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In many large ecosystems, conservation projects are selected by a
diverse set of actors operating independently at spatial scales
ranging from local to international. Although small-scale decision
making can leverage local expert knowledge, it also may be an
inefficient means of achieving large-scale objectives if piecemeal
efforts are poorly coordinated. Here, we assess the value of
coordinating efforts in both space and time to maximize the
restoration of aquatic ecosystem connectivity. Habitat fragmentation
is a leading driver of declining biodiversity and ecosystem services in
rivers worldwide, and we simultaneously evaluate optimal barrier
removal strategies for 661 tributary rivers of the Laurentian Great
Lakes, which are fragmented by at least 6,692 dams and 232,068 road
crossings. We find that coordinating barrier removals across the entire
basin is nine times more efficient at reconnecting fish to headwater
breeding grounds than optimizing independently for each watershed.
Similarly, a one-time pulse of restoration investment is up to 10 times
more efficient than annual allocations totaling the same amount.
Despite widespread emphasis on dams as key barriers in river
networks, improving road culvert passability is also essential for
efficiently restoring connectivity to the Great Lakes. Our results
highlight the dramatic economic and ecological advantages of
coordinating efforts in both space and time during restoration of
large ecosystems.

freshwater | conservation | connectivity | prioritization

Habitat loss and fragmentation are leading drivers of de-
clining biodiversity and ecosystem services worldwide (1-3).
Landscape corridors and dam removals are popular and effective
strategies for mitigating fragmentation (4, 5). To implement these
projects efficiently, societies around the world are developing re-
gional and even continental-scale plans for restoring ecosystem
connectivity (6). These plans set ecosystem-level conservation ob-
jectives and identify priority regions for investment, but individual
project selection (e.g., a specific dam removal or habitat corridor) is
generally dictated by opportunism and politics. When poorly co-
ordinated, these piecemeal mitigation efforts may be an inefficient
means of achieving ecosystem-level objectives. Transboundary co-
ordination is known to increase the cost-effectiveness of nature
reserve networks (7-9), but the benefits of coordination are
likely to be even greater for connectivity efforts in rivers because
the dendritic nature of drainage basins makes them highly sus-
ceptible to fragmentation (10-12). Migratory fishes, which sup-
port major fisheries and ecosystem processes, are particularly
vulnerable to life cycle disruption by the millions of dams and
road crossings that fragment the world’s rivers (13, 14).

Here, we investigate the value of coordinating restoration efforts
in space and time to maximize ecological connectivity between the
Laurentian Great Lakes and their tributaries. The Great Lakes
Basin (GLB) contains 21% of the world’s surface freshwater and is
home to more than 33.5 million people (15). High societal de-
pendence on lake-derived ecosystem services includes US$7 billion
annually in economic activity related to recreational fishing (16).
Historically, breeding migrations of dozens of native fish species
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formed an important ecological link between the Great Lakes
and their tributaries (17). Today, hundreds of thousands of
dams and road culverts partially or fully block historical fish
migration routes (18). There is growing investment in removing
or modifying these structures, but project selection has been
largely opportunistic and driven by local priorities.

Barrier removal projects to restore tributary connectivity are
selected and funded by a diverse set of actors operating in-
dependently at different spatial scales across the GLB. Most
road crossings are managed by counties or states, whereas im-
pacts of dams are addressed at the watershed, state, federal, or
even international level. Funding to restore connectivity is often
disbursed as small, one-time investments, but large pulses of
public investment are occasionally available, as within the $1.2
billion Great Lakes Restoration Initiative (19). Although con-
nectivity restoration efforts have been piecemeal, the GLB has a
long history of collaborative management of shared resources,
including binational treaties regarding fisheries, invasive species,
and water quality (20). The success of these initiatives demon-
strates that large-scale coordination is feasible and that large
pulses of spending can be arranged when justified.

We used a return-on-investment framework to analyze po-
tential efficiency gains from coordinating barrier removals at a
range of spatial scales (county, tributary, state, lake, nation, or
GLB-wide) and temporal scales (a single “pulse” of investment
vs. the same amount allocated as a series of 2, 5, or 10 “trickle”
investments). Return-on-investment approaches are known to
outperform alternative strategies such as purely minimizing

Significance

Societies around the world make massive investments in eco-
system restoration projects to mitigate habitat loss, conserve
biodiversity, and boost ecosystem services. We use a return-on-
investment framework to assess the value of coordinating
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cost, and maximizing benefit irrespective of cost (21). Our
mathematical optimization model identifies the portfolio of
barrier removal projects that provides the greatest increase in
total tributary channel length (hereafter “habitat”) accessible to
migratory fishes for a given budget. Channel length serves as a
surrogate for gains in spawning habitat across the entire fish
community and is widely used in restoration planning in lieu of
high-resolution spawning habitat maps for individual species.
We applied this model to a comprehensive barrier inventory
for the GLB, encompassing 6,692 dams and 232,068 road
crossings georeferenced within the 661 largest tributary water-
sheds (18). For each of these structures, we estimated the direct
economic cost of restoring full passability (removal of dams or
retrofitting road culverts) and the net upstream habitat that
would become available, and we used estimates of the current
passability of each culvert (22). Barrier passability is defined as
the proportion of fish able to pass through or over a barrier to
migrate upstream. Because dozens of partially passable struc-
tures often separate headwater spawning grounds from the Great
Lakes, we calculated the net probability that a migratory fish
could reach the area upstream of a particular barrier as the
product of that barrier’s passability and the passability of all
downstream barriers (hereafter, the “cumulative passability” of a
barrier). Similarly, the net benefit of any barrier removal in-
cludes not only full access to the unobstructed area immediately
upstream but also partial access to areas above successive up-
stream barriers until cumulative passability declines to zero.

Results and Discussion

Across the basin, we find that the cumulative passability of dams
and road crossings is remarkably low: less than 14% of tributary
channel length is fully accessible to migratory fishes (Fig. 1).
Cumulative passability is typically much lower than the pass-
ability of individual road crossings, highlighting the need for a
riverscape perspective in restoration planning.

