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Measuring 30 years of improvements to aquatic
connectivity in the Greater Toronto Area

M. Choy, D. Lawrie, and C. B. Edge�,��
Toronto and Region Conservation Authority, 101 Exchange Ave., Vaughan, Ontario L4K 5R6, Canada

�Corresponding author: christopher.edge@canada.ca

Instream barriers (e.g. dams, weirs and road crossings) fragment aquatic habitat and prevent the
upstream movement of fish, impairing the ability of fishes to complete critical life stages, access critical
habitat and for dispersal among local populations. Mitigation efforts have improved aquatic connectiv-
ity to some degree, but it has been challenging to quantify the overall improvement in connectivity
without long-term and costly field assessments. The development of spatially explicit habitat connectiv-
ity indices make it possible to evaluate current stream connectivity, and quantify the improvement prior
mitigation projects have had on connectivity. We combined a list of instream barrier mitigation projects
completed in five watersheds in the Toronto (Ontario, Canada) area from 1987–2016 (mitigated bar-
riers) and a previously established inventory of all known instream barriers in 2016 (current barriers).
The cumulative improvement to connectivity was measured for potadromous (remain in tributaries) and
diadromous (move between tributaries and lake) fish species using the dendritic connectivity index.
Aquatic connectivity improved for diadromous species between 0 and 14.5% and for potadromous spe-
cies between 0.1 and 4.4% in the five studied watersheds. Some variation in improvement among the
watersheds can likely be attributed to differences in mitigation strategies among the watersheds and a
historical emphasis on mitigating instream barriers to benefit migratory salmonid species.

Keywords: instream barrier mitigation, stream fragmentation, dendritic connectivity index, urban
stream, fish passage

Introduction
Anthropogenic development has altered many

waterways through habitat degradation, water
pollution, over-exploitation, the establishment of
invasive species and habitat fragmentation
(Dudgeon et al., 2006; Strayer and Dudgeon,
2010). The alteration of habitat has in turn
resulted in a decline in freshwater biodiversity,
particularly in areas where intensive urban

development has occurred (Porto et al., 1999;
Bunn and Arthington, 2002; Beatty et al., 2013).
The construction of instream barriers is ubiqui-
tous in urban areas and these barriers alter flow
regimes and prevent the movement of organisms
among different sections of the stream (Porto
et al., 1999; Bunn and Arthington, 2002; Beatty
et al., 2013). Dams, weirs, and road crossings
provide valuable services, but they also fragment
aquatic habitats and have negative impacts on

��Present address: Natural Resources Canada, Canadian Forest Service, Atlantic Forestry Centre, 1350 Regent St., Fredericton,
New Brunswick E3B 5P7, Canada.
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fishes (Dynesius and Nilsson, 1994; Trombulak
and Frissel, 2000; Rolls et al., 2013).

Habitat fragmentation limits the amount of
suitable habitat available for fishes, resulting in a
higher likelihood that critical stream segments
become inaccessible (Trombulak and Frissell,
2000). The elimination of movement between
upstream and downstream populations can rapidly
alter fish communities (Gehrke et al., 2002; Nilsson
et al., 2005; Nislow et al., 2011; Rolls et al., 2013;
Maitland et al., 2016) through increased community
dissimilarity and the isolation of populations
(Hanfling et al., 2004; Perkin and Gido, 2012;
Edge et al., 2017). Diadromous and potadromous
fishes are susceptible to fragmentation, as many of
these fish species need to move among different
habitat types to meet critical biological functions
(Lucas et al., 2001). The creation of instream bar-
riers also changes stream morphology, altering flow
patterns and substrate composition (Lucas et al.,
2001; Bunn and Arthington, 2002; Maitland et al.,
2016). Overall, the construction of instream barriers
has led to a rapid deterioration of habitat quality
and quantity and mitigating instream barriers has
become a main focus in recent aquatic restoration
efforts (Roni et al., 2002; Bernhardt et al., 2005;
O’Hanley and Tomberlin, 2005).

