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Abstract. Loss of connectivity caused by anthropogenic barriers is a key threat for migratory freshwater
species. The anadromous life history of salmonids means that barriers on streams can decrease the amount
of habitat available for spawning and rearing. To set appropriate targets for restoration, it is important to
know how different populations have been impacted in terms of the location and extent of historically avail-
able habitat that has been lost or has become inaccessible. Using mapped and predicted barriers to fish pas-
sage in streams and diking infrastructure, the amount of both floodplain and linear stream habitat that
remains accessible today was estimated for 14 populations of salmon in the Lower Fraser River, British
Columbia, Canada’s most productive salmon river. To place these estimates within a historical context, the
floodplain area was estimated using vegetation records from the 1850s, and lost streams were estimated
using a digital elevation model-derived stream network. To bolster areas where little mapping has been
done, current barrier data were used to predict locations likely to have barriers. Accessibility to floodplain
was poor across the entire region with only 15% of the historical floodplain remaining accessible. Linear
stream habitat ranged in accessibility from 28% to 99% across populations based on mapped barriers. Inclu-
sion of predicted barriers revealed an additional 33 km of potentially inaccessible stream habitat and the
modeled stream network located approximately 1700 km of stream length that has been completely lost.
Comparing habitat accessibility and barrier density against the assessed status of populations revealed
insights useful for understanding the impact of barriers on spawning and rearing and guiding the allocation
of restoration effort. Applying methods for addressing missing data, such as lost streams and unmapped bar-
riers, was essential for estimating the accessibility of habitat within a historical context. While much emphasis
has been placed on the role of marine conditions in wild Pacific salmon recovery, the magnitude of habitat
loss in the Fraser cannot be ignored and suggests it is a major driver of observed salmon declines.

Key words: anadromous species; barriers; connectivity; conservation planning; culverts; dams; flood control;
fragmentation; habitat loss.
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INTRODUCTION

Loss of connectivity of freshwater habitat is
widespread and recognized as one of the key
threats to aquatic systems (Dudgeon et al. 2006,
Fuller et al. 2015). Barriers that create connectivity
issues are often anthropogenic structures that
restrict the longitudinal movement of freshwater
species throughout a stream network or lateral
movement between stream and adjacent flood-
plain habitats (Coleman et al. 2018). While barri-
ers in freshwater systems almost always have
impacts on the quality of habitat itself, they can
completely alienate stretches of otherwise usable
habitat for anadromous species (Zhong and
Power 1996, Gardner et al. 2012), which require
connectivity between freshwater and marine envi-
ronments. The impacts of habitat loss are broad
and include both demographic and ecological
impacts, from increased extinction risk (Seabloom
et al. 2002), and decreased species richness (Helm
et al. 2006), to altered evolutionary trajectories
and resilience (McClure et al. 2008).

Pacific Salmon (Oncorhynchus spp.), like many
anadromous species, are impacted by the alien-
ation of habitat from barriers, with numerous
studies demonstrating the impact of anthro-
pogenic barriers (Gibson et al. 2005, Sheer and
Steel 2006, van Puijenbroek et al. 2019). These
barriers include dams, flood control structures,
road culverts, and other structures. In addition to
an increase in the number of barriers, the last
century has seen other anthropogenic pressures
including land use change (Bilby and Mollot
2008), climate change (McDaniels et al. 2010, Bee-
chie et al. 2013), disease (Mordecai et al. 2019),
and over-exploitation (Price et al. 2019) resulting
in freshwater habitat degradation and declining
marine conditions, which impact salmon at every
stage of their lifecycle (Grant et al. 2019). As a
result, many salmon populations are at record
low numbers compared to historical levels
(Peterman and Dorner 2012, Malick and Cox
2016, Grant et al. 2019, Price et al. 2019). Recently,
much of the emphasis for regional declines has
been focused on the change in productivity of
the marine environment (Beamish et al. 2010,
Peterman and Dorner 2012, Malick and Cox
2016). However, the relative resilience of pink
(Oncorhynchus gorbuscha) and chum (Oncor-
hynchus keta) salmon has been noted as a possible

