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a b s t r a c t

Restoration of unobstructed, free-flowing sections of river can provide considerable environmental and
ecological benefits. It removes impediments to aquatic species dispersal and improves flow, sediment
and nutrient transport. This, in turn, can serve to improve environmental quality and abundance of
native species, not only within the river channel itself, but also within adjacent riparian, floodplain and
coastal areas. In support of this effort, a generic optimization model is presented in this paper for
prioritizing the removal of problematic structures, which adversely affect aquatic species dispersal and
river hydrology. Its purpose is to maximize, subject to a budget, the size of the single largest section of
connected river unimpeded by artificial flow and dispersal barriers. The model is designed to improve, in
a holistic way, the connectivity and environmental status of a river network. Furthermore, unlike most
previous prioritization methods, it is particularly well suited to meet the needs of potamodromous fish
species and other resident aquatic organisms, which regularly disperse among different parts of a river
network. After presenting an initial mixed integer linear programming formulation of the model, more
scalable reformulation and solution techniques are investigated for solving large, realistic-sized
instances. Results from a case-study of the Pike River Watershed, located in northeast Wisconsin, USA,
demonstrate the computational efficiency of the proposed model as well as highlight some general
insights about systematic barrier removal planning.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

River infrastructure, such as dams, road crossings (e.g., culverts)
and flood control barriers (e.g., levees, weirs and tide gates), while
important in providing a range of socioeconomic goods and services
(e.g.,water supply, transportation, renewable hydropower andflood
control), are well known for having considerable negative impacts
on freshwater ecosystems and the hydrologic processes which
sustain them (Dynesius and Nilsson, 1994; Stanford et al., 1996;
WCD, 2000; Bednarek, 2001). As a consequence of this, removal of
artificial in-stream structures is being increasing seen as a viable
option for sustainable watershed management (Roni et al., 2002;
Bednarek, 2001; Bernhardt et al., 2005). To this end, an optimiza-
tion model is presented in this paper for prioritizing the removal of
problem structures, which adversely affect aquatic species dispersal
and river hydrology (e.g., flow, sediment transport and nutrient
supply). In order to restore free-flowing river conditions over the
widest extent possible, the specific aim of the model is to decide
which artificial passage and flowbarriers to remove in order to form
the single largest, contiguous section of unimpeded river.
All rights reserved.
The effects of river infrastructure on native freshwater fish are
particularly well documented in the literature. In-stream structures
often form physical barriers that prevent or otherwise reduce
access to essential breeding and rearing river habitats. The direct
consequences of habitat loss and fragmentation on fish usually
include reduced productivity and abundance, restricted range size,
and even changes in fish community composition (Santucci et al.,
2005; Catalano et al., 2007; Spens et al., 2007; Slawski et al.,
2008). Hydromodifications in the Pacific Northwest and Atlantic
Northeast of the United States, for example, have resulted in the
loss of 40e80% of prime anadromous salmon spawning grounds
(Sheer and Steel, 2006; WWF, 2001).

Apart from impeding fish dispersal, in-stream barriers can act in
other ways to disrupt the natural hydrology and ecology of fluvial
systems. Dams and other structures designed to regulate flow often
alter, both temporally and spatially, the basic physical and chemical
profile of rivers and nearby coastal areas (Stanford et al., 1996;
Campo and Sancholuz, 1998; Bednarek, 2001; Shaffer et al.,
2008). Notable examples include: (i) stream discharge, depth and
temperature; (ii) dissolved oxygen content; (iii) suspended and bed
load sediment transport; (iv) nutrients and large woody debris
supply; (v) substrate composition; and (vi) river and coastal
morphology. Environmental changes caused by the presence of
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river infrastructure can extend many kilometers in both the
downstream and upstream directions. Especially problematic is the
catastrophic failure of in-stream structures during large storm
events, which can lead to flooding, channel scouring, large sedi-
ment deposition, channel realignment, bank destabilization and
damage to riparian vegetation.

Hydrologic changes associated with flow regulation, in turn,
commonly trigger a collateral reduction in the structural complexity
and overall quality of natural in-stream habitats (Beechie et al.,
1994). Not only does this impact on the productivity of fish and
the wider the aquatic community directly within a regulated river,
but also dependent semi-aquatic and terrestrial biota found in
adjacent riparian zones, wetlands and coastal areas (Bednarek,
2001). Reduced variability of season discharge cycles and elimina-
tion of stochastic flow events (i.e., flooding) can dramatically alter
vegetation structure in floodplain areas (Hughes and Rood, 2003).
Additionally, barriers often create conditions favorable to the
establishment and expansion of non-native, invasive species
(Stanford et al.,1996; Clavero et al., 2004). The end result of all this is
a cascading reorganization of a river system’s biophysical structure,
typified inmost cases by a reduction in the abundance and diversity
of native species and a proliferation of non-native species.