Our optimization model shows that barrier removals can ef-
ficiently restore access to tributary habitat, but only when pri-
oritized strategically. When investments were optimized for the
entire basin—the most cost-efficient spatial scale of decision
making—the amount of habitat accessible to migratory fishes
could be doubled for $70 million (Fig. 24) by restoring fish

Cumulative passability
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Fig. 1. Cumulative passability (CP) of 6,692 dams and 232,068 road crossings
in the GLB. Nearly 87% of the total river channel length is at least partially
inaccessible to adfluvial fishes (CP < 1), including 64% that is entirely in-
accessible (CP = 0). Gray background represents areas without barriers or
lacking barrier data.
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Fig. 2. (A) Return-on-investment curves for six spatial scales of coordina-
tion. (B) Number of dams, road crossings, and total projects in the whole-
basin solution portfolios. (C) Increase in habitat that could be achieved with
an investment of $50 million or $100 million at six spatial scales of co-
ordination. (D) Budget required to achieve a 50% or 100% increase in
habitat at each spatial scale.

passage at 299 dams and 180 road crossings at an average
individual cost of $200,000 and $57,000, respectively. Both dam
and road- crossing projects are critical components of efficient
strategies, with road crossings becoming increasingly important
at higher levels of investment (Fig. 2B). Failure to consider both
classes of barriers leads to striking inefficiencies: optimizing re-
moval of only dams created access to 24% less habitat than
addressing both dams and road crossings jointly across the GLB,
whereas prioritizing road crossings alone was 88% less efficient
(SI Methods).

Considering the spatial scale of project selection, the cost effi-
ciency of barrier removal was relatively unaffected by optimizing at
the national or lake scales rather than the entire GLB, but declined
dramatically when investments were optimized separately for each
state, county, or tributary (Fig. 24). For an investment of $100
million, for example, a portfolio of projects optimized for the entire
GLB would provide a 119% increase in habitat (Fig. 2C). Dividing
the same $100 million among tributaries would provide only a 14%
increase in habitat even when optimized within each watershed.
Correspondingly, to double the accessible tributary length, $70
million is needed if coordinated across the GLB or divided among
the five lakes, but $690 million would be required if barrier re-
movals were optimized for each tributary individually (Fig. 2D). In
these analyses, funding to each spatial unit was proportional to the
number of barriers it contained. Results were similar for alternative
distribution rules (SI Methods).

The allocation of restoration funding through time also proved
critical; a one-time pulse of investment is much more efficient
than providing the same amount in an annual trickle when funds
are divided among small spatial units (Fig. 34). However, when
site selection was optimized for the GLB or states, there was
little difference among the return-on-investment curves for a
pulse vs. a trickle of investment. For $100 million delivered as a
pulse to counties, accessible habitat could be increased by 52%,
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Fig. 3. (A) Return-on-investment curves for all combinations of three spatial
and four temporal scales of coordination. Temporal coordination scenarios
represent the entire budget allocated as a single pulse of investment (la-
beled 1 x 100%) vs. the same total amount allocated as a series of 2, 5, or 10
trickle investments, during which 50%, 20%, or 10% of the total budget is
disbursed per funding cycle (labeled 2 x 50%, 5 x 20%, and 10 x 10%, re-
spectively). Note that temporal curves overlap at GLB and State spatial
scales. (B) Increase in habitat that could be achieved with an investment
of $50 million or $100 million for six space by time allocation scenarios.
(C) Budget required to achieve a 50% or 100% increase in habitat for six
space by time allocation scenarios.

whereas the same amount provided as a series of annual in-
vestments over a decade would return only a 5% increase (Fig.
3B). To obtain a 100% increase in habitat, $350 million would be
required for the county-pulse model, whereas $950 million would
be required for the county-trickle model (Fig. 3C).

Differences in cost efficiency across spatial and temporal
scales of allocation are driven by two factors. First, when the
total budget is divided among spatial units (e.g., counties), some
funding is inevitably directed toward areas that lack high-return
projects. Thus, a purely local-scale model of planning, in which
each spatial unit receives an equitable share of funding, can in-
advertently force funds to be spent on inefficient projects. Sim-
ilar trade-offs between equity and conservation outcomes exist
for marine protected areas (23). Second, when the budget is
finely divided in space and time, only a subset of possible projects
are affordable, which sharply constrains aggregate efficiency. For
example, a total budget of $300 million allocated under the
county-scale, annual trickle model yields an average of just
$123,000 per year per county, making 79% of dams (Fig. 44)
and 23% of road crossings unaffordable regardless of poten-
tial habitat gains (Fig. 4B).

Our analyses offer two key lessons that elucidate how regional
coordination and collaboration can boost the efficiency of large-
scale restoration efforts. First, we find that large-scale, trans-
boundary coordination can be dramatically more efficient than
even optimized local-scale planning. Interestingly, several in-
termediate spatial scales of coordination (nations and lakes)
were nearly as efficient as whole-basin coordination. In the GLB,
a variety of conservation and management issues are coordinated
at the federal, state, and lake levels (20). Such intermediate-sized
planning units may be a useful compromise that offers most of
the economic efficiency of large-scale planning while facilitating

Neeson et al.

consideration of local and regional management goals and lo-
gistical constraints (24). Our findings differ from those pertain-
ing to the design of nature reserve networks, where international
coordination has been shown to be two to three times more cost-
effective than national-level coordination (7-9). This differ-
ence likely arises from the nature of the targets; reserve net-
works designed to maximize coverage of a list of species
inevitably become more efficient when biodiversity targets can be
met jointly across geopolitical units. In contrast, the target in our
analyses is simply gains in access to upstream habitat, regardless
of which unit they occur in or what species benefits. Presumably,
the efficiency of meeting connectivity targets for multiple species
would be lower at the lake and nation scales than for the entire
GLB if species distributions were taken into account.

The second lesson is illustrated by the extreme inefficiency of
local-scale planning when combined with annual trickle budgets.
This inefficiency arises when annual budgets are not large
enough to remove key dams that are both expensive and occur
low in a tributary, thereby forcing expenditure on low-cost,
low-reward projects. Where planning at a local scale is essential
(e.g., within a high-priority watershed), some of this inefficiency
could be mitigated by a one-time strategic pulse of investment
sufficient to complete an expensive project. Subsequent trickle
investments could then boost overall returns through relatively
inexpensive road-crossing upgrades. Policy makers should, there-
fore, ensure that allocation levels are sufficient to afford certain
expensive high-priority projects within their jurisdiction and that
funding is allocated toward projects that specifically leverage other
completed or planned barrier removals.