indicator that the freshwater environment may
be playing a bigger role in declines than previ-
ously thought, as these species are less depen-
dent on freshwater habitats (Grant et al. 2019).
Sockeye (Oncorhynchus nerka), Chinook (Oncor-
hynchus tshawytscha), and coho (Oncorhynchus
kisutch) are all faring comparatively worse in the
southern portions of their range where both
increases in water temperature and the degree of
anthropogenic disturbance on freshwater habitat
have been most severe (Grant et al. 2019).
In addressing these threats to salmon, the

removal of barriers and restoring access to fresh-
water habitat is among the most successful
restoration strategies that can be undertaken due
to its comparatively nominal cost, quick biologi-
cal response, long-lasting effect, and relatively
high likelihood of success (Roni et al. 2002).
Understanding the extent of habitat connectivity
loss and how it impacts different populations
depending on their position in the landscape is
important for informing management priorities
and setting restoration baselines.
The establishment of appropriate baselines

requires the consideration of the historical con-
text of the habitat and is important for avoiding
changing human perceptions of biological sys-
tems, also known as shifting baselines, which
can lead to a managed decline of the ecosystem
(Pauly 1995, Papworth et al. 2009). To do this,
estimation of habitat that still exists, but has
become inaccessible to salmonids, needs to be
assessed in tandem with habitat that has been
completely lost from the landscape. Particularly
in urban locations, streams can be replaced with
sub-surface infrastructure with no value as habi-
tat (Napieralski and Carvalhaes 2016), which
may contribute to significant habitat loss for spe-
cies and populations that used them historically.
The Fraser River drains nearly a quarter of the

province of British Columbia, Canada, and is one
of the great salmon-producing rivers of the
world (Northcote and Larkin 1989), yet it has
pervasive anthropogenic impacts and many Fra-
ser salmon runs are now at historical lows (Grant
et al. 2019). The Lower Fraser River and its asso-
ciated tributaries have a disproportionate impor-
tance for wild salmon as a migratory corridor
and for the number of populations that rely on
the area (Nesbitt and Moore 2016). Over the last
century, resource extraction, urbanization, and
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land conversion to agriculture have eliminated,
severely degraded, and alienated much of the
freshwater stream systems in the area (Boyle
1997). Further, the tidal characteristics and low-
lying nature of the Fraser Valley have precipi-
tated the construction of floodgates along many
of the tributaries (Thomson and Confluence
Environmental Consulting 1999). The operation
of floodgates in the Lower Fraser has been
shown to create hotspots for invasive species,
reduce native fish diversity, and cause hypoxic
conditions up to 100 m upstream (Gordon et al.
2015, Scott et al. 2016, Seifert and Moore 2018).
While improved management of the operation of
these floodgates may mitigate some of these neg-
ative impacts (Seifert and Moore 2018), even
when completely open, floodgates alter flow
velocities and can become perched or otherwise
inaccessible (Haro et al. 2004). In addition to
floodgates, the ever-expanding road network has
created additional barriers, with over 170,000
closed bottom culverts impeding fish passage
across British Columbia (Fish Passage Technical
Working Group 2014).

The purpose of this study was to quantify the
amount of stream and floodplain salmon habitat
that has been alienated by anthropogenic barriers
in the Lower Fraser River. Specifically, the moti-
vating questions were as follows: (1) What was
the historical extent of salmon habitat in the
Lower Fraser River? (2) How much of the histori-
cal habitat has been lost entirely? (3) How much
of the historical habitat is now inaccessible as a
result of anthropogenic barriers? (4) How does
habitat accessibility and the presence of barriers
compare against the assessed status of Pacific
Salmon conservation units (CUs) that rely on the
Lower Fraser River for breeding and rearing? By
assessing salmon habitat availability within a
historical context, a better understanding of the
baseline conditions can be used to help guide
restoration of habitat for these culturally, eco-
nomically, and ecologically important species.

