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Abstract

Context Increasing fragmentation of rivers caused
by barriers continues to impact watersheds, espe-
cially disruption of fish migration patterns and loss of
access to spawning and nursery habitats. Infrastruc-
ture expansion and ageing installations exacerbate the
problem, reducing effectiveness of management in
addressing barriers. Reduction in watershed connec-
tivity requires effective tools capable of guiding river
managers in remediation actions.

Objectives Our objective was to develop a water-
shed dynamic connectivity assessment tool (D-CAT),
a customizable geospatial tool capable of river analy-
ses at varying watershed scales. The tool uses proven
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watershed connectivity modelling combined with an
effective evaluation approach to provide measurable
change model outcomes.

Methods Three different barrier encounter scenarios
were examined using the D-CAT tool to study water-
shed connectivity. The tool was tested on a watershed
area of the River Derwent, a major tributary of the
River Trent system in the United Kingdom.

Results  For each barrier scenario tested, the D-CAT
tool indicated which barriers could be removed or
modified to provide the greatest watershed connectiv-
ity improvement. The tool provided a prioritized list
of barriers for each scenario under varying choices
for the number of barriers to remove, demonstrating
the utility of the D-CAT tool to planning and design.
Conclusions The D-CAT tool is built to handle
geographical data and variable user input, allowing
in-depth watershed connectivity analysis. The tool
forecasts the cumulative effects of alternative change
scenarios for watershed connectivity, providing prior-
itization and optimization of removal strategies. The
D-CAT tool offers significant support for landscape
management towards better barrier removal/remedia-
tion decisions.

Keywords River rehabilitation - Watershed
ecosystem - Decision framework - Habitat
improvement - Dendritic connectivity - Ecosystem
modelling
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Introduction

Globally, river fragmentation, caused by construc-
tion of barriers, has profound effects on watershed
connectivity, habitat accessibility, and the natural
diversity of ecosystems (Grill et al. 2019). Fish popu-
lations are increasingly under pressure due to these
barriers, facing a disruption in access to spawning
and nursery areas. Rivers that were once well con-
nected in a network of branches, are now fragmented
into multiple, often isolated, river sections within the
watershed (Grill et al. 2019). The problem of barrier
fragmentation affects most rivers, altering fish migra-
tion (Gouskov and Vorberger 2016; Jager et al. 2001)
and compromising distribution of aquatic plants and
animals, especially fish (Ribolli et al. 2021; Radinger
& Wolter 2015; Werth et al. 2014; Andersson et al.
2000). It is estimated that nearly two-thirds of all
large rivers are now heavily fragmented (Birnie-
Gauvin et al. 2020), and the full effects of fragmen-
tation on rivers may also be underestimated (Jones
et al. 2019; Fuller et al. 2015). While the connectivity
of rivers continues to deteriorate, only limited efforts
are taken to mitigate the problem outside the USA
and EU countries. Economic drivers tend to control
barrier mitigation and reversal efforts, leading to
limited improvement against an overwhelming need.
Installations such as culverts, weirs, dams and other
barriers are now common-place, resulting in con-
siderable fragmentation of river ecosystems (Timm
et al. 2017; Goerig et al. 2016; Favaro & Moore 2015;
Jeeva et al. 2011; Gibson et al 2005). The continuing
development of new roads along with the ageing of
many culverts also exacerbates this condition in many
jurisdictions (Park et al. 2008).