The Great Lakes system of North America con-
tains 23,000km3 of freshwater and is the largest
group of freshwater lakes on our planet (Hales
et al., 2008). There are an estimated 270,000 poten-
tial barriers within the Great Lakes tributaries, with
over 45 large dams and thousands of road crossings
documented in the Greater Toronto Area (GTA)
alone (Januchowski-Hartley et al., 2013; Ontario
Biodiversity Council, 2016). The threats of instream
barriers to aquatic communities have been recog-
nized in the development of the Toronto and
Region Remedial Action Plan (RAP) (Toronto
RAP, 2016). A significant amount of work has
been done over the past three decades to mitigate
instream barriers in the GTA. The removal of
instream barriers can restore ecological commun-
ities at local sites (Doyle et al., 2005; Gardner
et al., 2011), but the extent of improvement to
aquatic connectivity has been traditionally difficult
to assess quantitatively (Beatty et al., 2013; Rolls
et al., 2013) because of the large spatial extent of
rivers. To fill this gap, tools to estimate improve-
ment to connectivity after mitigation have been
developed to more effectively prioritize the removal

of instream barriers by estimating the amount of
upstream habitat that becomes available if a barrier
is migrated (e.g. “Fishwerks,” Moody et al., 2017).
An additional piece of information is the degree to
which the connectivity of the entire habitat network
is improved as it provides a measure of how well
all segments of the habitat network are connected
to one another. The development of spatially expli-
cit habitat connectivity indices such as the
Dendritic Connectivity Index (DCI; Cote et al.,
2009) allow for network level assessments of con-
nectivity to be made and provide a valuable metric
that can be used to quantify the structural connect-
ivity within river networks. The DCI metric can be
calculated for both diadromous and potadromous
species and can be compared between watersheds
or different time frames, resulting in a method to
compare the connectedness of different watersheds
and to assess changes in aquatic connectivity over
time (Cote et al., 2009).

The objective of our project was to quantify
the improvement to aquatic connectivity within
the GTA since the inception of the Toronto RAP
for both diadromous and potadromous species.
We compared connectivity levels in 1987 (before
the RAP recommended barrier mitigation proj-
ects) and in 2016 (after barrier mitigation efforts
took place). We expected the connectivity for
diadromous species to improve to a greater extent
for potadromous species because past restoration
efforts likely focused on migratory salmonids
species and that more mitigation projects will be
found in streams used by salmon.

Methodology

Study site

The present study focusses on five of the six
watersheds within the Toronto and Region Area of
Concern in Ontario, Canada (43.7� N, 79.4� W);
the East Don River, Etobicoke Creek, Highland
Creek, Mimico Creek, and Rouge River (Figure 1)
and does not study the West Don River or the
Humber River. Each of the five watersheds has
been fragmented by varying degrees due to the
construction of dams, weirs, road crossings, and
other instream structures and these watersheds
vary in size, percent impervious cover, and the
percent of natural cover (Table 1). The Don River,
Rouge River, and Etobicoke Creek watersheds are
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heavily urbanized near their mouths and less
urbanized in the headwaters (PIC <10%). In con-
trast, the Highland and Mimico watersheds are
heavily urbanized throughout.

Complete barrier assessment

Complete barrier assessments were completed
for the five watersheds between 2002 and 2016
and represent the current number and type of
barriers in each of the watersheds. Barrier
assessments consisted of walking the entire
stream network and recording the location and
type (e.g. dam, weir, road crossing) of every
potential barrier to fish passage. Barrier charac-
terization included measuring downstream pool

depth, the distance from the lip of the barrier to
the stream bed, the distance from the lip of the
barrier to the top of the waterline, and the
hydraulic head of each barrier. The pool depth
and barrier height were used to determine
whether the lip of the crossing structure was
above the surface of the water, resulting in a
drop structure or perched condition.

Instream barrier mitigation project list

We identified previously mitigated instream bar-
riers by contacting groups and agencies (e.g. Trout
Unlimited, Ontario Streams, Ontario Ministry of
Natural Resources, Department of Fisheries and
Oceans) that were historically involved with

Figure 1. Location of barrier mitigation projects in the five focal watersheds which occurred between 1987 and 2016.

Table 1 General characteristics of the five watersheds in Southern Ontario and the number of barriers in each watershed in
1987 vs. 2016.

Watershed
Length of
river (km)

Watershed
area (ha)

Natural
cover (%)

Percent
impervious
cover (%)

Number of
barriers
in 1987

Number of
barriers
in 2016

East Don 194.2 35806 14 19-31 79 64
Etobicoke 279.8 21165 14 7-62 190 181
Highland 78.1 10158 11 53 143 139
Mimico 68.9 7709 11 57 154 152
Rouge 541.8 33288 23 4-50 207 194
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mitigation projects in the GTA. The following min-
imum information was requested for each project:
(1) Where the project was located and a description
of the area, (2) UTM coordinates if available, (3)
Year(s) of project execution, (4) Structure classifica-
tion of the instream barrier pre-mitigation effort (e.g.
dam, debris, natural barrier, road crossing, weir) and
(5) Mitigation method used (e.g. bypass, fishway,
notch, removal, rocky ramp). Instream barrier miti-
gation projects were also found by reviewing prior
permit applications under Ontario Regulation 166/06
in the Fisheries and Oceans Canada database and
TRCA corporate records database.