METHODS

Study area
The Fraser River is the largest river in British

Columbia (BC) with a total watershed area of
233,000 km2, and it has an average annual dis-
charge of about 3700 m3/s and a bimodal

hydrograph characterized by spring snow melt
run-off and increased autumn precipitation
(Northcote and Larkin 1989). The Lower Fraser
region is generally delineated as the portion of
river between the community of Hope, BC,
where it begins flowing in a predominately west-
ern direction, and the Pacific Ocean. In this study,
it has been delineated hydrographically using
the watershed groups defined in the provincial
Freshwater Atlas that contain at least a portion of
this stretch of river. These watershed groups
include Fraser Canyon, Chilliwack, Harrison, Lil-
looet, and Lower Fraser and drain an area of
20,203 km2 (Fig. 1). The Fraser River as a whole
is Canada’s largest producer of wild salmon, yet
despite representing a relatively small portion of
the entire basin, the Lower Fraser has dispropor-
tionate importance for salmonids. The region
supports a diversity of populations (Nesbitt and
Moore 2016), as well as acting as a migration cor-
ridor for all other populations in the Fraser
Basin.
Pacific Salmon in Canada are federally man-

aged under the Wild Salmon Policy at the level of
the conservation unit (CU). The CU is defined as
a group of wild salmon that is sufficiently iso-
lated from other groups that if it were to go
extinct it would not recolonize within an accept-
able time frame such as a human lifetime or spec-
ified number of salmon generations (Fisheries
and Oceans Canada 2005). Spatial boundary
polygons that delineate the freshwater habitats
of all CUs were overlaid with the watershed
group polygons to identify a total of 14 CUs
whose habitats fell completely within the study
area (Table 1; Appendix S1). Lake-type sockeye
were excluded from this study as their CUs are
delineated only by the lakes in which they rear,
leaving no stream length for the assessment of
accessibility—if the lake were not accessible, then
the CU would not exist. For the purpose of status
assessments, CUs act as the designatable units
for the Committee on the Status of Endangered
Wildlife in Canada (COSEWIC). Information on
the status of each CU as assessed by COSEWIC
was collected from the species registry for com-
parison with habitat accessibility. Among the pri-
mary roles of COSEWIC are the identification of
species for assessment and to carry out those
assessments determining whether species are
classified as extinct, extirpated, endangered,
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threatened, of special concern, or not at risk
(SARA 2002).

Quantifying extent of historical floodplain
Floodplain habitat downstream of each CU

boundary was assumed to have been utilized or
available to out-migrating juveniles or as part of

their rearing habitat (Brown and Hartman 1988,
Sommer et al. 2001). This was identified using a
map of the historical vegetation of the Lower Fra-
ser Floodplain created through the translation of
surveyor’s notebooks into spatial information on
vegetation communities that existed between the
years 1859 and 1890 (North and Teversham

Fig. 1. Map of study area comprised of the Lillooet, Fraser Canyon, Chilliwack, Harrison, and Lower Fraser
watershed groups showing location of mapped barriers. Sources of barrier data include the Fish Information
Summary System (FISS), Provincial Stream Crossing Inventory System (PSCIS), and Watershed Watch Salmon
Society (WWSS). Inset shows context of study in the broader Pacific Northwest Region.
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1984). From this dataset, 26 distinct vegetation
communities were identified, and those with
flood tolerant species compositions or were likely
to have high hydrological connectivity to the Fra-
ser mainstem or coast were assumed to be flood-
plain fish habitat with at least seasonal
regularity. This assessment was informed by Kis-
tritz et al. (1996), and habitats were generally
characterized as marshes, grasslands, cotton-
wood, spruce, or other coniferous forest. A table
of all communities outlined by North and Tever-
sham (1984) and those selected as floodplain fish
habitat is provided in supplemental material
(Appendix S2). A large gap exists in the flood-
plain assessment due to the historical presence of
Sumas Lake in the eastern portion of the Fraser