The GLB has a long tradition of binational management of
shared resources, suggesting that transaction costs associated
with coordination (7) would be modest and that large-scale co-
ordination is feasible. Existing binational treaties (e.g., the Great
Lakes Water Quality Agreement), institutions (e.g., the Great
Lakes Fishery Commission), and interagency agreements [e.g.,
the Joint Strategic Plan for Management of Great Lakes Fish-
eries (20)] are important precedents for basin-wide coordination
to address key conservation issues. Indeed, formal and informal
frameworks for coordinating investments in connectivity across
the GLB are beginning to emerge. Given the growing focus on
barrier removals by a large number of local, state, federal, and
nongovernmental organization actors, our findings underscore
the benefits of a collaborative framework for prioritizing in-
vestments in connectivity across the GLB.
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Fig. 4. Costs of barrier removal relative to funding levels under various
spatial and temporal allocation scenarios. (A) For dam removal, the fre-
quency histogram of project costs is compared with per-county budgets
under four scenarios: $100 million total budget allocated among counties as
a series of 10 annual investments (a 10 x 10% trickle approach), $300 million
trickle, $100 million allocated as a single pulse, and $300 million pulse.
Vertical line position on the horizontal axis marks the funding available to
each county under each of the four scenarios. (B) For road crossings, retro-
fitting costs are compared with the same four budget scenarios.
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Although our analyses focused on coordination for ecological
objectives only, the political realities of infrastructure mainte-
nance may also create opportunities for cost-efficient conserva-
tion investments. All infrastructure has a finite life span, and
proper maintenance is costly in aggregate. Future investments in
maintenance or replacement of dams and road crossings will
come from many sources with various objectives, but ecological
outcomes will generally be secondary to public use and safety
issues. Thus, a promising conservation strategy is to leverage
ongoing infrastructure maintenance activities by supporting low-
cost, high-return add-ons to infrastructure projects that are al-
ready underway for other reasons (18, 25). In addition, using
ecological restoration value as a tie-breaker in selection of
infrastructure projects might enhance connectivity at no cost
whatsoever.

We stress that large-scale coordination does not necessitate
purely top-down, centralized planning. Self-organized or facili-
tated cooperation among local actors can represent a form of
large-scale planning, but one that leverages the local resources
and expertise that can be crucial for on-the-ground restoration
success. In the GLB, numerous locally driven initiatives play
essential roles in conservation efforts (24). Large-scale prioritiza-
tion could complement local efforts by establishing overarching
conservation targets and ensuring that individual projects align in
ways that reconnect isolated habitats and populations (24, 26, 27).
Moreover, we recognize that local-scale decision making is often
rooted in unpredictable reductions in the economic or sociopo-
litical costs of a particular project. Such opportunities can be en-
tirely worthwhile even if they were not prioritized when using
standardized cost data.

Our model does not account for tributary habitat conditions,
the spatial distribution of beneficiary species, or the likelihood of
species invasions, all of which mediate the ecological benefits of
barrier removals (28, 29). Unfortunately, these important man-
agement considerations have not been systematically mapped
across the entire GLB, so they cannot be incorporated into
current optimization models. However, previous work elsewhere
suggests that, in some cases, project selection is less sensitive to
the distribution of beneficiary species than to spatial variation in
project costs (30). We also recognize that the decision to remove
a specific barrier often involves multiple stakeholders with dif-
fering social and economic values and perspectives (31). Al-
though socioeconomic factors often have enormous importance
in individual project selection (32), this perspective is difficult to
quantify systematically across the entire GLB for purposes of
conservation planning. Nevertheless, our general findings on the
relative efficiency of large-scale planning are likely to be robust
to further consideration of the ecological costs and benefits of
particular barrier removals due to statistical averaging of these
costs and benefits over the enormous number of barriers in our
analysis. Thus, it is unlikely that refining our estimates of re-
moval costs, habitat gains, or other factors would alleviate the
disparities in relative cost efficiency between large- and small-
scale project selection, or pulsed and trickled funding patterns.

Given that most of the world’s large freshwater and terrestrial
ecosystems are heavily fragmented (13, 33), our finding that spatial
and temporal coordination is critical for maximizing returns on
societal investments in restoring connectivity is relevant in many
conservation contexts. Moreover, the same concepts and math-
ematical tools could be applied proactively to minimize the impacts
of new roads and dams (34-36). This is a critical conservation
problem given estimates that the global road network will in-
crease 60% in length between 2010 and 2050 (36). Similarly, our
approach could be adapted to identify cases where it would be
beneficial to retain existing barriers or construct new barriers to
inhibit the spread of invasive species and pathogens (37). In the
GLB, for example, more than 60 barriers have been constructed
or modified to control the spread of invasive sea lampreys (38).
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Optimization models can also be expanded to account for risk of
infrastructure failure or habitat loss under climate change (39).
In each of these contexts, our results on restoring aquatic connec-
tivity, and previous work on transboundary coordination in nature
reserve networks (7-9), illustrate the benefits of coordinating in-
vestments in both space and time. These dramatic economic and
ecological efficiencies provide ample incentive for coordinating
restoration efforts across broad spatial and temporal scales.

Methods

Optimization Model. We developed a mathematical optimization model that,
for a given budget, identifies the portfolio of barrier removal projects that
provides the greatest net increase in accessibility-weighted tributary habitat
available to migratory fishes. Barrier passability is defined conceptually as the
proportion of fish able to pass through or over a barrier while migrating
upstream (11). We define the cumulative passability of a barrier as the
product of that barrier’s passability and the passability of all downstream
barriers. Cumulative passability thus represents the probability that a fish
can migrate between the Great Lakes and the tributary channel immediately
upstream of a barrier. This is equivalent to the definition of “accessibility” in
ref. 11. In calculating cumulative passability, we treat successive passage
events as independent, which is typical in fish passage prioritization analyses
(12). It is not our intent to address performance differences among in-
dividual fish based on swimming ability. For the strongest individuals, our
passability ratings would be underestimates, or if fatigue leads to dimin-
ishing swimming ability with each barrier passed, then our cumulative
passability ratings would be overestimates.

Our model extends that of ref. 11 to account for differences in barrier
passability ratings and upstream habitat length for multiple species. Spe-
cifically, we consider a set of fish guilds, where a guild represents a group of
species exhibiting similar swimming abilities and thus having similar likeli-
hood of being capable of passing a particular barrier.

In this study, we only consider projects that restore full passability to a
barrier location. We also assume that each barrier has only a single proximate
downstream barrier. Our formulation thus omits braided channels, deltas,
and artificial connections via drainage channels. This modest simplification is
essential for model tractability and captures the large majority of tributary
network patterns in our study area.

Given the following decision variables:

'

= 1 if artificial barrier j is removed (i.e., restored to full passability)
7710 otherwise

our mathematical formulation of the fish passage barrier removal problem is
as follows:

max ,-E,dee”fsf’ig i
s.t.
%jg = erq (pig +Pngk) vjel, geG 21
Zjewr Z,ERCij <b, vreR 3]
x;€{0,1} vje it »

Here, G is the set of all fish guilds, indexed by g; J is the set of all natural
and artificial barriers, indexed by j; JAtis the subset of artificial barriers; Djis
the set of all barriers downstream from and including j; R is the set of
planning regions, indexed by r; h; 4 is the net amount of habitat for guild g
between barrier j and its immediate upstream barriers or the range limit for
quild g, in stream kilometers; pj‘-’g is the initial passability for guild g at barrier
Ji Pjg is the increase in passability for guild g given mitigation of barrier j; ¢; is
the cost of mitigating barrier j, in US dollars; b, is the available budget for
region r, in US dollars; and ajq is the cumulative passability (i.e., accessibility)
of barrier j for guild g.