Some of the completed barrier mitigation proj-
ects had the possibility of degrading over time (e.g.
a blocked bypass channel). To accurately assess the
current level of aquatic connectivity past barrier
mitigation project sites were visited when they met
all of the following conditions: (1) The project was
located in one of the five watersheds that had a
complete barrier assessment, (2) The mitigation
project took place before 2011 and there were no
photographic records or documents confirming pro-
ject completion and (3) The barrier could not be
confirmed as mitigated via LiDAR Hillshade and
Elevation layers or Google Earth’s historical satel-
lite photographs. Site visits to assess current condi-
tions at instream barrier mitigation sites were done
in low flow conditions in August-September 2016
and assessed for three categories of fish passage:
(1) No species passage, (2) All species passage and
(3) Only jumping species passage. If flow was con-
tinual, not sheeting over or through the structure,
and the stream elevation change was less than
5 cm, it was determined that all fish species could
pass. If a site was identified as allowing no species
or only jumping species passage the barrier was
measured and characterized using the same meth-
ods as the complete barrier assessment.

Aquatic connectivity

Structural connectivity was measured using the
Dendritic Connectivity Index (Cote et al., 2009).
The DCI estimates the probability that any two
organisms placed randomly in two different stream
segments are in sections that are structurally con-
nected to one another. DCI was calculated for
both diadromous, species that move between Lake
Ontario and its tributaries (DCId) and potadro-
mous, species that remain in the tributaries (DCIp)

fishes, as well as for each individual stream seg-
ment (DCIs). The DCIs value estimates the prob-
ability that any particular stream segment is
connected to the rest of the network and can be
used to indicate the degree to which individual
stream segments are connected to one another.
The permeability of each barrier was estimated
using baseflow, measured as part of a regional
monitoring program, and perch height measured
during barrier assessments (Table 2).

Improvement to connectivity in each of the
watersheds was determined by calculating DCIp,
DCId, and DCIs for 1987 and 2016. To calculate
the connectivity indices in 1987 all barriers (bar-
rier assessment and mitigated barrier list) were
included with all barriers on the mitigated list
assigned a permeability of 0. To calculate the
connectivity indices in 2016 the permeability
value for the mitigated barriers was changed to
match the permeability after mitigation.

Statistical analysis

For each of DCIp and DCId, we tested whether
connectivity improved between 1987 and 2016
using a paired t-test for each of the connectivity
indices. We also tested whether the improvement
in connectivity differed between diadromous and
potadromous species by comparing the difference
between 1987 and 2016 using a paired t-test. To
test whether barrier mitigation projects were more
likely to occur near the mouth of stream the dens-
ity distribution of distance from barrier to mouth
of the river was compared between mitigated and
non-mitigated barriers. All statistics were per-
formed in R (R Core Team, 2016).

Table 2. Categories used to estimate the permeability of
each barrier.

Outlet
drop (m)

Baseflow
(m s-1)

Estimated
permeability

0 <0.25 1
0 0.25-0.40 0.80
0 >0.40 0.50
0-0.15 Any 0.25
>0.15 Any 0

Categories from Anderson et al. (2012)
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Results

Instream barrier mitigation project list

A total of 173 instream barrier mitigation proj-
ects were identified in the GTA and 68 of these
projects were completed in the five focal water-
sheds (Table 3; Figure 1). Within the five focal
watersheds the majority of barrier mitigation proj-
ects occurred in the Rouge (27), and East Don
(22). Weirs were the most commonly mitigated
barrier (37), followed by road crossings (17) and
dams (14) (Table 3). Total removal of the barrier
(23) and the installation of rocky ramps (18) were
the most common mitigation methods (Table 3).
Density distributions show that the majority of
instream barrier mitigation projects occurred close
to the mouth in the East Don, Etobicoke, Mimico,
and Rouge watersheds (Figure 2).