Valley. Sumas Lake was drained in 1924 and is
currently kept dry through a series of canals and
pumps for farming in the eastern portion of the
Lower Fraser Valley (Murton 2008). For this
study, the lake was included as floodplain habi-
tat as there are historical accounts of wide varia-
tion in lake levels throughout the year, ranging
from a low of nine feet deep in winter to 36 feet
deep during the spring freshet (Murton 2008).
Due to these variations, it is likely that a precise
measurement of the lake’s area would not cap-
ture the dynamic nature of the system. The origi-
nal mapping of the Lower Fraser vegetation
communities done by North and Teversham
(1984) omitted the lake. For this study, a polygon
was created to fill this gap and act as an estimate
for the size of the lake-floodplain habitat.
Accessibility to floodplain fish habitat was

assessed using currently mapped dikes. Diking
data were downloaded from the provincial data
repository (Table 2, https://catalogue.data.
gov.bc.ca/dataset?download_audience=Public).
Floodplain isolated by diking infrastructure from
either the coast or the Fraser River mainstem was
marked as inaccessible. The area of lost and
accessible floodplain was then calculated for
each CU by selecting all floodplain polygons
both within and downstream of each CU poly-
gon.

Identifying naturally inaccessible stream habitat
To identify naturally inaccessible linear stream

habitat, natural barriers were delineated and the
accessible lengths of streams were measured by
breaking the Freshwater Atlas stream network
into 300 m segments and assessing their average
gradient using a 0.75 arc-second digital elevation
model (DEM) in ArcGIS (ESRI 2018). A reach
length of 300 m was used as this corresponds to
the maximum reach length used in a similar
study looking at watershed accessibility by Sheer
and Steel (2006). The gradient thresholds for each
species were also determined following the
methods of Sheer and Steel (2006), where a
threshold of 16% was used for Chinook, coho,
and sockeye, while a gradient of 5% was used for
chum. These gradient thresholds are derived
from recommendations by Washington State Fish
and Wildlife Department (Washington Depart-
ment of Fish and Wildlife 2019). The gradient
barriers were combined with other known

Table 1. Conservation units (CUs) of salmon within
the Lower Fraser River included in this study and
the assessed status of the CU according to the Com-
mittee on the Status of Endangered Wildlife in
Canada (COSEWIC).

Species Conservation unit
COSEWIC

status

Chinook
(Oncorhynchus
tshawytscha)

Fraser Canyon
Spring 1.3

Endangered

Lower Fraser
River–Upper Pitt
Summer 1.3

Endangered

Lower Fraser River
Fall 0.3

Threatened

Lower Fraser River
Summer 1.3

Threatened

Lower Fraser River
Spring 1.3

Special concern

Boundary Bay Fall
0.3

Not assessed

Maria Slough
Summer 0.3

Not assessed

Chum (Oncorhynchus
keta)

Lower Fraser Not assessed

Coho (Oncorhynchus
kisutch)

Boundary Bay Not assessed

Fraser Canyon Not assessed
Lillooet Not assessed
Lower Fraser Not assessed

Sockeye
(Oncorhynchus nerka)

Widgeon (river-
type)

Threatened

Harrison River
(river-type)

Not at risk

Notes: Numbers in the Chinook CU names indicate the
mean number of years spent in freshwater (before decimal)
and marine environment (after decimal). Half of the CU’s
have not been assessed.
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natural barriers not identified by the slope analy-
sis, most notably Stave Canyon, which blocks
access to Stave Lake, and the upper Stave sys-
tem, which acted as a historical fish barrier but is
now a hydro dam (Stockner and Bos 2002). For
the purposes of this study, all stream length
below these natural barriers was assumed to be
salmonid stream habitat and was measured lin-
early along the stream length.

Streams that have been classified as ditches in
the Freshwater Atlas have been straightened or
simplified into drainage channels. For the pur-
poses of assessing habitat accessibility, these
channelized streams often form loops in the net-
work and were unreliably identified as accessible
or inaccessible using the network topology. It is
also likely that streams which have been channel-
ized for drainage harbor only degraded habitat
(Rosenvald et al. 2014), and for these reasons, the
length of channelized streams was quantified
separately to the naturally accessible habitat.