The objective function [1] maximizes total accessibility-weighted habitat
upstream of each barrier hjajy, over all barriers jeJ and guilds ge G. We
weighted all guilds equally for the analyses in this paper. Egs. 2 give the
cumulative passability a;q of barrier j for guild g. The passability for guild g at
any intervening barrier k in set D; is simply equal to the initial passability pgg
for guild g plus the potential increase in passability pigxi for guild g given
mitigation of barrier k. Multiplying the passability of all barriers in D; yields

Neeson et al.
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the cumulative passability of barrier j for guild g. Inequalities [3] specify
that the sum of the project costs within a given planning region r cannot
exceed the available budget b, allocated to that region. We modeled budget
allocations b, as proportional to the number of barriers in a region (results in
Figs. 2-4) or proportional to human population (results in S| Methods). Leftover
funds were not carried over to other planning regions or time periods. Last,
constraints [4] specify that all barrier mitigation decision variables must
be binary.

Note that the above model is nonlinear. An exact linear formulation of the
problem was devised by introducing a series of probability chains (40) to
evaluate cumulative passability terms [2]. A probability chain is a newly
proposed technique from the operations research field for linearizing cer-
tain classes of high-order polynomial terms such as [2]. See S/ Methods for
linearization methods and an example return-on-investment analysis using a
small fish passage barrier network.

Data and Submodels. Here, we describe data and submodels for the calcu-
lation of project costs, passability, and upstream habitat for each of the
238,760 potential barriers in our analysis. For these calculations, we derived
geomorphic and road network covariates from widely available spatial
datasets using ArcGIS 10.2 (41). We obtained road surface type (paved or
gravel/dirt) and road class (interstate highway, regional highway, or local
road), where available, from the US Census Bureau’s TIGER roads layer (42)
and Land Information Ontario’s Ontario Road Network (43). We estimated
road width by assuming that interstate highways are six lanes wide, regional
highways are four lanes wide, and local roads are two lanes wide, and that
these three road classes have widths of 25.6 m (84 ft), 18.3 m (60 ft), and
11 m (36 ft), respectively. The stream polylines are a merged dataset derived
from the US Geological Survey’s National Hydrography Dataset (44) and the
Canadian National Hydro Network (45). To ensure all stream network
polylines were strictly dendritic, we manually removed braided and artificial
channels and then used the Check Network Topology tool in FLOWS, version
9.3 (46), using ArcGIS 10.2. We calculated upstream drainage area at each
barrier using a 30 x 30-m digital elevation model (47).

Our database of 238,760 structures is a subset of the 276,027 dams and
road crossings reported in ref. 18. Our dataset is smaller because we omit
barriers on very small drainages that drain directly to the Great Lakes. These
smallest drainages were omitted because most barrier removal projects fo-
cus on larger tributaries that host spawning migrations of a wider range of
species. Although the source barrier dataset is the most comprehensive
available for the GLB, it also omits natural barriers (e.g., waterfalls) and
dams and road crossings that have not been mapped in federal or state
databases. These additional barriers may reduce realized habitat gains rel-
ative to those reported here. These data gaps are likely to be systematic,
however, such that our core findings on the relative efficiencies of planning
at different spatial and temporal scales still hold.

Project Cost. For each of the 238,760 structures in our analysis, we used data
on completed project costs (for dams) or estimates of material, labor, and per-
sonnel costs (for road crossings) to predict the cost of restoring full passability at a
structure. Specifically, we model the cost of removing a dam or the cost of
replacing a road-crossing structure with a “fish-friendly” culvert or bridge.

To estimate dam removal costs, we used data from 108 completed dam
removal projects in the GLB compiled by American Rivers, a nonprofit or-
ganization. Completed projects spanned the period 1965-2013, with 95 of
108 dam removals completed after 1990. To represent historical project costs
in 2012 US dollars, we used the Consumer Price Index, an index of inflation
published by the US Bureau of Labor Statistics (48). After converting his-
torical project costs to 2012 US dollars, we created a statistical model to
predict the cost of removing a dam based on characteristics of that dam.
Because our aim was to apply this model to the majority of the 6,692 dams in
our dataset, we used as model covariates only those that were widely
available for the majority of the dams in the GLB. Dam height was the most
consistently available attribute, available for ~75% of dams in our database.
Although dam age, purpose and ownership are often important deter-
minants of removal cost, this information is available for only a small subset
of the dams in the GLB. Furthermore, we focused solely on infrastructure
costs; we did not consider costs associated with removing or mitigating
contaminated impounded sediments (4, 29), or the ecological and economic
costs of suppressing species invasions into the newly accessible habitat. Ac-
counting for these additional costs could potentially alter the balance of
road crossings and dams in optimal project portfolios.

To predict dam removal costs using dam height, we fit a simple linear
regression model (R? = 0.30) to relate dam removal costs, in 2012 US dollars,
to the logqo of dam height, in meters:
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logqo(cost) =4.74 + 0.94 x log,o (height).

We then used this equation to predict dam removal costs for each of
the 4,897 dams in our dataset with recorded field-measured height data. For
the 1,795 dams for which we had no height information, we assumed that the
median dam removal cost (US$173,032.50) was applicable in lieu of height
data. To test whether this assumption affected our results, we compared the
value of the objective function calculated using the median dam removal cost
to the values of the objective when replacing these cost estimates with one of
eight different values in the range $113,000 (representative of a dam 2.13 m
tall) to $261,000 (representative of a dam 5.22 m tall). The differences in
objective function values were less than 1% in all cases, except for the first
scenario (setting the removal cost of these 1,795 dams to $113,000), which
was 1.3% different from the results in Fig. 2.

Dams for which we had no height data are very unlikely to be large dams
with a removal cost greater than $261,000. Our database includes height data for
all GLB dams within the US National Inventory of Dams, which is stated to include
all dams that are equal to or greater than 6 ft (1.83 m) in height and 50 acre-feet
(61.7 ML) in storage, as well as all dams that are equal to or greater than 25 ft
(7.62 m) in height and exceed 15 acre-feet (18.5 ML) in storage.

For each of the 232,068 road crossings in our analysis, we used data on
material and personnel costs to estimate the total cost of replacing the road-
crossing structure with a fish-friendly culvert or bridge. The main drivers of
project costs are stream width, road width, road fill depth, and road surface.
Details are presented in S/ Methods.