With increasing human population pressure and
the push to access remote resources, it is impor-
tant to consider a widening scale of factors within
river network management with respect to barriers.
The need for forest products, mineral resources and
urbanization helps drive our economics-based activi-
ties further into watersheds, as our industries strive
to compete at any cost. Efforts to mitigate impacts
from barriers are limited, especially in rural areas,
with development pressures outstripping traditional
management approaches and regulatory control (Park
et al. 2008). The result is a de-prioritization of riv-
ers and river connectivity in the face of such pres-
sures. This proliferation of barriers to fish movement
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disrupts ecological connectivity, reducing the quan-
tity of available suitable habitat necessary for life-
history processes or dispersal (Fraik et al. 2021; Per-
kin et al. 2015; Nunn et al. 2008; Roni et al. 2002).
This reduction in river connectivity alters fish assem-
blages, reduces population resilience to environmen-
tal disturbances and reduces genetic mixing (Jones
et al. 2021; Rolls et al. 2013; Nunn and Cowx 2012).
To understand the effect of cumulative impacts of
barriers in river ecosystems, managers require an evi-
dence-based, scientific approach. Such an approach
should integrate a ‘systems’ view that gives atten-
tion to both the values of stakeholders and the nec-
essary scientific information, allowing the potential
consequences of intervention to be described. These
are explicitly value-laden and decision-driven needs
based on the best available information that can link
values to facts (King et al. 2021; Gregory et al. 2012).
The approach should allow for a series of integrated
models or tools to be developed that allow manag-
ers to predict the behavior of systems and the conse-
quences of various interventions. The resulting tools
should have the ability to describe the connection
between physical processes, evaluation of key attrib-
utes, and the impact of any intervention scenarios.
The ability to look at the consequences of different
alternatives is crucial in the decision-making, and
planning and design processes.

Several authors have developed modelling
approaches to quantify river connectivity and predict
the impact of barrier removal scenarios, including
using GIS-based platforms (e.g., O’Hanley & Tomb-
erlin 2005; Cote et al. 2009; O’Hanley et al. 2013;
Buddendorf et al. 2019; Rodeles et al. 2021). Despite
the development of theoretical approaches there are
few examples of the application of these models to
forecast the effects of intervention scenarios on river
systems for management and mitigation purposes.
Meixler (2021) used a GIS framework to model phys-
ical barrier characteristics, hydraulic conditions and
water temperature to express the likelihood that dams
and other obstructions act as barriers to fish species.
While considerably detailed, the complex datasets
used in the study may limit its usefulness in places
where data are scarce. Bonetti et al. (2016) exam-
ined fish movements across barriers to model flow
rate hydraulics for passage facilitation (using tag-
ging technology (i.e. acoustic telemetry), along with
channel and barrier digital imaging. O’Hanley &
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Tomberlin (2005) used integer programming optimi-
zation to optimize barrier removal in relation to budg-
eted cost. Branco et al. (2014) used spatial graphs
along with a habitat suitability concentration to pri-
oritize barrier removals, showing how removal of
just one barrier can have greater impact overall than
removing several barriers if appropriately chosen. In
general, however, past modelling approaches tend to
be limited to describing the theoretical element with-
out real-world fitment or actual tool product develop-
ment. Yet mangers need more than methodologies to
use towards the improvement of rivers, they need a
flexible format that is both customizable and simpli-
fied. Dynamic programming can offer this flexibility,
while still having an evolved GIS platform structure
that helps deliver enhanced results more simply. This
is important as managers also need a toolset capable
of handling an increasing number of watershed differ-
ences with minimal effort, and with varying amounts
of available datasets that accompany the watersheds
from one scenario to another.

The objective of this paper is to describe the devel-
opment of the Dynamic Connectivity Assessment
Tool (D-CAT). D-CAT is built to assess the impact
of river barriers on watershed connectivity, habi-
tat accessibility and fish population dynamics. The
D-CAT tool can also be used to predict the outcomes
of barrier removal/mitigation strategies on these
key ecosystem attributes, and may be customized to
evaluate the connectivity effects of barrier degrada-
tion over time. The tool is adaptable to river systems
anywhere around the globe. A case study from the
River Derwent, a major tributary of the River Trent,
in the UK is used to illustrate the tool’s operation and
utility.

Methods

The D-CAT modelling approach is based on exten-
sive Python programme coding within the ESRI Arc-
GIS ArcMap (version 10.3) application, designed to
evaluate watershed connectivity using spatial GIS
layer representations. ArcGIS is appropriate because
it has built-in capabilities for hydrological analysis
and customized GIS layer analysis available. ArcGIS
offers the capability for a developer to use the built-
in layer analysis toolbox, and also fine-tune the GIS
modelling with customized programming approaches.