Aquatic connectivity–1987 vs. 2016

In 1987 DCId ranged between 2.17 and 8.03%
and DCIp ranged between 2.75 and 4.92% in the
five focal watersheds (Table 4). Both DCId and
DCIp increased between 1987 and 2016, with
DCId ranging between 2.17 and 22.51% and
DCIp ranging between 2.84 and 9.32% (Table 4).
The average improvement in DCId was 4.15%
and DCIp was 1.19%. However the observed dif-
ferences for DCId and DCIp between 1987 and
2016 were not statistically significant (DCId:
t¼ -1.45, df ¼4, p¼ 0.22; DCIp: t¼ -1.43, df
¼4, p¼ 0.22), nor was the difference in improve-
ment between DCId and DCIp (t¼ -1.44, df ¼4,
p¼ 0.22). The lack of statistical significance is

likely to due to large amount of variation in
improvement among the watersheds and low
sample size. The greatest improvement in DCId
occurred in the East Don (14.48%) and the
Rouge (6.28%), but there was no improvement in
the Etobicoke, Highland, and Mimico (Table 4).
Similarly DCIp improved the most in the East
Don (4.4%) and in the Rouge (1.2%) and there
was an extremely minor improvement (<1%) in
the Etobicoke, Highland, and Mimico (Table 4).
Overall, aquatic connectivity for potadromous
species improved in all watersheds from 1987 to
2016, but improved in only two out of the five
watersheds for diadromous species.

Aquatic connectivity–Dendritic
Connectivity Index

DCIs values for stream connectivity varied
both among and within the five focal watersheds.
The greatest improvement was in the East Don
where DCIs for some stream segments improved
by up to 22.5%. In the East Don there was a clear
spatial pattern in local connectivity improvement;
the greatest improvement was at the mouth and
in one north-western portion of the stream
(Figure 3a). DCIs values in the Rouge ranged
from -8.2 to 10.9% and the greatest improvement
occurred close to the mouth (Figure 3a). DCIs
values in Etobicoke Creek showed some deterior-
ation in connectivity with a low of -0.03% rang-
ing to a high of 3.35% (Figure 3a). Negative
DCIs values occur when the permeability of bar-
riers decrease or when a new barrier is placed on
the network, which occurred in both the Rouge
and Etobicoke. Improvement in DCIs in Mimico

Table 3. The number of mitigated barriers, types of barriers mitigated, and what methods were used to mitigate barriers in the
five measured watersheds.

Watershed Number

Types of
barrier mitigated Method used to mitigate barriers

Road Dam Weir Removal Rocky Ramp Replace Bypass/fishway Other

East Don 24 5 1 18 11 8 1 2 2
Etobicoke 9 1 4 4 5 1 0 0 3
Highland 4 1 0 3 2 1 0 0 1
Mimico 4 0 0 4 0 3 0 1 0
Rouge 27 10 9 8 5 5 5 12 0
Total 68 17 14 37 23 18 6 15 6
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and Highland creeks were minimal, with the larg-
est improvement ranging from 3.74 to 6.39%
(Figure 3a). However, DCIs values in large por-
tions of the Etobicoke, Mimico, and Highland did
not change, with the increases in DCIs occurring
in a small number of stream segments in close
proximity to mitigated barriers. In 2016, the high-
est DCIs values were found near the mouths of
the Mimico, East Don, and Rouge and in some
upper tributaries of the East Don and Rouge
(Figure 3b).

Discussion
The negative effects of instream barriers to fish

communities are extensive and well documented
(Morita and Yamamoto, 2002; Taylor et al., 2008;
O’Hanley, 2011; Edge et al., 2017). Restoration
actions have focused on mitigating instream bar-
riers, but the extent of improvement in aquatic con-
nectivity has traditionally been difficult to quantify.
The objective of this study was to utilize a spatially
explicit connectivity index to determine whether
instream barrier mitigation projects have improved
structural connectivity in five focal watersheds and
where the greatest improvement has occurred. Our
findings show that there have been improvements
in each watershed, although the amount of
improvement is not statistically significant. There
is large variability in the amount of improvement
among watersheds, with larger improvements in
connectivity in the East Don and Rouge compared
to Etobicoke, Highland, and Mimico creeks.

Aquatic connectivity also improved considerably
more for diadromous species than for potadromous
species. The variation in improvement can likely
be attributed to: the total number of completed
mitigation projects in each watershed, conservation
of high quality habitat, restoration of highly
degraded habitat, and an emphasis on improving
connectivity for migratory salmonids rather than
resident species.