Upstream Habitat. For each of the 238,760 structures in our analysis, we es-
timated the amount of habitat upstream of that structure by measuring the
net tributary length (h;, in the model) between each structure and its nearest
set of upstream structures. For this calculation, we used RivEX (49) and
ArcGIS 10.2 (41) to sum the distance of all upstream polylines up to the
closest set of upstream structures or the river source.

We chose to use tributary length as a measure of habitat because it is a
simple metric that integrates restoration benefit across the community of
native beneficiary species, whose preferred habitat is patchy and spatially
variable across the GLB. Analyses aimed at generating restoration plans for
particular species or groups of species are possible using our model by replacing
tributary length with more specific estimates of the amount and quality of each
habitat type. In each case, the set of priority barriers identified will depend on
the set of species chosen and the weightings assigned to those species.

Structure Passability. We assumed that all dams in our analysis had zero
passability and that removing a dam would restore full passability. Although
a small subset of dams may in reality be partially passable to certain fishes
(due to low height or having a fish passage structure), passability data for
dams are not consistently available across the GLB. Fish passage structures are
absent from most dams in the GLB, and even where present, salmonid-
inspired passage structures may not work well for the weak leapers that
dominate the native migratory fish assemblage (50).

For road crossings, we assumed that all intersections with streams of
Strahler order >4 were likely to be bridges (22) and therefore fully passable
to migratory fishes (~7.4% of the road crossings in our analysis). For struc-
tures over streams with a Strahler order <4, we used structure-specific
passability estimates from ref. 22. In brief, field-surveyed data from 2,235
culverts across nine watersheds in the GLB were used to create a statistical
model linking culvert passability to geographic information system (GIS)-
derived landscape geomorphic covariates. In this model, the passability of a
culvert is the product of two independent dimensions, culvert outlet drop
and culvert outlet water velocity, each of which is estimated independently
using a boosted regression tree model. The predictive power of these
models as measured by the area under the receiver operating characteristic
curve ranged from 0.64 to 0.69, suggesting reasonable ability to predict
passability of road crossings from GIS-derived landscape covariates.

ACKNOWLEDGMENTS. We thank S. Januchowski-Hartley for developing
initial barrier maps and passability estimates, and S. Carpenter, M. Guyette,
M. Herbert, M. Khoury, and B. Lalasz for helpful comments on the project.
Funding was provided by the Upper Midwest and Great Lakes Landscape
Conservation Cooperative, The Nature Conservancy’s Great Lakes Project,
the University of Wisconsin, the David and Lucille Packard Foundation, the
University of Michigan Water Center, and the US Fish and Wildlife Service.
The findings and conclusions of this article are those of the authors and do
not necessarily represent the view of the US Fish and Wildlife Service.

PNAS Early Edition | 5of 6

SUSTAINABILITY

SCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423812112/-/DCSupplemental/pnas.201423812SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423812112/-/DCSupplemental/pnas.201423812SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423812112/-/DCSupplemental/pnas.201423812SI.pdf?targetid=nameddest=STXT

L T

/

1\

BN AS  PNAS D)

N

w

5

o

00

20.

2

=

22.

23.

24.

. Sala OE, et al. (2000) Global biodiversity scenarios for the year 2100. Science

287(5459):1770-1774.

. Tilman D, et al. (2001) Forecasting agriculturally driven global environmental change.

Science 292(5515):281-284.

. Fahrig L (2004) Effects of habitat fragmentation on biodiversity. Annu Rev Ecol Syst

34(1):487-515.

. Bednarek AT (2001) Undamming rivers: A review of the ecological impacts of dam

removal. Environ Manage 27(6):803-814.

. Damschen El, Haddad NM, Orrock JL, Tewksbury JJ, Levey DJ (2006) Corridors increase

plant species richness at large scales. Science 313(5791):1284-1286.

. Beier P, Spencer W, Baldwin RF, McRae BH (2011) Toward best practices for de-

veloping regional connectivity maps. Conserv Biol 25(5):879-892.

. Kark S, Levin N, Grantham HS, Possingham HP (2009) Between-country collaboration

and consideration of costs increase conservation planning efficiency in the Mediter-
ranean Basin. Proc Nat/ Acad Sci USA 106(36):15368-15373.

. Mazor T, Possingham HP, Kark S (2013) Collaboration among countries in marine

conservation can achieve substantial efficiencies. Divers Distrib 19(11):1380-1393.

. Moilanen A, et al. (2013) Edge artefacts and lost performance in national versus

continental conservation areas. Divers Distrib 19(2):171-183.

. Hermoso V, Linke S, Prenda J, Possingham HP (2011) Addressing longitudinal con-

nectivity in the systematic conservation planning of fresh waters. Freshw Biol 56(1):
57-70.

. O'Hanley JR, Tomberlin D (2005) Optimizing the removal of small fish passage

barriers. Environ Model Assess 10(2):85-98.

. Kemp PS, O'Hanley JR (2010) Procedures for evaluating and prioritising the removal

of fish passage barriers: A synthesis. Fish Manag Ecol 17(4):297-322.

. Nilsson C, Reidy CA, Dynesius M, Revenga C (2005) Fragmentation and flow regula-

tion of the world’s large river systems. Science 308(5720):405-408.

. McIntyre PB, et al. Conservation of Freshwater Fishes, eds Closs GP, Krkosek M,

Olden JD (Cambridge Univ Press, Cambridge, UK).

. Austin J, Dezenski E, Affolter-Caine B (2008) The Vital Connection: Reclaiming the

Great Lakes Economic Leadership in the Bi-National US-Canadian Region (The
Brookings Institution, Washington, DC).

. Southwick Associates (2008) Sportfishing in America: An Economic Engine and Con-

servation Powerhouse (American Sportfishing Association, Alexandria, VA).

. Bogue MB (2000) Fishing the Great Lakes: An Environmental History, 1783-1933 (Univ

of Wisconsin Press, Madison, WI).

. Januchowski-Hartley SR, et al. (2013) Restoring aquatic ecosystem connectivity re-

quires expanding inventories of both dams and road crossings. Front Ecol Environ
11(4):211-217.

. Great Lakes Restoration Initiative (2010) Great Lakes Restoration Initiative Action

Plan, FY2010-FY2014. Available at glri.us/pdfs/glri_actionplan.pdf. Accessed April 13,
2015.

Dochada MR (1999) Great Lakes Fisheries Policy and Management, eds Taylor WW,
Ferreri CP (Michigan State Univ Press, East Lansing, MI).

. Murdoch W, Ranganathan J, Polasky S, Regetz J (2010) Using return on investment to

maximize conservation effectiveness in Argentine grasslands. Proc Nat/ Acad Sci USA
107(49):20855-20862.

Januchowski-Hartley SR, Diebel M, Doran PJ, Mcintyre PB (2014) Predicting road
culvert passability for migratory fishes. Divers Distrib 20(12):1414-1424.