With Python programming available directly in Arc-
GIS, analysis of key variables and components of
the watershed and river network aids tool design,
functionality and final outcomes. The multi-function
GIS Python code at the core of the tool was devel-
oped to study river connectivity change for a water-
shed. It comprises 400 lines of written Python code,
including 11 separate functions forming a full pro-
gram delivery. The code is designed to work at a GIS
watershed level with potential barriers from a GIS
barrier database, while handling input layers and out-
put reporting altogether. D-CAT analyzes the water-
shed (or selected portion of the watershed) initially
without any watershed or barrier changes (reference
point), and then recalculates multiple times depend-
ing on the changes possible. The calculations are pro-
gramming subroutines, which can feed specialized
calculation methods into the tool sequence to calcu-
late and gauge outcomes. Input to the D-CAT tool
includes the watershed rivers, barrier locations, and
data regarding the rivers and barriers (for example the
segmented river lengths, and the individual barrier
upstream and downstream species passability rating).
As a customizable tool, there is flexibility with input
formats, including GIS vector or raster input layers.
While the primary calculation is barrier passability,
the tool programming can also be expanded to handle
additional calculations on other key ecosystem values
(i.e., habitat, fish production).

The D-CAT tool primary calculation uses a river
connectivity (or fragmentation) methodology that
is expanded from the Dendritic Connectivity Index
(DCI) approach initially proposed by Cote et al.
(2009). and is integrated into GIS. The DCI mandates
the use of river segment lengths, along with barrier
passability calculations, for each potential barrier as
the connectivity analysis. The calculation is one that
is now well-established, and field-tested (see Bourne
et al. 2011). The DCI approach can be applied to two
differing fish life history strategies: potadromous
(DCIp) and diadromous (DCI). The potadromous
application is primarily concerned with watershed
connectivity where fish are making migrations within
freshwater environments, and is calculated using:

n n 1L
DCIp = Z ZCUZ’Z’ * 100 1)
=1 j=1

L
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where the probability of observing ¢ is dependent on
the section lengths i and j, identified by /; and I; as
the fraction of the total watershed drainage network L
(Cote et al. 2009). The diadromous application is pri-
marily concerned with watershed connectivity where
fish are making migrations between freshwater and
marine environments, and is calculated using:

n I M
ety =3 ([t
i=1 m=1

where L is again the length of all stream sections in
the watershed drainage network, /; is the section i
length, p" and pi are upstream and downstream pass-
abilities of the mth barrier between the mouth of the
river and river section i (Cote et al. 2009).

The DCI subroutine of the D-CAT tool is built to
calculate a value representing the connectivity of the
river segments that are separated by multiple barriers.
Each barrier has an impact on successful passage of
various fish species both upstream and downstream,
and this impact is cumulative with each barrier that
needs to be passed to reach the important habitat. It is
vital to account for the cumulative effects of barriers
when doing an analysis of barrier impacts on rivers.
The DCI considers cumulative effects by accounting
for multiple barrier impacts. This takes shape when
multiple barriers are handled in product form within
the calculation, such that the upstream/downstream
individual passability of each barrier contributes to
the passability of the series. The accumulating del-
eterious effects on overall habitat availability, through
disruption of river connectivity by impediment of
passability across barriers forms the basis of the anal-
ysis. This is vital because habitat connectivity plays a
central role in aquatic community development (King
et al. 2021; Cote et al. 2009). Small differences in
the overall connectivity of a watershed system, may
be achieved through improvements in passability to
any of the individual barriers in the analysis. Using
the initial DCI calculation as a reference connectiv-
ity value, it is possible to examine, and consequently
gauge, multiple scenarios of watershed barrier
changes for restoration targeting and watershed con-
nectivity improvements.

The D-CAT tool analyzes connectivity of the
watershed system under changing conditions within
a GIS framework with python programming to cal-
culate all possibilities of projected multi-barrier

% 100 )
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changes. These changes are derived via the theoretical
improvement of barrier combinations that are a part
of the watershed network under investigation. The
projected scenarios of connectivity improvements are
based on direct barrier interventions, such as when
passability scores are altered for one or more barri-
ers through removal or easement activities resulting
in changes to watershed connectivity. Every possible
scenario is checked, such that barrier interventions
with the highest benefit under the DCI treatment of
the watershed network are prioritised. (Fig. 1)

At the beginning of the change analysis, a numeric
choice for the number of barriers in one combination
set is chosen. This numeric value r determines how
many barriers are to be targeted for change within the
full group of ‘problem’ barriers n, and may be related
to economic mitigation costs or any other factors.
Pre-filtering can also be done at this point if neces-
sary, and to limit the number or area of barriers. After
setting the conditions and variables as needed for the
watershed, the program is started. The tool calculates
all the possible combinations using the popular com-
binations formula:

n!