Given the enormous environmental problems created by river
infrastructure, it is not surprisingly that barrier removal and miti-
gation is often seen as a valuable form of restoration (Roni et al.,
2002; Hughes and Rood, 2003; Pess et al., 2008; Kemp and
O’Hanley, 2010). In spite of this, relatively little work has been
published regarding the development of systematic methods for
efficiently removing multiple barriers over wide geographic areas.
In most cases, prioritization methods have focused predominately
on restoring access to upstream spawning grounds of migratory
(diadromous) fish and have usually employed overly simple
scoring-and-ranking type procedures (Kemp and O’Hanley, 2010).
Scoring-and-ranking, as used by Taylor and Love (2003), Kocovsky
et al. (2009), and WDFW (2009), has been shown to produce
ineffective and inefficient solutions as a consequence of ignoring
the cumulative, non-additive impacts that barriers have on fish
passage success (O’Hanley and Tomberlin, 2005).

In only a few cases have more robust optimization based
methods been examined. This includes work by Paulsen and
Wernstedt (1995), Kuby et al. (2005), O’Hanley and Tomberlin
(2005), and Zheng et al. (2009). An extensive review of barrier
prioritization methods is provided in Kemp and O’Hanley (2010).
For readers unfamiliar with optimization modeling and solution
techniques, two comprehensive and well written primers on this
topic are Pardalos and Resende (2002) and Winston (2003).

In this article, an optimizationmodel, as advocated by Kemp and
O’Hanley (2010), is used to efficiently prioritize the removal of
problematic barriers. Structurally, the model is most closely related
to Kuby et al. (2005) and Zheng et al. (2009) in that it does not take
into account the variability that artificial barriers have on fish
passage and river hydrology. Rather, in-stream structures are
implicitly treated as equal: they either have an impact or not.
Furthermore, removal is assumed to completely eliminate any
negative effects a structure may have on river system processes.

Despite this similarity, the modeling approach adopted herein,
is designed for an entirely different purpose. The main focus is on
improving connectivity and environmental conditions within the
river corridor as a whole, including the river channel, riparian zone,
and floodplain. Hence, the model is more general in comparison to
previous approaches, which have been primarily designed to
mitigate barrier impacts on migratory (diadromous) fish dispersal.
The benefits of this are twofold. First, the model is especially well
suited to meet the life-cycle requirements of potamodromous fish
species and other resident aquatic organisms, which regularly
disperse on a seasonal basis among habitats (e.g., for breeding and
rearing) located in different parts of a river network. Second,
removal of problematic river infrastructure is also likely to partially
restore the normal hydrologic regime and allow natural channel
recovery process to occur. When extended over a suitably large
area, this can help improve habitat quality and ecosystem
productivity to a significant portion of the river corridor.

An additional benefit of themodel is it low data requirements. In
an effort to keep the model as simple as possible, no attempt has
beenmade to incorporate the variable effect that barriers may have
on fish passability and river hydrology. In many cases, reliable data
of this kind do not exist or may be costly and time consuming to
gather. Publicly available data from the Oregon Department of Fish
and Wildlife (ODFW 2011), for example, do not include numerical
estimates of fish passability for any of the more than 28,000 natural
and artificial physical barriers found throughout the state. Such
estimates usually require the subjective judgment of qualified
fisheries biologists or more systematic statistical modeling using
structural and hydrological data collected from on-the-ground
surveys. Given only basic geospatial data pertaining to river
length/quality and the location and removal cost of barriers, the
modeling approach presented in this article can be applied in
a straightforward way to any watershed. This points to the model’s
usefulness as a generic restoration planning tool.

The remainder of the paper is organized as follows. In Section 2
the basic problem we consider is discussed in more detail. A
mathematical formulation of the problem is also presented as well
as some techniques for efficiently solving large problem instances.
Section 3 provides results of a case-study from the Pike River
Watershed, located in northeast Wisconsin, USA. Finally, in Section
4 a summary of the main contributions of the paper, some basic
insights based on case-study, and a discussion of suggested areas of
future research are given.

2. Methods and materials

2.1. Problem description

In the following, the aim is to decidewhich artificial passage and
flow barriers to remove from a river, subject to a limited budget, in
order to maximize the size of the single largest contiguous section
of unimpeded river, termed a connected river subnetwork or simply
subnetwork for short. To better understand this basic structure of
this problem, consider the illustrative example shown in Fig. 1.

