’s habitat access regardless of cost.
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