nCr = m 3)
and cycling through each combination set, stores the
identity of each barrier that is an actual candidate for
removal or mitigation in a subset for the program.
The tool then enacts the change by adjusting targeted
barrier elements, and in relation to the unchanged
barriers, calculates an output for each set appending
it to the particular combination set. For example, in
the case of the DCI, subroutine on a group of bar-
riers in the watershed impacting a potadromous fish
species, the tool expands Eq. (1) above into multiple
equation parts where barrier upstream and down-
stream passabilities and associated lengths of habitat
are processed:

IA [A IB IB IC IC Vi IX IY

DCI, = + BB Ly gt XY
PRI T LT PXPXT T @

+2piptptpd Z L] [ “ —Y—Z x 100

The tool frames the representative barrier com-
ponents and calculates a DCI, outcome for the ‘no
barrier changes’ reference condition, and addition-
ally calculates every alternative multiple barrier
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Fig. 1 The D-CAT con-
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remediation projection. Each combination set along
with the new calculation is output to a text file for the
watershed being analyzed. The output of the ‘change’
calculations, along with the initial ‘no changes made’
calculation, are then further analyzed in the program.
Barrier removal combinations are ranked based on
their calculated improvements to DCI, and the list of
prioritized combination outputs are saved for review-
ing. The overall programming structure and inter-
activity of the D-CAT tool is designed in a way that
allows for modelling expansion. This is possible at
various stages of the tool procedure, including inputs,
control variables, calculations, and outputs. The tool
is created to model change to the environment, fol-
lowing the GeoDesign based RRPAT (King et al.
2021) approach that enables a detailed and controlled
evaluation of potential outcomes.

Case study

River systems in the UK have been heavily modified
over centuries of development, especially since the
Industrial Revolution. Barriers have been constructed
in river channels to power industry, aid navigation,
support water abstraction infrastructure and allevi-
ate flooding, amongst other uses, and in recent years
there has been an increased demand to retrospectively
install small-scale hydropower units on the weirs.

Watershed
analysis output

Weirs and other obstructions have compromised the
ability of migratory species to reach upstream spawn-
ing and nursery habitat areas for centuries and many
structures are now ageing and in disrepair. As a con-
sequence, movement of migratory fish species, espe-
cially salmon, trout, eel, potadromous cyprinids, and
lamprey, has been compromised, and many rivers are
failing EU Water Framework designation because of
fish. To alleviate this problem there is drive to pro-
vide fish passage easement measures on barriers, or
in some cases remove the barriers. The main prob-
lem is identifying the key barriers that impede both
upstream and downstream migration to achieve the
most effective outcome of remedial works.

The River Derwent watershed in the Derbyshire
area of the United Kingdom (East Midlands Region)
was chosen to trial the D-CAT tool because it has
numerous barriers to fish migration, many of which
have been in place for decades, and there is drive to
reintroduce natural breeding populations of Atlan-
tic salmon into the system. Five tributary rivers
were evaluated for the case study, viz.: the Upper
and Lower Amber, Alfreton Brook, Press Brook,
and Ogston Reservoir. In database form, these river
sections contain 27 identified barriers (Fig. 2), with
varying lengths of river (9.8 m up to 108 km, aver-
age 11.8 km) restricted beyond each barrier. Four-
digit identification numbers geo-spatially linked to
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Fig. 2 The case study area (shaded) is part of the River Der-
went watershed system located in the Derbyshire Region,
United Kingdom. Numbered black dots are the 27 barriers with
associated dark blue river segments. The study rivers include

the next downstream barrier are used in the data-
base (Table A1), but for ease of reference for the
case study the barriers were numbered 1 through 27
for processing and mapping.

The total river network length in the study area
was 319 km, with barriers (weir installations) rela-
tively evenly distributed throughout the river sys-
tem. Experts rated upstream passability of the barri-
ers between 0 (no passability) and 1 (fully passable)
and downstream passability from 0.8 to 0.95, in
relation to Atlantic salmon fish species.