Differences in improvement among the water-
sheds are due to the different number of mitiga-
tion projects that were completed in each of the
watersheds; more than 20 projects were completed
in each of the East Don and Rouge watersheds,
and less than 10 projects were completed in
Etobicoke, Highland, and Mimico creeks. There is
an expected, and obvious, positive relationship
between the number of projects completed in a
watershed and the consequent improvement in
connectivity. We hypothesize that prior mitigation
projects were concentrated in the East Don and
Rouge rivers due to a focus on conservation or
restoration depending on watershed condition in
the GTA over the past 3 decades.

The Rouge River is considered one of the
more pristine watersheds within the GTA and is
of high conservation value. It has been well docu-
mented that urbanization is a major cause for
aquatic habitat degradation (Booth and Jackson,
1997; Walsh et al., 2005). With extensive rural
land cover (51%) and a low PIC in the northern
reaches, the Rouge watershed still contains a
large amount of natural land cover (Tu et al.,
2010). Land cover characteristics which imply
that more high quality habitat is available for fish
species in comparison to other GTA watersheds
that have considerably higher levels of urban
land cover. The density distribution of mitigation
projects and their distance from the mouth of the
Rouge shows that a large proportion of projects
were completed further upstream in the head-
waters (Figure 2). Upstream areas in the Rouge
have the lowest PIC and highest levels natural
cover, lending support to the idea that instream
barrier mitigation projects have targeted these
relatively pristine habitats. The trend of mitigat-
ing instream barriers in areas with less urbaniza-
tion shows a tendency for conservation efforts to
be focused on relatively undisturbed areas. This
approach has merit, as concentrating on stream
segments with lower impact from urbanization

Figure 2. Density plot of distance from barriers to the mouth
of the river (m) in five watersheds.
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allows fishes access to higher quality habitat
(Roni et al., 2002). Implementing projects in
rural, relatively undisturbed areas may also be
more cost efficient because the habitat may be of
high quality in the area (Arponen et al., 2010).
Whereas, in more degraded streams, extra costs
will be incurred by further habitat restoration to
improve habitat quality. Economic costs are one
of the main limiting factors in the ability to com-
plete restoration related projects, and sometimes
the least expensive options are chosen for restor-
ation due to limited funding available. By maxi-
mizing both economic efficiency and the largest
biological gain in the conservation planning
stages, decisions can be made to best benefit our
aquatic communities (Arponen et al., 2010).

Contrasting the relatively pristine Rouge, the
East Don watershed is dominated by urban land
cover (97%) and is one of the most degraded riv-
ers in the GTA (Mitchell, 2005). Despite

evidence pointing towards a highly degraded sys-
tem, 22 instream barrier mitigation projects have
been completed in the East Don since 1987, with
many of these projects being located close to the
river mouth to restore connections to the lake.
Past development practices in the Don River
resulted in a dramatic decline habitat quality
and prior to the RAP very little conservation
value was left in the system (Mitchell, 2005;
Bonnell, 2008). In the past few decades, inten-
sive efforts have been made to assess and
restore many aspects of aquatic health in
the Don due to increased public and environ-
mental awareness (Bonnell, 2008). An observ-
able achievement of these restoration efforts has
been the successful upstream migration of
Chinook Salmon (Oncorhynchus tshawytscha)
in the Don River. However, it is still not clear
whether the available habitat is of high enough
quality for spawning, embryo development, and

Figure 3. (a) Difference in stream connectivity (DCIs) between 2016 and 1987. Values are DCIs in 2016–DCIs in 1987, larger
differences indicate greater improvement in connectivity between 1987 and 2016. (b) DCIs values for the five study watercourses
in 2016 showing current conditions.

Table 4. DCI values for potadromous and diadromous species from 1987 (before the Toronto RAP) and
2016 in each of the five watersheds.

Watershed

DCI Diadromous (%) DCI Potadromous (%)

1987 2016 1984 2016

East Don 8.03 22.51 4.92 9.32
Etobicoke 2.17 2.17 2.75 2.84
Highland 4.76 4.76 2.83 2.90
Mimico 3.13 3.13 4.73 4.93
Rouge 4.64 10.92 3.65 4.85
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juvenile growth to occur in the East Don
(Crawford and Muir, 2008). Nevertheless, the
presence of salmonids in the upper East Don
demonstrates that mitigating instream barriers,
even in heavily urbanized city centres can lead
to successful restoration of habitat connectivity.