In this example, 4 artificial barriers (1e4) and river confluences
separate a hypothetical basin into a total of 7 river segments (S1eS7),
depicted as alternating solid anddashed curves (Fig.1a). The value in
parentheses next to each segment indicates the amount of available
habitat in quality-adjusted river kilometers. The river segments, in
turn, combine to form 5 subnetworks (N1-N5). Currently, the high-
lighted subnetwork N2 is the largest with a combined total of 5.3 km
of river habitat. In the simplest case where the cost of removal is
equal for all barriers, barrier 2wouldbe the single bestone to remove
(Fig. 1b). This would reconnect subnetworks N2 and N3 resulting
in a newly formed 7.7 km subnetwork (N20). If two barriers can be
removed, then the optimal solution would be to remove barriers
3 and 4 (Fig. 1c), resulting in an 8.8 km subnetwork (N200) formed
by reconnecting subnetworks N2, N4 and N5.

Note here the lack of nestedness between solution 1 (Fig. 1b)
and solution 2 (Fig. 1c). Specifically, solution 1 does not form
a subset of solution 2, meaning that barrier 2 is not included in
solution 2. As a rule, the set of barriers targeted for removal at one
budget level may not all be contained among those given a higher
budget. In practical terms, this implies that an optimal solution
cannot be constructed in an iterative fashion by simply selecting



Fig. 1. Hypothetical river barrier network showing all connected river subnetworks formed by existing barriers (a) and following the optimal removal of either 1 barrier (b) or 2
barriers (c). Barriers, which are depicted as circular nodes, numbered 1e4, initially separate the basin into 7 confluence bounded river segments, labeled S1eS7 and depicted as
alternating solid and dashed curves. The current largest connected river subnetwork (N2) and those formed following the removal of one (N20) or two (N200) barriers are denoted
with a light blue shade. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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barriers in turn to form larger and larger subnetworks. Hence,
simple scoring-and-ranking procedures most often used for barrier
prioritization by environment and transportation agencies (Taylor
and Love, 2003; Kocovsky et al., 2009; WDFW, 2009) will gener-
ally fail to give the biggest bang for the buck in terms of the amount
of restored river habitat. In contrast, optimization based methods
(Kemp and O’Hanley, 2010), like the one presented below, easily
overcome this difficulty.

2.2. Optimization model

To formulate mathematically the problem of removing barriers
in order to create a maximal river subnetwork, consider the
following notation. It is assumed there are total of n artificial
problem barriers, indexed by j, each of which at least partially
restricts fish passage or the natural flow of a river. For each barrier j,
it costs cj to remove it. In what follows, we will use the term
“removal” in the broadest sense to mean any mitigation action,
including physical removal and repair, which completely eliminates
(or to the greatest extent possible given logistical, financial and
political constraints) all negative effects of a barrier on aquatic
species movements and or river hydrology. The total budget
available for removing artificial barriers is denoted by b. Artificial
barriers separate a given focal river basin/subbasin into m conflu-
ence bounded river/stream segments, indexed by s and t. The
amount of quality-weighted habitat for each river segment s is
given byws¼ qsvs, where qs is ameasure of habitat suitability, in the
range [0, 1], and vs is the length or area (e.g., m or m2) of the river
segment. Let us define Bst as the set of artificial barriers j lying along
the path between segment s and t. Finally, we include the following
decision variables:

xj ¼
�
1 if barrier j is selected for removal
0 otherwise

yst ¼

8>><
>>:

1 if the path between river segments s and t is
unimpeded by barriers

0 otherwise

zs ¼ amount of quality-weighted habitat within the river
subnetwork containing segment s

z ¼ amout of quality-weighted river habitat for the largest
river subnetwork
u ¼
8<1 if the subnetwork with s as the focal

river segment is maximal
s :0 otherwise

With this in place, a mixed integer linear programming (MILP)
model for optimally removing barriers is given below. Formally, this
model is referred to as the maximum edge-weighted connected
subgraph problem.

max z
s:t: (1)

z � zs þMð1� usÞ s ¼ 1;.;m (2)

Xm
s¼1

us ¼ 1 (3)

zs ¼ Ps�1

t¼1
wtyts þws þ

Pm
t¼ sþ1

wtyst s ¼ 1;.;m (4)

yst �
�
1 Bst ¼ B
xj cj˛BstsB

s ¼ 1;.;m� 1; t ¼ sþ 1;.m

(5)

Xn
j¼1

cjxj � b (6)

us˛f0;1g s ¼ 1;.;m (7)

xj˛f0;1g j ¼ 1;.;m (8)