Three different scenarios were examined in the
case study watershed using the D-CAT tool. We first
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Upper and Lower Amber, Alfreton Brook, Press Brook, and
Ogston Reservoir. For the purposes of demonstrating the
D-CAT tool, barrier #6 was taken to be at the mouth of the
river system

examined the simple watershed-level connectivity for
diadromous conditions. This was followed by study-
ing the potadromous condition using two different
scenarios: 1) a downstream-only approach where
all river segments analysed were based on barriers
located one after another in the downstream direction;
and 2) a downstream-upstream approach where some
river segments in the analysis followed barriers in a
downstream order, followed by river segments where
the barriers were ordered one after another in the
upstream direction. The latter condition occurs when
the segment-to-segment pathway must crossover a
confluence point (i.e. the point where one river meets
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another, such as tributary meeting the main river
stem). These two scenarios were chosen to showcase
the D-CAT tool capability in handling the only two
arrangements that occur when studying a straight
sequence of barriers along a river. The terms ‘down-
stream-only’ and ‘downstream-upstream’ are used to
denote these scenarios as a choice for physical river
orientation. It is acknowledged that ‘upstream-only’
as a scenario is also possible, and would be exactly
the same as our ‘downstream-only’ scenario for the
connectivity calculation methodology being applied.

Diadromous condition

Diadromous fish migrate between the freshwater zone
of the rivers and the ocean. The connectivity of the
watershed considers the accessibility of all areas of
the watershed, including all barriers and their pass-
ability values. For this case study the DCI}, was cal-
culated based on all n=27 barriers (barrier numbers
1 through 27), and using all the segmented river
lengths associated to each individual barrier. The
D-CAT tool was initially applied to calculate the con-
nectivity changes for diadromous condition under the
option of choosing ‘2’ as the number of barriers (r)
to remove. Additional scenarios where the number of
barriers were 3, 4, and 5 are analyzed and reported for
comparison.

Potadromous condition

Potadromous fish do not migrate to the ocean, but
instead spend their life in the rivers, moving about
within the freshwater system. Under this circum-
stance, the connectivity of the river system is meas-
ured from one segment to another within the water-
shed by analysing the fragmentation between the
segments. The wider a fish may travel within the river
system the more river branches must be included in
the connectivity calculation. Consequently, there is
higher probability of encountering more barriers with
increasing potadromous distance traveled.

For the case study, two potadromous scenarios
were tested. The first scenario examined the pota-
dromous condition where one river segment is com-
pletely downstream of another river segment, while
the second scenario examined the connectivity of
two segments located on different river branches
within the river network. These two scenarios were

selected due to the physical differences in the river
network representation, which translates into a differ-
ent approach required during tool processing. Doing
this test shows the versatility of the tool in calculating
projections under both types of segment-to-segment
scenarios for any river network.

Downstream-only scenario

As before, the D-CAT tool was applied to calculate
the connectivity changes for potadromous condi-
tion—downstream scenario. The first analysis in this
scenario was processed by again choosing ‘2’ prob-
lem barriers initially as the number of barriers r to
remove (Fig. 3). There are seven barriers in the down-
stream pathway between the two chosen segments (A
and B), are 7 barriers in the downstream pathway,
barrier numbers 13, 19, 12, 14, 5, 26, and 1. There are
also a few barriers that are close-by, but not involved
in the calculation (see Fig. 3 inset views for clarity).

Downstream-upstream scenario

The next criteria applied the D-CAT tool to calcu-
late the DCI, changes for the potadromous condi-
tion—downstream-upstream scenario (Fig. 4). While
similar to the downstream-only scenario in terms of
barrier-to-segment ratio, the calculations involved are
different due to the branch-to-branch river connection
point, requiring a different tool calculation approach.

The tool was tested under this scenario choosing
r="*2’ again initially as the combination number of
problem barriers to remove. There are 10 barriers in
the downstream-upstream pathway between the two
chosen river segments (A and B), barrier numbers 13,
19, 12, 14, 5, 10, 17, 21, 18, and 20. In this barrier
test group, five of the barriers are downstream and
five are upstream. While these are important physi-
cal properties of this particular test river stretch, the
operation of the tool to calculate the connectivity is
not dependent on end-segment choice for A or B, nor
in regards to how many barriers are downstream or
upstream. The tool can handle the connectivity cal-
culation in both directions and with a change in river
flow occurring in any barrier-to-barrier pathway
segment.