Improvement in aquatic connectivity for both
diadromous and potadromous species was not
statistically significant, but this is likely due to
the small sample size (n¼ 5) and the three water-
sheds (i.e. Etobicoke, Highland, and Mimico
creeks) that showed minimal improvement
(<1%). However, the mean improvement in
DCId increased fourfold when compared to the
mean improvement in DCIp. A reason for this
substantial difference in improvement can be
attributed to the widespread emphasis on restor-
ing migratory salmonid habitat (Metrick and
Wetizman, 1998; Roni et al., 2002; Pess et al.,
2014). Salmonids have long been the focus of
many stream restoration projects due to the eco-
logical, economic, and cultural repercussions
associated with declining salmon runs (Gende
et al., 2002). The instream barrier mitigation proj-
ects that have taken place in the Don River are a
prime example of this salmonid focus. Almost
half of the mitigated instream barriers in the East
Don have been closer to the mouth of the river
instead of being further up in the headwaters.
Removing barriers at the mouth of a river will
improve aquatic connectivity for all diadromous
species, and potadromous species that only utilize
the headwaters will not be affected. The DCIs
metric identifies where connectivity has improved
the most within a riverine system and segments
near the mouth of the East Don have improved
by over 20%, whereas the middle of the stream
and the headwaters have only improved by less
than 10%. The large improvement in connectiv-
ity at the mouth of the East Don supports the
theory that restoration efforts have focused on
salmonids. The same trend can be seen in the
Rouge, with portions of the stream closer to the
mouth having improved by the largest amount
compared to the headwaters (Figure 3a). The
pattern of greatest improvement for diadromous
species may not hold in the Humber River
which was not included in the present study
because a complete barrier assessment has not
been completed on it. Within the Humber River
barrier mitigation has focused on restoring

habitat for Brook Trout (Salvelinus fontinalis) in
the headwaters. Brook Trout are a potadromous
cold water specialist species that are rarely
found in higher order streams or near the mouth
of rivers in Southern Ontario.

Relatively few instream barrier mitigation proj-
ects occurred in the Etobicoke, Highland, and
Mimico creeks, likely because of relatively few
restoration opportunities. Etobicoke Creek has PIC
values ranging from less than 10% in the northern
reaches to greater than 50% in the south, Highland
Creek has a PIC of over 50%, and Mimico Creek
has a PIC of 57% (Table 1). High PIC values
combined with large zones of urban land use, low
habitat quality, and a lack of historical migratory
salmonids has resulted in low conservation value
and fewer restoration opportunities within these
three watersheds. The negligible improvements
in connectivity can also be attributed to the oppor-
tunistic approach of past restoration projects.
Historically, balancing socio-economic and eco-
logical values has been difficult as there is no sys-
tematic, repeatable decision-making strategy in
place that can efficiently target the most important
barriers to fish passage (Arponen et al., 2010).
The maps of DCIs for the Etobicoke, Highland,
and Mimico (Figure 3) show that improvement in
connectivity has occurred in small, disconnected
stream segments and connectivity has decreased in
some sections of the Etobicoke since 1987. The
lack of broad-scale improvement in connectivity
demonstrates that the planning stages of restor-
ation projects are critical to the overall benefit pro-
vided to aquatic communities. The Toronto RAP
represents one of the early attempts to use a sys-
tematic method to protect and restore ecosystem
functions. Techniques that provide quantifiable
and easily repeatable results (Such as DCI) clearly
identify where past restoration efforts have had the
greatest impact to aquatic connectivity. By utiliz-
ing these techniques along with a systematic deci-
sion-making process in the future, instream
barriers can be prioritized for removal so that
aquatic connectivity can be improved in the most
efficient manner for all fish species.

Conclusions
In addition to connectivity, future work should

consider the impact barriers have on habitat qual-
ity and type. Barriers can alter habitat quality by
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impounding water, transforming lotic systems to
lentic systems, increasing water temperature,
increasing sedimentation, and all of which can
lead to changes to the aquatic community (Ellis
and Jones, 2013; Birnie-Gauvin et al., 2017). For
restoration programs to be effective and meet
their overall goals habitat quality and type must
be considered as well.

There have been quantifiable, albeit minor
improvements to aquatic connectivity in the five
measured watersheds across the GTA. A large
number of instream barriers have been mitigated
since 1987, but many barriers still remain. The
patterns represented by instream barrier mitiga-
tion project locations reveal an emphasis on con-
serving high quality habitat and restoring
connectivity specifically for salmonids. Overall,
aquatic connectivity is still extremely low in
many GTA watersheds and more strategic conser-
vation and restoration work must be done to
improve these systems further. To improve con-
nectivity for all species and remove future bar-
riers in the most efficient manner, a prioritization
scheme needs to be created that encompasses
both quantifiable techniques like the DCI and
expert biological knowledge. By combining old
strategies with new, future decisions can be more
effectively made to improve both fish community
health and habitat quality.
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Z.I., Knowler, D.J., L�evêque, C., Naiman, R.J., Prieur-
Richard, A.H., Soto, D., Stiassny, M.L., Sullivan, C.A.,
2006. Freshwater biodiversity: importance, threats, status
and conservation challenges. Bio. Rev. 81(02), 163–182.