The objective (1) maximizes the size of the largest river
subnetwork. Inequalities (2) and equality (3) collectively form a set
of either-or constraints that enforce z to be bounded above by the
largest river subnetwork. Specifically, equality (3) ensures that only
one of the m inequalities in (2), one for each river segment, will be
active. The value M in (2) is a sufficiently large number such that if
the subnetwork containing a particular segment s is not specified as
being maximal (us ¼ 0), then the corresponding constraint in (2)
allows z to be unrestricted ðz � zs þMÞ. On the other hand, if the
subnetwork containing s is specified as being maximal (us ¼ 1),
then the corresponding constraint from (2) becomes binding ðz �
zsÞ. Given the maximization of z, the corresponding variable us will
be equal to 1 for this particular segment s, resulting in z ¼ zs, as it
should. Note that if themaximal subnetwork is made up of multiple
segments, then the choice of which individual segment s to specify
as being maximal is arbitrary.
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To continue, equations (4) calculate the total amount of quality-
adjusted river habitat connected through a particular segment s.
This is equal to the sum of habitat contained in segments having
indices less than s ðPs�1

t¼1 wtytsÞ, greater than s ðPm
t¼ sþ1 wtystÞ, and

including s (ws). Note that only those segments t connected to s by
a barrier-free path ðyst ¼ 1; ct < s; and yst ¼ 1; ct > sÞ are
counted in the summation. Constraints (5), meanwhile, determine
whether or not any pair of segments s and t (s s t) are indeed
connected by a barrier-free path. Specifically, for all segment pairs s
and t unimpeded by intervening barriers (Bst ¼ B), variable yst is
simply required to be bounded above by 1. Conversely, for all
segments s and t separated by one or more intervening barriers (Bst
s B), all such barriers must be removed (xj ¼ 1, cj ˛ Bst) in order
for the segments to be connected (yst ¼ 1). Constraint (6) ensures
the total cost of barrier removal is less than or equal to the available
budget. Lastly, constraints (7) and (8) place binary restrictions on all
of the us and xj variables, respectively. Note that due to the structure
of the model, the yst variables are automatically guaranteed to take
on binary values.

As an aside, it should be noted that model (1)e(8) (and variants
discussed below) is actually quite broad in its applicability. With
a suitable redefinition of terms, the model could be used to plan the
installation and expansion of various types of public utility infra-
structure, including road and rail transport networks, irrigation,
water supply and sewer system networks, and cable telecommu-
nication networks, just to name a few.
2.3. Incorporation of additional biological factors

The model presented above focuses solely on quality-adjusted
habitat. In some circumstances, however, a decision maker may
wish to include other biological criteria within the planning
framework. For example, an endangered species or rare commu-
nities may be present in some stream segments, which ideally
should be targeted for protection. This can be incorporated into the
model in one of two ways, either 1) including an additional weight
in the ws terms that provides extra incentive for reconnecting
portions of a river where a biological target (i.e., a species/
community of concern) is located or 2) using constraints that
strictly require the maximal river subnetwork to include a biolog-
ical target a specified number of times.
yst �

8>>>><
>>>>:

1 t˛GðsÞ;Bst ¼ B

xj t˛GðsÞ;Bst ¼ fjg
ysk t;GðsÞ; k ¼ links/t

xj t;GðsÞ; k ¼ links/t ;Bkt ¼ fjg

s ¼ 1;.;m� 1; t ¼ sþ 1;.m (11)
Let J be the set of stream segments where a biological target is
located. Using the former (and simpler) approach, an additional
weight h > 0 can be defined representing the added value of
including a biological target in the maximal subnetwork. The ws

terms specified in Equations (4) would then need to be changed to
ws ¼ qsvs þh for all segments in J. The rest of the model would
remain exactly the same. Different initial values for h could be
assigned, such as the size of the maximum quality-adjusted stream
segment ði:e:; h ¼ maxsfqsvsgÞ or some fraction of the maximum
subnetwork size z* corresponding to the particular budget value of
interest. The value z* can be found by first solving the basic model
without any added biological weights. One could then perform
a sensitivity analysis by changing the weight h up or down to see
how this influences the results. For problems with multiple bio-
logical targets (i.e., several different species/communities of
concern), a series of additional weights could be used. Given a total
of r targets, aggregate weights in Equations (4) would need to be
specified as ws ¼ qsvs þ

Pr
i¼1 asihi for all segments s ¼ 1,..,m,

where coefficient asi is equal to 1 if biological target i is present in
stream segment s, 0 otherwise.

The alternative approach for including biological factors in the
model would be to add the following set of constraints, which
expressly require that at least one segment in J be included in the
maximal river subnetwork.