Mapped anthropogenic barriers to fish passage
To identify inaccessible habitat, information on

barriers in the Lower Fraser was collated from
three sources (Fig. 1; Table 2). Two of the sources
were provided through the province of BC: the
Provincial Stream Crossing Inventory System
(PSCIS), which follows a standardized fish pas-
sage assessment (Fish Passage Technical Working

Group 2014), and the Fish Information Summary
System (FISS), which is a collation of potential
obstacles to fish passage that have been observed
to potentially cause fish habitat fragmentation
but have not necessarily been assessed for their
impact on connectivity. The third source is com-
prised of barriers specifically related to flood
infrastructure along the Fraser River and was col-
lected by a local non-governmental organization,
Watershed Watch Salmon Society. Due to the
potential unreliability of the FISS database,
records from all three datasets were evaluated
for redundancy and, where overlap of the FISS
data was observed with either of the other two
datasets, the FISS data were removed. All
anthropogenic barriers were assumed to be a
complete barrier to salmonids.
The combined barrier data were spatially

joined and linear referenced to the Freshwater
Atlas stream network using a 30 m snapping dis-
tance to account for spatial error in barrier coor-
dinates. When a barrier was outside of this
snapping distance, but assessment information
identified the stream that the barrier was sup-
posed to be located on, the point location was
moved to the appropriate stream so as to be
included in the analysis. Using a set of queries,
the first barriers that cut off access upstream
from either the mainstem of the Fraser River, the
coast, or the southern border were identified. All

Table 2. Description and source of all datasets used in the spatial analysis of salmonid habitat accessibility on the
Lower Fraser River.

Layer name Description Source
Date

downloaded

Freshwater Atlas Stream Network Stream hydrography mapped at 1:20,000 scale Province of BC Jan. 10, 2019
Freshwater Atlas Lake Polygons Lakes mapped at 1:20,000 scale Province of BC Feb. 1, 2019
Pacific Salmon Conservation Unit
Boundaries

Polygons of the freshwater habitat range for each
CU

Government of
Canada

Mar. 20, 2019

BC Digital Roads Atlas Roads in BC including resource roads Province of BC Jul. 29, 2019
Linear Diking Infrastructure Linear flood infrastructure collated from multiple

sources
Province of BC Jun. 15, 2018

Provincial Stream Crossing
Inventory System—Assessments

Assessments of culverts that follow the provincial
protocol for Fish barrier assessment

Province of BC Sep. 26, 2019

Fish Information Summary
System—Fish Obstacles

Collation of various reported potential obstacles fish
passage

Province of BC Apr. 14, 2019

Floodgates and Pump stations Point locations of floodgates and pumps that may
represent barriers to fish movement

Watershed Watch
Salmon Society

–

Digital Elevation Model DEM at 0.75 arc-second resolution Government of
Canada

Jul. 20, 2019

Historical Vegetation of the Lower
Fraser Floodplain

Vegetation communities of the Lower Fraser
Floodplain estimated from surveyors’ notebooks
between 1859–1890

North and
Teversham (1984)

–
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streams upstream of these first barriers were
assumed to be inaccessible, while streams down-
stream of these barriers were assumed to be
accessible. Proportions of accessible and inacces-
sible habitat were calculated for the region as a
whole using the estimated naturally accessible
length and for each of the 14 CUs using the CU
boundary as the population extent.

Identifying lost streams
The extent of streams that have been lost to

urbanization or development was estimated by
creating a digital elevation model (DEM)-derived
stream network from the Canadian digital eleva-
tion model at 0.75 arc-second resolution and
comparing it with the Freshwater Atlas stream
hydrography. First, the DEM was filled, and the
Freshwater Atlas stream hydrography was
burned in using a rasterized version of the
mapped hydrography. The burn-in ensured the
DEM-derived network matched the Freshwater
Atlas hydrography and to identify only large
areas where streams are expected but have not
been mapped within the Freshwater Atlas. Both
the Freshwater Atlas stream network (1:20,000)
and the DEM were at similar scales, which mini-
mizes the negative impacts of burn-in on the
final DEM stream network (Lindsay 2016). The
burned in DEM was then converted to a flow
direction raster and finally a flow accumulation
raster using the D8 method (O’Callaghan and
Mark 1984). To identify an appropriate threshold
for channel initiation on the flow accumulation
raster, points were created at the initiation of cur-
rently mapped streams not identified as ditches
in the Fraser Valley below 100 m of elevation.
The average flow accumulation at these points
was approximately 0.25 km2, which was used as
the threshold value for channel initiation of the
DEM-derived stream network. This estimate is a
uniform critical support area for streams on the
valley bottom, so it does not consider the varia-
tion in potential erosional forces such as slope
and soil types (Montgomery and Foufoula-
Georgiou 1993). Using streams initiated under
100 m of elevation is likely a conservative esti-
mate for channel initiation and, subsequently,
channel length. Streams within 50 m of currently
mapped Freshwater Atlas streams were assumed
to be the same as those already mapped and
removed from the DEM-derived stream network,