Halpern BS, et al. (2013) Achieving the triple bottom line in the face of inherent
trade-offs among social equity, economic return, and conservation. Proc Natl Acad Sci
USA 110(15):6229-6234.

Pearsall DR, et al. (2013) “Make no little plans”: Developing biodiversity conservation
strategies for the Great Lakes. Environ Pract 15(04):462-480.

60of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1423812112

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

Doyle MW, Havlick DG (2009) Infrastructure and the environment. Annu Rev Environ
Resour 34:349-373.

Berkes F (2004) Rethinking community-based conservation. Conserv Biol 18(3):621-630.
Zbicz DC (2003) Imposing transboundary conservation: Cooperation between in-
ternationally adjoining protected areas. J Sustain For 17(1-2):21-37.

McLaughlin RL, et al. (2012) Unintended consequences and trade-offs of fish passage.
Fish Fish 14(4):580-604.

Stanley EH, Doyle MW (2003) Trading off: The ecological effects of dam removal.
Front Ecol Environ 1(1):15-22.

Bode M, et al. (2008) Cost-effective global conservation spending is robust to taxo-
nomic group. Proc Natl Acad Sci USA 105(17):6498-6501.

Johnson SE, Graber BE (2002) Enlisting the social sciences in decisions about dam
removal. Bioscience 52(8):731-738.

Hoenke KM, Kumar M, Batt L (2014) A GIS based approach for prioritizing dams for
potential removal. Ecol Eng 64:27-36.

Saunders DA, Hobbs RJ, Margules CR (1991) Biological consequences of ecosystem
fragmentation: A review. Conserv Biol 5(1):18-32.

Ziv G, Baran E, Nam S, Rodriguez-Iturbe |, Levin SA (2012) Trading-off fish biodiversity,
food security, and hydropower in the Mekong River Basin. Proc Nat/ Acad Sci USA
109(15):5609-5614.

Laurance WF, Balmford A (2013) Land use: A global map for road building. Nature
495(7441):308-309.

Laurance WF, et al. (2014) A global strategy for road building. Nature 513(7517):229-232.
Rahel FJ (2013) Intentional fragmentation as a management strategy in aquatic sys-
tems. Bioscience 63(5):362-372.

Lavis DS, Hallet A, Koon EM, McAuley TC (2003) History of and advances in barriers as
an alternative method to suppress sea lampreys in the Great Lakes. J Great Lakes Res
29(1):362-372.

Ando AW, Mallory ML (2012) Optimal portfolio design to reduce climate-related conser-
vation uncertainty in the Prairie Pothole Region. Proc Nat/ Acad Sci USA 109(17):6484-6489.
O’Hanley JR, Scaparra MP, Garcia S (2013) Probability chains: A general linearization
technique for modeling reliability in facility location and related problems. Eur J Oper
Res 230(1):63-75.

ESRI (2013) ArcGIS Desktop: Release 10.2 (Environmental Systems Research Institute,
Redlands, CA).

US Census Bureau (2010) TIGER/Line Shapefiles. Available at www.census.gov/geo/
maps-data/data/tiger.ntml. Accesssed April 13, 2015.

Land Information Ontario (2010) Ontario Road Network Shapefiles. Available
at www.ontario.ca/environment-and-energy/land-information-ontario. Accessed
April 13, 2015.

US Geological Survey (2009) National Hydrography Dataset. Available at nhd.usgs.
gov/. Accessed April 13, 2015.

Natural Resources Canada (2007) National Hydrography Network. Available at
www.geobase.ca. Accessed April 13, 2015.

Theobald D, et al. (2006) Functional Linkage of Waterbasins and Streams (FLoWS) v1
User’s Guide: ArcGIS Tools to Analyze Freshwater Ecosystems (Natural Resource
Ecology Laboratory, Colorado State University, Fort Collins, CO).

US Geological Survey (2012) Shuttle Radar Topography Mission Finished Grade
Product. Available at https:/Ita.cr.usgs.gov/SRTM. Accessed April 13, 2015.

US Bureau of Labor Statistics (2013) Consumer Price Index. Available at www.bls.gov/cpi/.
Accessed April 13, 2015.

Hornby D (2008) RivEX. Available at www.rivex.co.uk/. Accessed April 13, 2015.
Stuart 1G, Mallen-Cooper M (1999) An assessment of the effectiveness of a vertical-
slot fishway for non-salmonid fish at a tidal barrier on a large tropical/subtropical
river. Reg Rivers Res Manage 15(6):575-590.

Neeson et al.


http://glri.us/pdfs/glri_actionplan.pdf
http://www.census.gov/geo/maps-data/data/tiger.html
http://www.census.gov/geo/maps-data/data/tiger.html
http://www.ontario.ca/environment-and-energy/land-information-ontario
http://nhd.usgs.gov/
http://nhd.usgs.gov/
http://www.geobase.ca
https://lta.cr.usgs.gov/SRTM
http://www.bls.gov/cpi/
http://www.rivex.co.uk/
www.pnas.org/cgi/doi/10.1073/pnas.1423812112

L T

/

1\

=y

Supporting Information

Neeson et al. 10.1073/pnas.1423812112
S| Methods

Linearization of the Optimization Model

To solve the nonlinear optimization model presented in the main
text, an exact linear formulation of the problem was devised by
introducing a series of probability chains (1) to evaluate cumu-
lative passability terms [2]. Specifically, if we introduce the fol-
lowing auxiliary variables:

Ajg =change in cumulative passability for guild g given
mitigation of barrier j
and let d; denote the barrier immediately downstream from bar-

rier j, Eq. 2 can be replaced with the following set of linear
constraints.

@i =P+ Aig vielldi=2,8€G [S1]
g =Py + Mg vielld#2,8€G [S2]
Aig SPieXj vie/' geG [S3]
Aig SDjgdg vjeJVd #2,5€G [S4]

Eqgs. S1 and S2 determine, respectively, the cumulative pass-
ability for barriers having no downstream barrier and the cu-
mulative passability for barriers located above one or more
barriers. Inequalities S3 and S4, meanwhile, place bounds on the
allowable increase in cumulative passability 4, for guild g given
mitigation of barrier j. Collectively, [S1-S4] allow cumulative
passability aj, as well as any increase in cumulative passability A
at barrier j to be determined in a recursive manner by basing it on
the cumulative passability a4, of barrier j’s downstream barrier.

The linear version of the fish passage barrier removal problem
was coded in the General Algebraic Modeling System (GAMS).
GAMS is a high-level modeling language for formulating linear
optimization problems (2). The GAMS implementation of our
model was solved using the CPLEX commercial solver, which
employs a branch-and-bound algorithm to solve mixed integer
linear programs like the one we consider here.