P
t˛J
t< s

yts þ
P
t˛J
t>s

yst � us cs;J
(9)

Constraints (9) state that if a segment s is chosen as the focal
segment (us ¼ 1), which does not itself include the target (s ; J),
then it must be connected to a segment t that does contain the
target (i.e.,

P
t˛J;t<s

yts � 1 and or
P

t˛J;t>s
yts � 1). The advantage of

this constraint form over say a much simpler one like
P
s˛J

us � 1 is

that it can be easily extended to require protection of a target
multiple times. Assuming a biological target is found in more than
one segment and a decision maker would like the target to be
represented in at least d > 1 segments of the maximal subnetwork,
constraints (9) can be replaced with:

P
t˛J
t< s

yts þ
P
t˛J
t>s

yst �
�
dus s;J
ðd� 1Þus s˛J s ¼ 1;.;m

(10)

Note that adding constraints (9) for multiple biological targets
and or (10) by itself may result in problems that are infeasible (i.e.,
no solution exists which satisfies the constraints). If this occurs, one
can either try dropping/modifying the constraints or resort to the
weighting method discussed previously.

2.4. Revised formulation

As a further refinement to the optimization model presented
above, we can substitute constraint set (5) with the following,
functionally equivalent set of inequalities.
Here, G (s) specifies the set of river segments directly adjacent to
segment s, while links/t ¼ argmin‘˛GðtÞðds‘Þ determines the river
segment k adjacent to t that is closest to s (i.e., the river segment k
along the direct path from s to t that would be traversed immedi-
ately before arriving at t).

Constraints (11) state that if segments s and t are adjacent
(t˛G(s)) and have no artificial barrier separating them (Bst ¼ B),
then yst is bounded above by 1 (Case 1). If the two segments are
separated by a barrier (Bst ¼ {j}), however, then the barrier j lying
between them must be removed (xj ¼ 1) in order for yst to take on
a value of 1 (Case 2). In the case where segments s and t are not
adjacent to each other (t;G(s)), variable yst can be 1 only if the path
from s to the nearest segment k adjacent to t is free (ysk ¼ 1) (Case
3). Furthermore, if segments k and t are separated by a barrier
(Bkt ¼ {j}), then this barrier must also be removed (xj ¼ 1) to allow
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yst to be 1 (Case 4).With reference to Fig.1, each of the four different
cases specified in (11) is given below for a subset of river segment
pairs.
ðCase 1Þ yS2;S3 � 1 S3˛GðS2Þ; BS2;S3 ¼ Ø
ðCase 2Þ yS3;S4 � x2 S4˛GðS3Þ; BS3;S4 ¼ f2g
ðCase 3Þ yS4;S5 � yS3;S4 S5;GðS4Þ; S4 ¼ linkS4/S5; BS4;S5 ¼ Ø
ðCase 4Þ yS4;S6 � yS4;S5 S6;GðS4Þ; S5 ¼ linkS4/S6; BS5;S6 ¼ f3g

yS4;S6 � x3
The main advantage of (11) over (5) is that it is considerably
more compact in size. Whereas in (5) a constraint of the form
yst � xj is required for all barriers j˛Bst lying between two nonad-
jacent, unconnected segments s and t (t;G(s), Bst sB), in (11), this
can be represented with just two constraints: yst � ysk, k ¼ links/t,
and yst� xj, k¼ links/t, Bkt¼ {j}. Consequently, given networks with
a sufficiently large number of barriers and river segments, the use
of (11) will invariably produce models having far fewer numbers of
constraints. As an example, for the watershed used in the case-
study (details described below), there are 544 river segments
with an average of 4.16 artificial barriers between each of the
147,696 segment pairs. Based on (5), this produced a total of
623,402 connectivity constraints; using (11), there were just
194,030, less than a third of the number. As a result of its very large
size, in fact, the original model had very large optimality gaps for all
budget values (e.g., 97.8% given a $1M budget) even after 6 h of
solution time.

2.5. Solution methodology

The revised model: (1)e(4), (6)e(8) and (11) was coded in Cþþ
using CPLEX version 12.1 callable libraries (IBM ILOG 2009). CPLEX
is a state-of-art commercial software package that employs
a branch and bound algorithm to solve MILPs. All experiments
reported below were run on the same quad-core (2.53 GHz per
chip) HP Z600 workstation with 6 GB of RAM.

As opposed to solving the optimization model directly,
however, a “divide and conquer” approach, referred to as problem
decomposition, was employed as follows. For any given budget
amount, the size of the maximum river subnetwork connected
through a particular segment s can be determined by solving the
model with us ¼ 1. By repeating this for all m segments, it is
a simple matter to find the largest overall subnetwork (i.e. a global
maximum). Although this does necessitate solving m different
subproblems, one for each segment, a major advantage of it is that
each subproblem is considerably smaller in size than the full
revised model and hence relatively easy to solve. Specifically, for
any given subproblem involving focal segment s, all variables and
constraints not pertaining to s (i.e., zt, t s s, and ykt, k, t s s) can
simply be removed.