Dynesius, M., Nilsson, �., 1994. Fragmentation and Flow
Regulation of River Systems in the Northern Third of the
World. Science 266, 753–762.

Edge, C.B., Fortin, M.J., Shrestha, N., Lawrie, D., Jackson,
D., 2017. Patterns in Beta diversity of stream fish com-
munities differ after habitat change and habitat fragmenta-
tion. Land. Ecol. 32(3), 647–662.

Ellis, L.E., Jones, N.E., 2013. Longitudinal trends in regulated
rivers: a review and synthesis within the context of the
serial discontinuity concept. Environ. Rev. 21, 136–148.

350 Choy et al./Aquatic Ecosystem Health and Management 21 (2018) 342–351

https://doi.org/10.1002/aqc.2795


Gardner, C., Coghlan Jr, S.M., Zydlewski, J., Saunders, R.,
2011. Distribution and abundance of stream fishes in rela-
tion to barriers: Implications for monitoring stream recov-
ery after barrier removal. River. Res. Appl. 29(1), 65–78.

Gehrke, P.C., Gilligan, D.M., Barwick, M., 2002. Changes in
fish communities of the Shoalhaven River 20 years after
construction of Tallowa Dam, Australia. River Res. Appl.
18(3), 265–286.

Gende, S.M., Edwards, R.T., Willson, M.F., Wipfli, M.S.,
2002. Pacific Salmon in Aquatic and Terrestrial
Ecosystems: Pacific salmon subsidize freshwater and ter-
restrial ecosystems through several pathways, which gen-
erates unique management and conservation issues but
also provides valuable research opportunities. BioScience.
52(10), 917–928.

Hales, B., Cai, W.J., Mitchell, G., Sabine, C.L., Schofield, O.,
2008. North American Continental Margins: A Synthesis
and Planning Workshop. Report of the North American
Continental Margins Working Group for the U.S. Carbon
Cycle Scientific Steering Group and Interagency Working
Group. U.S. Carbon Cycle Science Program, Washington,
DC.

Hanfling, B., Durka, W., Brandl, R., 2004. Impact of habitat
fragmentation on genetic population structure of roach,
Rutilus rutilus, in a riparian ecosystem. Conserv. Genet. 5,
247–257.

Januchowski-Hartley, S.R., McIntyre, P.B., Diebel, M.,
Doran, P.J., Infante, D.M., Joseph, C., Allan, J.D., 2013.
Restoring aquatic ecosystem connectivity requires expand-
ing inventories of both dams and road crossings. Front.
Ecol. Environ. 11(4), 211–217.

Lucas, M.C., Baras, E., Thom, T.J., Duncan, A., Slav�ık, O.,
2001. Migration of Freshwater Fishes. Blackwell Science,
Oxford.

Maitland, B.M., Poesch, M., Anderson, A.E., Pandit, S.N.,
2016. Industrial road crossings drive changes in commu-
nity structure and instream habitat for freshwater fishes in
the boreal forest. Freshwater Biol. 61(1), 1–18.

Metrick, A., Weitzman, M.L., 1998. Conflicts and choices in
biodiversity preservation. J. Econ. Perspect. 12(3), 21–34.

Mitchell, B., 2005. Integrated water resource management,
institutional arrangements, and land-use planning.
Environ. Plann. A. 37(8), 1335–1352.

Moody, A.T., Neeson, T.M., Wangen, S., Dischler, J., Diebel,
M.W., Milt, A., Herbert, M., Khoury, M., Yacobson, E.,
Doran, P.J., Ferris, M.C., O’Hanley, J.R., McIntyre, P.B.
2017. Pet project or best project? Online decision support
tools for prioritizing barrier removals in the Great Lakes
and beyond. Fisheries 42(1), 57–65.

Morita, K., Yamamoto, S., 2002. Effects of habitat fragmenta-
tion by damming on the persistence of stream-dwelling
charr populations. Conserv. Biol. 16(5), 1318–1323.