@ Springer
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Fig. 3 The case study
potadromous downstream
scenario using the con-
nectivity tool. The DCIp
was examined for segment

A to B (highlighted in red), 20
where B is downstream 3
from A. Inset maps show

three A to B pathway

interest points for clarity.
Green arrows are river flow
direction. The yellow points

are the barriers encountered 6
between A and B river
segments

Furthest Downstream
Point (Case Study)

Results

Diadromous condition

The D-CAT tool cycled through 253 possible com-
binations of r= ‘2’ barrier choices, calculating the
potential watershed connectivity change for each
combination of the remediation candidate barri-
ers. Barrier numbers 3, 14, 17, and 24 were elimi-
nated from the remediation candidate list as part
of the process filtering because they have a perfect
(1) passability rating. The initial DCI was calcu-
lated as 57.06 for the candidate barrier network if
no barrier remediation was done. The greatest con-
nectivity increases projected for the full watershed,
under the diadromous condition with barrier com-
bination size r=‘2" were: (1) barrier 1 and bar-
rier 6 (DCI,=73.87); (2) barrier 1 and barrier 20
(DCI,=71.15); and (3) barrier 1 and barrier 26
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(DCI,=71.14). The river segments associated with
these barriers are shown in Fig. 5.

Potadromous condition—downstream-only scenario

For the potadromous condition—downstream-only
scenario, 15 possible combinations of r=‘2" bar-
rier choices were calculated, with barrier number 14
not included since it carries a perfect passability rat-
ing. The D-CAT evaluated all connectivity changes
through the eight segments under the various bar-
rier combination sets. The DCI, was 66.58 when
no remediation changes were made to the candidate
barriers. When concentrating on these river seg-
ments, the combination choices providing the great-
est connectivity improvement were (1) barrier 5 and
barrier 26 (DCI,=85.90); (2) barrier 12 and bar-
rier 26 (DCIp=80.38); and (3) barrier 1 and barrier
26 (DCI,=80.09). The range of all projected DCI,
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Fig. 4 The case study B
potodromous downstream-

upstream scenario. The

DCI, was examined for seg-

ment A to B (highlighted in

red), where a downstream 120
river flow and upstream 218
river flow separate seg-
ments A and B. The path-
way from A to B encounters
five barriers downstream
followed by five barri-

ers upstream, shown with
yellow points. River flow
direction is indicated by \
green arrows 20

Ogston
Reservoir

018
|

Furthest Downstream
Point (Case Study)

calculation outcomes for all possible 2-candidate-bar-
rier remediation choices were from 67.16, less than
1% improvement of the connectivity to 85.90, a con-
nectivity improvement of 29% (Fig. 6).

Potadromous condition—downstream—upstream
scenario

For the potadromous condition—downstream-
upstream scenario, the tool calculated 28 possible
combinations of r= ‘2" barrier choices, and evalu-
ated connectivity changes through 11 segments under
these various combinations. Barrier numbers 14 and
17 were eliminated during the tool processing due to
perfect passability ratings. The DCI} calculation was
27.65 with no changes made to the candidate barriers.
The D-CAT tool projected the combination choices
providing the greatest connectivity improvements
were (1) barrier 5 and barrier 10 (DCI,=45.29); (2)
barrier 10 and barrier 12 (DCI,=38.67); and (3) bar-
rier 10 and barrier 21 (DCI,=37.91). Projected DCI,
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calculation outcomes for 2-candidate-barrier reme-
diation choices in this scenario ranged from 28.84,
a 4% improvement, to 45.29, which is a connectivity
improvement of 64% (Fig. 7).

Results using the D-CAT tool to examine addi-
tional calculation combination choices 3, 4 and 5 are
shown in Table 1. Each combination choice repre-
sented the targeted number of barriers for remediation
amongst the total number of barriers for the scenario
condition within the watershed.