As an additional refinement, it is even possible to remove some
stream segments from consideration if certain minimum require-
ments are not met. Specifically, consider the objective value of the
best feasible solution found prior to solving the subproblem
involving segment s as the focal river segment. This value provides
a lower bound to the entire optimization problem. Further,
consider the largest possible subnetwork connected through
segment s, with s being located furthest downstream. The location
of the focal segment in the maximum subnetwork is arbitrary so s
can be specified as the one furthest downstream. An upper bound
on the size of this network is equal to the amount of river habitat
within s plus the amount upstream of or confluent with it.
Consequently, if the upper bound for segment s does not exceed
the current lower bound, then clearly s cannot be the maximum
focal stream segment and there is no need to solve this particular
subproblem.
Preliminary testing based on the case-study dataset (details
described below) showed the decomposition approach to be much
more efficient at solving instances with budget values in excess of
$50 K compared to direct solution of the full model. Whereas the
full model contained a total of 195,120 constraints, each
subproblem had, in effect, at most 670 constraints. Further, not all
of the subproblems needed to be solved. Consequently, whereas the
full revised model still had a 76.4% optimality gap after 6 h of
solution time given a $1 M budget, the decomposition method
yielded an optimal solution in just over 100 s.

2.6. Study area

To examine its performance and critically analyze proposed
barrier removal strategies for different budget amounts, the opti-
mizationmodel was run on barrier and river network data obtained
from the Pike River Watershed (PRW), located in northeast Wis-
consin, USA. The PRW, which empties into Lake Michigan, is
a predominately forested area covering 284.7 square miles
(73,747.5 ha). Anthropogenic impacts are minimal for the most
part; the Pike River is one of only four state designated wild rivers
protected from development and designed to be maintained in
a natural, free-flowing condition (WDNR 2010). Areas along
tributaries and themain stem of the river, which can reach over 100
feet (30.5m) inwidth, are characterized by awide range of habitats,
including aspen and northern hardwood stands, swamp conifer,
wetlands and rocky outcrops (WDNR 2010).

In spite of its protected status, however, a fair number of barriers
are nonetheless present in the PRW. Extensive field surveys con-
ducted by the US Fish andWildlife Service have identified a total of
125 artificial river barriers in the PRW (Fig. 2), all of which at least
partially restrict fish movements and or natural surface flows. The
vast majority of these barriers consist of small road crossings,
mainly improperly installed and undersized culverts. The estimated
cost to remove all existing artificial barriers is $7,750,248. On an
individual basis, removal costs (rounded to the nearest $1000)
range from just $2000 for minor repairs to $500,000 each to
remove two medium-sized dams.

Natural barriers, namely waterfalls, of which there are 11 in total
in the PRW, are assumed to be regular, permanent features of the
landscape and, thus, not subject to removal. Furthermore, natural
barriers have been assumed not to have any undue impact on
baseline river connectivity, meaning that river segments separated
by a natural barrier are nonetheless regarded as being effectively
connected. The end result is that natural barriers have been entirely
excluded from consideration within the present case-study.

It should be noted, however, that there is nothing intrinsic to
the model that would prevent one from treating natural barriers
the same as artificial barriers. Natural barriers could be included
in set Bst along with artificial barriers if so desired. The primary
justification for this is to prevent the objective value of the
model from becoming capped and so encourage removal of all
artificial barriers within a given watershed. If natural barriers are



Table 1
Computational results for the optimization model.

Budget Objective (km) Time (sec) Iterations Nodes

$0 140.64 55.88 0 0
$1,000,000 322.54 100.86 14305 413
$2,000,000 402.38 100.97 11801 19
$3,000,000 457.26 101.30 12328 286
$4,000,000 505.94 68.17 6032 257
$5,000,000 542.48 39.98 2286 0
$6,000,000 560.91 27.00 587 0
$7,000,000 567.70 21.63 305 11
$7,750,248 569.06 18.77 0 0
Avg - 59.40 5293.8 109.6

“Time” denotes the number of CPU seconds CPLEX took to solve a particular budget
level, “Iterations” refers to the total number of simplex algorithm iterations and
“Nodes” indicates the total number of nodes searched within the branch and bound
tree.

Fig. 2. The Pike River Watershed. Known artificial river barriers are shown as solid red circles. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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included but cannot be removed (i.e., because they are natural
features), then the stream network becomes permanently sepa-
rated into distinct subnetworks. With a sufficient budget, one
will be able to remove all barriers within the largest of these
subnetworks. For larger budgets, however, there is no impetus to
remove more artificial barriers in other subnetworks as the size
of maximum subnetwork can only be further increased by
removing the set of natural barriers which isolate it from the
other subnetworks.