Example Return-on-Investment Analysis

Consider the river network illustrated in Fig. S3 and associated
barrier data provided in Table S1. In this example, two dams
(barriers 2 and 5) and three road crossings (barriers 1, 3, and 4)
fragment a small river network. These five barriers differ in their
initial passability j%), upstream habitat (/;,), and cost to restore
full passability (c;). As in the analysis presented in the main text,
we consider three migratory fish guilds, indexed by g = 1, 2, 3.
We performed a return-on-investment analysis using the ex-
ample river network for nine budgets ranging from $0 to $800,000
(Table S2). For a budget of $0, no barriers are removed and the
total accessibility-weighted habitat above barriers in the river
network (i.e., 355.50 km, the initial value of the objective function
[1]) is calculated using the initial passabilities of each barrier.
For a budget of $100,000, the optimal decision is to remove barrier
3. Removing barrier 3 restores full passability at that location for
all three migratory fish guilds, and the resulting total accessibility-
weighted habitat in the river network rises to 432.00 km. The
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percentage increase in habitat that results from removing barrier 3
is calculated by subtracting the initial value of the objective func-
tion (i.e., 355.30 km) from the value of the objective function when
barrier 3 is removed (i.e., 432.00 km) and dividing by the initial
value. Removing barrier 3 thus results in a 21.6% increase in the
amount of habitat in the river network.

A budget of $200,000 results in a moderate further increase in
habitat (a 28.3% increase over the initial state) via the removal of
barriers 3 and 5. A budget of $300,000, however, results in a much
larger increase in habitat (a 114.6% increase over the initial case)
because it is now possible to remove barrier 2, an expensive dam
that was initially completely impassable.

For a budget of $800,000, all five barriers may be removed. In
that case, the entire river network becomes fully accessible to
migratory fishes and the total accessibility-weighted habitat in the
river network is the total tributary length above barriers summed
across all three guilds (i.e., 1,095.00 km).

This example (Table S2) illustrates several key aspects of return-
on-investment analyses. First, the sequence of projects selected is
nonnested, meaning that strategic switch points occur where projects
favored at lower budgets are skipped in favor of others at higher
budgets. Such outcomes are impossible under conventional scoring-
and-ranking approaches, in which individuals projects are ranked
and then pursued in order until no funds remain. Second, habitat
gains (“return”) are a nonlinear function of budget (“investment”).
As a reflection of the idiosyncrasies of both the cost and benefit of
individual projects, there are occasions when unusually large gains
are possible as budgets increase (e.g., stepping from $200,000 to
$300,000 in our example). Finally, note that the model does not
necessarily expend all funds at any given budget increment; it will
only fund an affordable set of projects if the resulting portfolio
yields the same or higher return than any other alternative.

Details of Road-Crossing Cost Model

For each road-crossing structure, we first estimated the bankfull
width (BFW) of the stream using empirically derived regional
relationships between drainage area and BFW given by ref. 3.
Using GIS-derived upstream drainage area (DA) at each cross-
ing, we calculated BFW in meters as log.(BFW) = log.(2.45 +
0.33 x DA x 107°).

For road crossings over streams with BFW greater than 24 ft,
we assumed that the replacement structure would most likely be a
concrete bridge. Bridge cost was estimated as $75,000 per road
lane required. For road crossings over streams with BEW less than
24 ft but greater than 12 ft, we assumed that the replacement
structure would most likely be a prefabricated steel bridge, with
cost estimated as $50,000 per road lane.

For road crossings over streams with BFW less than 12 ft, we
used a more detailed model to estimate the total material and
personnel costs of replacing the existing structure with a fish-friendly
culvert. In the equations that follow, all linear measurements are
given in feet.

The total cost (7C) of a project was estimated as the sum of
the culvert costs ¢, excavation costs e, surfacing costs s, and
miscellaneous costs m, plus 20% for design and construction
oversight:

TC=12(c+e+s+m)
The culvert costs ¢ assume a 25% premium for polymer coating

and $1,000 for beveled ends, and depend on the culvert length ¢/
and the cost per foot cpf:
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¢=1.25(cI x cpf) + 1,000

Cost per foot cpf was estimated based on market prices in
Michigan and Wisconsin in 2009 for corrugated metal pipe arch
(Table S3). We assumed 2:1 side slopes on road embankments
and calculated culvert length ¢/ as a function of total fill depth ¢fd
and road width rw:

cl=4tfd +mw

Total fill depth #fd is the sum of the culvert height ¢/ and fill
depth fd, plus an additional excavation of 2 ft below the stream
bed to accommodate bedding and buried culvert bottom:

tfd=fd+ch+2

Fill depth fd was estimated as 4 ft for interstate and regional
highways and 2.5 ft for local roads based on ~1,500 crossings
surveyed in Wisconsin. Culvert height ch was estimated from
BFW according to Table S3.

Excavation costs e were calculated as the difference between the
prism volume of excavated material pv and the culvert volume cv:

27
e= %(pv—cv)

We assumed that the prism volume of excavated material pv
would require 3-ft clearance on each side and 2-ft clearance
under bottom of culvert and would depend on road width rw,
total fill depth #fd, and bankfull width bfw:

pv=rwxtfd x (bfw +6) + (tfd x (bfw + 6) x 2.5)

Culvert volume cv is the culvert length ¢/ multiplied by the
culvert end area ca, converted to cubic yards:

cv—clx%
27

Surfacing costs were estimated as $2,500 per lane for paved
roads and $800 for gravel or dirt roads. Finally, miscellaneous
costs were $2,500 for road crossings over streams with BFW less
than 8 ft and $5,000 for crossings over streams with BFW greater
than 8 ft. Miscellaneous costs include the disposal of the old
culvert and unsuitable fill, dewatering during construction, and
construction of rip-rap embankments.

Details of Culvert Passability Model

Culvert outlet drop was measured in the field as the distance
between the culvert outlet and the stream surface. Because most
native fishes in the GLB are weak leapers, we assumed that any
culvert drop would be totally impassable (i.e., passability equal to
zero) by all species. Culverts with no outlet drop were assumed to
be passable by all species (passability equal to 1). The boosted
regression tree (BRT) model estimates the probability that a
particular culvert has an outlet drop, such that predicted
passability in this dimension is a continuous variable ranging
from zero to 1.

To estimate whether culvert water velocity would inhibit fish
passage, we used water velocity thresholds for three guilds or groups
of fishes that reflect swimming ability. For a group of weak-swimming
fishes, which would include species such as river darters (Percina
shumardi), we assumed that velocities greater than 0.4 m/s would be
impassable (passability equal to zero), whereas water velocities
below this threshold would be passable. For a group of fishes with
moderate swimming abilities, such as walleye (Sander vitreus) and
white suckers (Catostomus commersonii), we assumed that velocities
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greater than 0.7 m/s would be impassable. Finally, for a strong-
swimming group, representing salmonids, we assumed that veloci-
ties greater than 1.0 m/s would be impassable. As with culvert outlet
drop, the BRT model estimates the probability that a particular
culvert would be a velocity barrier for fishes within each of the three
swimming groups considered here.