For the diadromous condition, the D-CAT deter-
mined that increasing the number of barriers reme-
diated to perfect passability from two barriers to five
barriers, could increase the case study watershed con-
nectivity by an additional 16%. The tool also calcu-
lated an additional 11% improvement in connectivity
for the potadromous downstream-only scenario, and
an additional 85% improvement for the downstream-
upstream scenario when increasing the number of
barriers restored from two to five.
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Fig. 5 The connectivity Connectivity (DCIp) Barriers restored Barrier map
tool DCI|, calculations 57.06 (No change) -
using a barrier combina- 73.87 1,6
tion choice “2” under the (connectivity improvement
diadromous calculation 29%)
scenario for the case study
watershed. The segments
of river associated with
the indicated barriers are
highlighted in red
71.15 1,20
(connectivity improvement
25%)
71.14 1,26 L&( (o~
(connectivity improvement %f ARG\ 0\
25%) Vs «}!{\ 7 /‘d")
A \
Sby p
Discussion software. The tool can easily handle river networks

D-CAT is designed as a dynamic tool to assess the
impact of river barriers on watershed connectivity
and to forecast the impact of various barrier removal/
mitigation strategies. The tool was tested on a 27
multi-barrier concentration on the River Derwent in
England. Processing time was minimal for the final
test code to produce results, and changing inputs for
the combination number, GIS layer, output filename,
and necessary programming variables is designed
to be minimal. The number of combinations nCr
increases according to combination key r and the total
number of barriers n, meaning the main limitation is
processing power of the computer running the GIS

@ Springer

several times this size or multiple river networks
regionally.

In the Derwent case study, barrier number 1, with
a passability rating of 0.6 upstream and 0.8 down-
stream figured prominently in the DCI, calculations.
Barrier number 1 was not the lowest passability rat-
ings in the 27-barrier set, which had several barriers
with passability rating of 0.3 upstream. The length of
accessible habitat associated with barrier number 1
is, however, over 108 km, which is large compared to
many of those barriers with the same passability. The
amount of accessible habitat associated with barrier 1
that would be available under a projected remediation
scenario, helps increase the DCI}, derived and raise
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Fig. 6 DCIj calculation top Connectivity (DCIp) Barriers restored Barrier map
3 outcomes using a barrier 66.58 (A to B) (No change) _
combination choice 2’ 85.90 5,26
under potadromous condi- (connectivity improvement
tion, downstream scenario. 29%)
The two end-segments
involved for this calculation
are shown in red. The bar-
riers restored to achieve the
change in connectivity are
shown as yellow
80.38 12,26
(connectivity improvement
21%)
80.09 1,26
(connectivity improvement
20%)

this barrier to the top of the priority list. In the addi-
tional analysis scenarios where the projected number
of barriers remediated was increased to 3, 4 and 5,
continued to give barrier 1 priority for all alternatives.
Barrier number 6, which has a very poor passability
rating of 0.0, also stood out with barrier 1 at the top
of the DCI, outcome priority list, regardless of how
many barriers are chosen as r for mitigation. Barrier
number 6 is a strong remediation candidate based on
both the passability rating and the nearly 20 km of
currently inaccessible habitat associated with it.
Barrier number 5 figured prominently amongst
both the downstream-only and the downstream-
upstream remediation candidate DCIp calculations,
and projected priority outcome alternatives. The pass-
ability rating for this barrier was 0.3 upstream and

0.95 downstream, while the habitat length associated
with the barrier is just over 1 km. Both DCI} sce-
narios had other remediation candidate barriers with
significantly more associated habitat even though the
passability ratings were the same (e.g., barrier num-
bers 13 and 26 with 4.4 km and 15 km, respectively,
in the downstream-only scenario: barrier numbers 13
again, and barrier 20 with 15 km in the downstream
upstream scenario). The positioning of barrier 5 in
the connectivity network in both scenarios is more
central, which also causes the barrier to rise in impor-
tance within the scope of both scenarios. This high-
lights the importance of the DCI} calculation as well
as the significance of testing multiple projected out-
comes to optimize the scenario connectivity, to pro-
vide the best decision-making guidance possible.

@ Springer
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Fig.7 The connectiv- Connectivity (DClp) Barriers restored Barrier map
ity tool DCI}, calculations 27.65 (A to B) (No change) R
using a barrier combina- 45.29 5,10 \
tion choice 2 under (connectivity improvement
potadromous condition, 64%)
downstream-upstream
scenario. The end-segments
for this calculation are
again shown as red, and the
restored barriers as yellow
for the achieved change in
connectivity
38.67 10, 12
(connectivity improvement
40%)
37.91 10, 21
(connectivity improvement
37%)