Data pertaining to river segments were compiled by the US
Forest Service using procedures developed by Diebel et al. (2010). In
short, this was carried out within a geographic information system
(GIS) by taking a 1:24,000-scale river network layer derived from
the National Hydrography Dataset (Simley and Carswell, 2009),
adding additional stream segments that had not been previously
mapped and then correcting for spatial errors in the data. Next, the
geographic coordinates of all known artificial and natural barriers
were imported into the GIS and snapped onto the river network
layer. As a final step, the river network was split into 544
confluence-bounded river segments. Primary data for each
segment includes an estimate of its length (Ls) in meters. For lack of
data, habitat suitability indices (qs) were assumed to be 1.0 for all
segments. Lack of such data here does not detract from the main
conclusions of the paper nor does it indicate that such data may not
be easily obtainable in general. Suitability values can be calculated
in straightforward way with remotely sensed data (Tiner, 2004).
Hence the increased data requirements of using quality-adjusted
river length instead of river length alone are modest.

Geospatial barrier and river segment data were kindly supplied
by the US Forest Service (M. Fedora, USDA Forest Service, E6248 US
Highway 2, Ironwood, MI 49938, USA, unpublished data) and
subsequently reprocessed by the US Fish and Wildlife Service (C.
Soucy, 4R Fundy Rd., Falmouth, ME 04105, USA).
3. Results

Table 1 provides some basic computational results generated
with the optimization model across a range of budget values.
Reported values in Table 1 include the optimal objective value (size
of the maximum connected river subnetwork in kilometers),
solution time (in seconds), the total number of simplex iterations
and total number of branch and bound nodes. Overall, the model
was deemed to be highly efficient. Optimal solutions were always
found in less than 2min (maximum 101.3 s). For high budget values
(�$6M), solution timewas considerably less, under 30 s in all cases,
with reading of input files accounting for more than half of the total
(results not shown). The amount of branching, another indication
of how difficult a problem is to solve, was quite small (109.6 nodes
on average) and tended to decrease with increasing budget.



Fig. 3. Broad-scale pattern of habitat gain (km) versus large budget increments ($M).

Fig. 4. Fine-scale pattern of habitat gain (km) versus small budget increments ($K).

Fig. 5. Optimal barrier removal solutions: (a) budget ¼ $0; (b) budget ¼ $250 K; (c) budget ¼
removal. Remaining barriers are denoted by solid red circles. (For interpretation of the refe
article.)
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Looking at the range of objective values, one clear pattern is
a decreasing marginal gain in terms of the investment in barrier
removal required to increase of the size of the largest river
subnetwork. With a budget of $1 M, the maximum subnetwork
more than doubled in size from 140.64 river km to 322.54 km (net
gain of 181.90 km). Increasing the budget by an additional $1 M to
$2M, the gainwas 79.83 km, equating to about a 25% improvement.
At higher budget values, gains were markedly less. Increasing the
budget from $6 M to $7 M, for example, produced only 6.79 km of
additional connected habitat (approx. 1% gain).

The general pattern of habitat gain versus budget is more clearly
shown in Fig. 3. Looking at the graph, it is clear that there is a large
increase in habitat for the first $500 K investment in barrier
removal: a gain of 130.68 km. Beyond this, increases are more
modest, becoming approximately linear between $1 M and $4 M
and then tapering off sharply after $5 M.

Fig. 3, however, gives an incomplete picture of the complex
relationship between the cost and benefit of barrier removal. There
are, in fact, clear thresholds in terms of the budget, below which
little or no habitat gain may be observed. Fig. 4 shows, in detail,
how small incremental changes in the budget actually produce
a step-wise pattern of habitat gain. The graph shows that habitat
gain is actually zero until the budget reaches $7 K, yielding a rela-
tively small 3.67 km net increase. The total amount of open, con-
nected habitat then remains constant until the budget reaches
$10 K, whereupon a considerably larger 27.60 km net gain is
produced. Similar small and medium discrete changes in habitat
gain are seen for higher budget amounts.

Detailed analysis of this kind can be especially useful in strategic
planning and decision making within governmental agencies and
other nonprofit organizations involved in watershed planning and
management. First of all, it focuses attention on the importance of
setting cost-effective restoration goals by highlighting the critical
levels of financial investment needed to produce comparatively
large restoration gains. Second, it also provides a firm evidence base
in supporting all levels of budget planning, including proposal,
negotiation and allocation processes.
$500 K; (d) budget ¼ $1 M. Solid black triangles indicate artificial barriers selected for
rences to colour in this figure legend, the reader is referred to the web version of this
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Finally, it can be instructive to analyze the spatial structure of
solutions generated by the optimization model. Fig. 5 shows how
the size and spatial layout of the maximum river subnetwork
changes for a range of different budget amounts. Given no barrier
removal (Fig. 5a), the largest existing river subnetwork is situated in
the central part of the watershed, mostly along the middle portions
of the main North and main South branches of the Pike River. This
existing maximal subnetwork forms a primary backbone around
which barrier removals are targeted in order to reconnect isolated
upstream and downstream sections. For example, with a budget of
$250 K (Fig. 5b), a number of barriers are removed in the central
part of the watershed in order to open various small, upstream
tributary areas in the center and toward the west. Increasing the
budget to $500 K (Fig. 5c), a large stretch of river is opened
downstream toward the east all the way toward the mouth of the
Pike River. Increasing the budget further still to $1M mostly results
in the opening up of upstream tributaries along the South branch of
the Pike River.