Mean predicted culvert passability, calculated as the product of
outlet drop and water velocity components, was 0.68 for the weak-
swimming group of fishes, 0.77 for the moderate swimmers, and
0.80 for the strong swimmers (Fig. S4). The distribution of road-
crossing passabilities for all three fish group shows strong negative
(or left) skew.

Optimization Results for Investments Weighted by
Population

Here, we present optimization analyses in which funding allo-
cations are weighted by population, rather than by the number of
barriers per spatial unit as in the main text. Human population
reflects tax revenue and is therefore correlated with funding
available to states and counties to manage road culverts. We
obtained population data for the entire GLB at a 1 X 1-km
resolution from the Global Rural Urban Mapping Project (4).
For each spatial unit (e.g., a county), we allocated funding to that
unit proportional to the unit’s population.

The population-weighted scenario yields similar results to
those in the main text. Dividing investments among counties or
tributaries and then optimizing these investments separately for
each of these smaller units, would be much less efficient than
planning at the basin, nation, or lake scales (Fig. S24). For an
investment of $100 million, for example, a portfolio of projects
optimized for the entire basin would provide a 119% increase in
the amount of habitat accessible to migratory fishes (Fig. S2B).
Dividing the same $100 million among counties and optimizing
priorities within each county, however, would provide only a
52% increase in habitat, whereas optimizing for each tributary
would provide only a 14% increase in habitat. To obtain a 100%
increase in habitat, only $70 million would be needed at the
basin scale (Fig. S2C), but $510 million would be needed if
priorities were optimized for each county individually and more
than $1 billion would be needed if priorities were optimized for
each tributary individually.

The population-weighted allocation results differ from the
results in the main text (weighting by the number of barriers) at
the state/province level. Here, dividing an investment among
states and optimizing priorities for each state individually was
slightly more efficient than optimizing priorities for each lake
individually, whereas in the main text it was slightly less efficient.
This difference is attributable to variation among states in population
sizes relative to number of barriers. Although this effect exists at all
spatial scales, in the GLB it is most pronounced among states.

Dams-Only and Road-Crossings—Only Return-on-Investment
Scenarios

Tributaries of the Laurentian Great Lakes contain roughly 38
times as many road crossings as dams. To quantify the inefficiency
that could result from failing to plan for both dam and road-
crossing projects, we compared the return-on-investment curves
that would result from considering only dams or only road
crossings to those derived from joint analysis of both dams and
road crossings (Fig. S14). We found that major inefficiencies can
result when restoration plans fail to account for both types of
barriers. For an investment of $100 million, for example, a port-
folio of dams and road crossings could provide a 119% increase in
the amount of habitat accessible to migratory fishes (Fig. S1B). A
portfolio of dams alone, however, would provide only a 90%
increase in the amount of habitat accessible to migratory fishes.
A portfolio of road crossings alone would be extremely in-
efficient and result in only a 14% increase in habitat.
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(A) Return-on-investment curves for portfolios of dams and road crossings (black), dams alone (red), and road crossings alone (blue). (B) Increase in

habitat that could be achieved with an investment of $50 million or $100 million, targeted at removing both dams and road crossings (left two columns), dams
alone (middle columns), or road crossings alone (right two columns).
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Fig. S2. Results of optimization analyses in which funding allocations are weighted by human population, rather than by the number of barriers per spatial
unit as in the main text. (A) Return-on-investment curves for six spatial scales of coordination. (B) Increase in habitat that could be achieved with an investment
of $50 million or $100 million at six spatial scales of coordination. (C) Budget required to achieve a 50% or 100% increase in habitat at each spatial scale.
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Fig. S3. An example river network with five fish passage barriers.
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Fig. S4. Histograms of predicted road crossing passabilities (i.e., the product of outlet drop and water velocity passabilities) for (A) weak-swimming fishes,
(B) moderate swimmers, and (C) strong swimming fishes. Road crossings over streams with a Strahler order >4 are assumed to be bridges (passability = 1) and

so not shown.

Table S1. Barrier data for the river network illustrated in Fig. S3

Barrier Type P ph Py h h; h; Pj1 P2 P G D;

1 Culvert 0.9 0.8 0.7 50 50 50 0.1 0.2 0.3  $150,000 1

2 Dam 0 0 0 100 100 100 1 1 1 $300,000 1,2
3 Culvert 0.8 075 07 130 130 130 0.2 0.25 0.3 $75,000 1,3
4 Culvert 095 093 09 75 75 75 005 0.07 0.1 $200,000 1,2, 4
5 Dam 0 0 0 10 10 10 1 1 1 $60,000 1,3,5
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Table S2. Optimal barrier removal portfolios for nine budgets
on the example river network illustrated in Fig. S3

Budget Barriers removed Habitat Increase in habitat, %
$0 — 355.30 —
$100,000 3 432.00 21.6
$200,000 3,5 456.00 28.3
$300,000 2 762.48 114.6
$400,000 2,3 839.18 136.2
$500,000 1,2 951.00 167.6
$600,000 1,2,35 1,078.50 203.5
$700,000 1,235 1,078.50 203.5
$800,000 1,2,3,4,5 1,095.00 208.2

Habitat is the value of the objective function [1], i.e., the total accessibil-
ity-weighted habitat above barriers in the river network. The percentage
increase in habitat is calculated relative to the initial state of the river net-

work with no barriers removed.

Table S3. Estimates of culvert cost per foot, end area, and height based on bankfull width

(BFW)

BFW, ft Cost per foot, USD Culvert end area, ft? Culvert height, ft
BFW < 2.5 34.85 4.90 2.00
25 <BFW <35 65.55 9.62 2.75
35<BFW <4 74.70 12.57 3.16
4 <BFW < 45 83.80 15.90 3.58
45 <BFW <5 115.60 19.63 3.92
5<BFW <6 138.50 28.27 4.75
6 <BFW <7 145.77 38.48 5.58
7 <BFW <8 155.85 50.27 6.25
8 <BFW <9 214.61 63.62 6.91
9 <BFW < 10 294.26 78.54 7.58
10 < BFW < 12 297.46 95.03 8.20

Cost per foot was estimated using market prices for Michigan and Wisconsin in 2009 for corrugated metal
pipe arch. Culvert end area assumes existing culvert is round. Culvert height assumes dimensions of standard

pipe arch culvert.
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