Nilsson, C., Reidy, C.A., Dynesius, M., Revenga, C., 2005.
Fragmentation and flow regulation of the world's large
river systems. Science 308(5720), 405–408.

Nislow, K.H., Hudy, M., Letcher, B.H., Smith, E.P., 2011.
Variation in local abundance and species richness of

stream fishes in relation to dispersal barriers: implications
for management and conservation. Freshwater Biol. 56,
2135–2144.

O’Hanley, J.R., 2011. Open rivers: barrier removal planning
and the restoration of free-flowing rivers. J. Environ.
Manage. 92(12), 3112–3120.

O’Hanley, J.R., Tomberlin, D., 2005. Optimizing the removal
of small fish passage barriers. Environ. Model. Assess.
10(2), 85–98.

Ontario Biodiversity Council, 2016. State of Ontario’s
Biodiversity 2015 – Indicators. [online] Available at:
http://sobr.ca/_biosite/wp-content/uploads/SOBR-2015_
all-indicators_May-19-2015.pdf [Accessed 3 Nov 2016].

Perkin, J.S., Gido, K.B., 2012. Fragmentation alters stream
fish community structure in dendritic ecological networks.
Ecol. Appl. 22(8), 2176–2187.

Pess, G.R., Quinn, T.P., Gephard, S.R., Saunders, R. 2014,
Re-colonization of Atlantic and Pacific rivers by anadro-
mous fishes: linkages between life history and the benefits
of barrier removal. Rev. Fish. Biol. Fisher. 24(3),
881–900.

Porto, L.M., McLaughlin, R.L., Noakes, D.L.G, 1999. Low-
head barrier dams restrict the movements of fishes in two
Lake Ontario streams. N. Am. J. Fish. Manage. 19(4),
1028–1036.

Rolls, R.J., Ellison, T., Faggotter, S., Roberts, D.T., 2013.
Consequences of connectivity alteration on riverine fish
assemblages: potential opportunities to overcome con-
straints in applying conventional monitoring designs.
Aquat. Conserv. 23(4), 624–640.

Roni, P., Beechie, T. J., Bilby, R.E., Leonetti, F.E., Pollock,
M.M., Pess, G.R., 2002. A review of stream restoration
techniques and a hierarchical strategy for prioritizing res-
toration in Pacific Northwest watersheds. N. Am. J. Fish.
Manage. 22(1), 1–20.

Strayer, D.L., Dudgeon, D., 2010. Freshwater biodiversity
conservation: recent progress and future challenges. J. N.
Am. Benthol. Soc. 29(1), 344–358.

Taylor, C.M., Millican, D.S., Robers, M.E., Slack, W.T.,
2008. Long-term change to fish assemblages and the flow
regime in a southeastern US river system after extensive
aquatic ecosystem fragmentation. Ecography 31(6),
787–797.

Toronto RAP, 2016. Toronto & Region Remedial Action Plan
– About the RAP. [online] Available at: http://www.toron-
torap.ca/about-the-rap/ [Accessed 3 Nov 2016].

Trombulak, S.C., Frissel, C.A., 2000. Review of ecological
effects of roads on terrestrial and aquatic communities.
Conserv. Biol. 14(1), 18–30.

Tu, C., Pisapio, J., Lawrie, D., Rance, T., 2010. Rouge River
Watershed Fisheries Management Plan. Toronto and
Region Conservation Authority, Toronto, Ontario.

Walsh, C., Roy, A., Feminella, J., Cottingham, P., Groffman,
P., Morgan, R, 2005. The urban stream syndrome: current
knowledge and the search for a cure. J. N. Amer. Benthol.
Soc. 24(3), 706–723.

Choy et al./Aquatic Ecosystem Health and Management 21 (2018) 342–351 351

http://sobr.ca/_biosite/wp-content/uploads/SOBR-2015_all-indicators_May-19-2015.pdf
http://sobr.ca/_biosite/wp-content/uploads/SOBR-2015_all-indicators_May-19-2015.pdf
http://www.torontorap.ca/about-the-rap/
http://www.torontorap.ca/about-the-rap/

	mkchap1497400_artid
	Introduction
	Methodology
	Study site
	Complete barrier assessment
	Instream barrier mitigation project list
	Aquatic connectivity
	Statistical analysis

	Results
	Instream barrier mitigation project list
	Aquatic connectivity1987 vs. 2016
	Aquatic connectivityDendritic Connectivity Index

	Discussion
	Conclusions
	Acknowledgements
	Funding
	References