Of special note, as mentioned previously in Section 2.1, is the
lack of perfect nestedness among the different solutions shown in
Fig. 5. Focusing specifically on Fig. 5b and c, whereas with $250 K 6
barriers can be removed within the circled area, only 1 can be
removed when the budget increases to $500 K. The consequence of
this is that some tributaries opened up with a budget of $250 K,
including the one behind the bottom (most southern) barrier in the
circular area of Fig. 5b, are no longer reconnected to the main
backbone subnetwork when the budget is increased to $500 K.

As a caveat, lack of nestedness is likely to bemore pronounced at
low budget values. In many instances, removal may become an
essentially additive process at some critical budget level such that
all barriers removed at one budget level will also be removed given
higher levels of investment. For the PRW this is indeed the case. For
budgets of $4 million and higher the solutions are all perfectly
nested (results not shown).

4. Conclusion

Fluvial ecosystems in many parts of the world have been
significantly degraded by the presence of river infrastructure, such
as dams, weirs, culverts and levees. They often impede the dispersal
of aquatic species like fish and disrupt flow, sediment and nutrient
transport. This, in turn, can have a cascading affect on native species
and ecosystem health, not only within the river corridor itself, but
also in adjacent riparian, wetland and coastal areas.

As recognition of the environmental problems caused by river
infrastructure has grownwithin public and policy circles, so too has
the problem of how to remove problem structures in a systematic
and cost-effective manner. In contribution to this, an optimization
model is presented in this paper for prioritizing the removal of
problematic river infrastructure (i.e., barriers), which impede
aquatic organism dispersal or adversely affect natural hydrology. Its
specific aim is to decide which barriers to remove, subject to
a limited budget, in order to maximize the size of the single largest
section of river unimpeded by barriers. Key features of the model
include (i) its applicability to resident (potamodromous) fish
species and other aquatic organisms by way of restoring expansive
fully connected areas of river wherever possible (not just from the
mouth of the river upstream) and (ii) its minimal data requirements
e only basic data pertaining to river length/quality, barrier location
and barrier removal cost and are required.

The model is formulated as a mixed integer linear program.
Techniques for efficiently solving realistic, large-sized problem
instances are also presented. Results based on a case-study from
the Pike River Watershed in northeast Wisconsin, USA show that
optimal solutions can be generated quickly, often in less than
a minute. The results also show, as in other studies, a decreasing
marginal gain in the amount of restored habitat that can be attained
with increasing budget amounts. Importantly though, there are
clear budget thresholds below which habitat gain may be quite
modest or even negligible. Analysis of the spatial configuration of
barrier removals at different budget amounts confirms that solu-
tions may not be perfectly nested, meaning that barriers targeted
for removal at one budget level may not be given a moderately
higher budget.

With regard to future research, there are number of ways the
modeling approach presented could be improved or extended. For
example, instead of considering the single largest barrier-free
subnetwork, one might want to optimize the combined size of
two barrier-free sections, which though individually shorter than
the longest are together much longer. Naturally, this could be
extended up to combinations of three subnetworks and so on.
Devising a linear integer programming model capable of handling
this might be a considerable challenge and would almost certainly
lead to problems that are much larger and harder to solve. Heuristic
methodswould seem amore tractable approach but would lack any
guarantee of optimality.

Another alternative would be to work on the development of
entirely new models which move away from using “fully con-
nected” stream length to describe overall river connectivity status.
One option, as employed in Cote et al. (2009), would be to incor-
porate barrier passability (assuming data exit) and assess how
removal of barriers improves connectivity between each and every
river segment. Research along this line is actively being pursued
with colleagues.

More generally speaking, optimization and heuristic based
solution methods could be coupled together with surface flow and
sediment transport models (Stromberg, 1993; Burke et al., 2009;
Brown and Pasternack, 2009), fish population and community
dynamic models (Paulsen and Wernstedt, 1995; Zheng et al., 2009)
and bioeconomic models (Johnson and Adams, 1988) in order to
directly evaluate the range of potential environmental, ecological
and economic benefits of barrier removal. Suchmodelsmight adopt
a multi-objective approach in which the size of the largest con-
nected river network is traded-off with various hydrologic and
ecological variables of interest, including mean water temperature,
annual sediment yield, deviance from natural hydrograph peaks
and troughs, and the abundance/richness of native aquatic and
riparian species.
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