While certain problem barriers are critical and rise
to the top of the list for any combination key chosen,
it is less intuitive that a particular combination of
barriers may improve the connectivity more strongly
than the individual barriers would provide alone
under singular analyses approaches. For example, the
top DCI, for a combination for key ‘4’ barriers were
barriers 10, 18, 20, and 21, yet barrier number 20
does not feature in the runner-up combination sets for
the same key (Table 1). This again shows the power
of the D-CAT tool, which could potentially show
decision-makers a less obvious combination set that
provides the greatest improvement. The optimization
of targeted remediation barriers under the D-CAT
tool could also evolve further when including other

@ Springer

values, such as life-stage requirements, or production
estimates, since these values could be linked to acces-
sible habitat. Combine this with additional expert
assessment of involved barriers and filtering the pri-
ority list can aide managers to narrow the targets sig-
nificantly for actual barrier removal or mitigation.
The DCI}, is a valuable approach for whole
watershed systems, where the entire watershed
is examined using details of each barrier to deter-
mine an overall indication of fragmentation. For
an experienced GIS practitioner, the code is eas-
ily adjusted to use initial barrier exclusion factor-
ing, or proportional measures for habitat quality,
giving the tool versatility for local watershed cus-
tomization. It allows optimization of the full barrier
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set based upon the input criteria, which would be a
significant support to decision makers with so many
individual barriers with varying factors to consider.
In the case study, applying the DCI}, calculation
to 27 watershed barriers provided a priority list of
problem barriers that could be recommended and
potentially targeted for remediation measures. The
DCI, is a detailed assessment that could quickly
highlight those barriers in a linear group or branch
area causing the greatest impediment to end-to-end
fish movement. Such a detailed result could help
point practitioners, often working with little funds,
towards the most effective barrier remediation
solutions.

One benefit of creating a prioritized connectiv-
ity improvement list, is that other barriers in the list
still represent a connectivity improvement for those
barrier choices. This means the management team,
assembled and dedicated to scenario review with
minimal effort, could examine alternative barrier sets
for intervention should the top-rated set be unsuitable
for any reason, e.g. too expensive. For example, upon
running the tool and seeing the top-rated set carries
a total cost beyond the funds available to address
those barriers, then the next top-rated set could be
examined to determine if the total cost would allow
the budget allocation to address them. The analysis-
derived, high-level connectivity improvement list of
barrier combinations can also be examined deeper to
determine remediation impacts in more detail, and in
relation to surrounding ecosystem factors. Such fac-
tors could be contextualized in a GIS system spatially
or for time, allowing improved control of these influ-
ences when initiating a calculation scenario within
the tool. The result therefore acts as a strong guide
to management for timely decisions in a continuous
manner, rather than relying solely on individual bar-
rier conditions or lengthy manual assessment efforts.
Effectively, the D-CAT tool is a model that links
river process with change in river values (King et al.
2021). It is designed to examine impact on values (for
example habitat quality and quantity, watershed con-
nectivity) for various fish species. The tool is expand-
able, and can be used to test competing alternatives
and optimize the system for more than one value over
space and time.

@ Springer

Conclusion

The objective of this study was to develop a dynamic
connectivity assessment tool (D-CAT); a dynamic
change model designed to assess the effects of
changes in process (i.e., passability) on key ecosys-
tem attributes or values (i.e., river connectivity, habi-
tat accessibility and fish population status). In addi-
tion to predicting impacts, D-CAT was designed to
provide a forecast of alternative change scenarios
(i.e., alternative barrier removal or mitigation strat-
egies) on river values, thus providing mangers with
the performance measures required to assess alter-
native actions and make evidenced based decisions.
The results of the case study demonstrate the utility
of D-CAT to planning and design. D-CAT is able to
forecast the cumulative effects of alternative change
scenarios (i.e., barrier removal/ mitigation strategies)
on river connectivity of a watershed unit. In addition,
the tool is scalable and can be used to assess a sin-
gle river segment, an entire watershed unit, or can be
used to assess multiple watersheds within a region.
The ability to scale the analysis to a regional area is
critical for prioritization and optimization of removal
or mitigation strategies by conservation authority
with limited operational capacity and budgetary con-
straints. This tool represents a significant addition to
the river management toolbox. The next step in tool
development is to use D-CAT to link changes in con-
nectivity directly to other rivers values such as, acces-
sible habitat to enable forecasts of changes in fish
population status on varying scales.
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