leaving only streams potentially lost due to fill-
ing and urbanization. The remaining DEM-
derived streams were measured for their along-
stream length, average slopes, and elevations.
Natural barriers were delineated following the
methodology already described, and lost streams
were labeled as naturally inaccessible where
appropriate. The polygon representing Sumas
Lake derived from North and Teversham (1984)
was used to remove any lost streams estimated
in this area.

Predicting unmapped barriers
Whereas mapping of barriers has occurred in

the Lower Fraser River, these maps are incom-
plete, particularly for road culverts. In order to
account for unmapped potential barriers, all
stream–road intersections were mapped, and a
model was developed to predict whether these
intersections represented potential barriers to
fish passage in R (R Core Team 2019). The Fresh-
water Atlas was overlaid with the BC Roads
Atlas Layer, and a point was created at each
intersection except where the road was labeled
as a bridge, ferry, or overpass or where streams
were estimated to be naturally inaccessible to
anadromous salmonids. Boosted regression trees
(BRTs) from the gbm package (Greenwell et al.
2019) were used to develop a model that can pre-
dict the probability that each road crossing poses
a barrier to fish passage. Boosted regression trees
differ from traditional regression methods as
they adaptively combine a large number of rela-
tively simple models to optimize predictive per-
formance, rather than producing a singular best
model (Elith et al. 2008). Following the method-
ology of Januchowski-Hartley et al. (2014), the
site, reach, and segment slope of the stream, as
well as the catchment area of the intersection,
were used as predictors. In addition to these
stream characteristics, the number of lanes of the
road and the surface type of the road were also
used as predictors (Table 3). Fish passage assess-
ments in the PSCIS that were labeled as either a
barrier (n = 221) or passable (n = 346) were used
to develop the predictive model. Code from Elith
et al. (2008) was used to determine the optimal
learning rate, tree complexity, and number of
trees. Due to the smaller sample size, only tree
complexities of 2 and 3 were tested across learn-
ing rates of 0.01, 0.005, and 0.001. The learning
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rate determines the contribution of each tree to
the growing model, while the tree complexity
controls the fit of interactions or number of
branches (Elith et al. 2008). The bag fraction was
kept at 0.5, while multiple learning rates and tree
complexities were tested. The bag fraction con-
trols the level of stochasticity, as each iteration of
the model uses the specified proportion of ran-
domly selected data as the training data for the
model. Final model parameters were selected
based on the model with smallest deviance and
at least 1000 trees using the gbm.step function
(Elith et al. 2008). Model performance, as mea-
sured by the area under the receiver operator
characteristic (AUC) curve, was estimated using
10-fold cross-validation along with standard
errors. Variable importance was calculated based
on the contribution to model fit attributable to a
given predictor averaged across all trees, in order
to understand the characteristics of stream–road
intersections that are more likely to be barriers to
fish passage.

The final model was then used to predict the
probability of whether each road–stream inter-
section was a barrier. The optimal threshold for
categorization of a barrier was determined using
the optimal.thresholds function which identifies
the threshold that correctly classifies the most

sites in the PresenceAbsence R package (Freeman
and Moisen 2008). These model predicted barri-
ers were combined with mapped barriers and
where overlaps were identified, predicted barri-
ers were removed. This created a set of road–
stream intersections that were not mapped as
barriers but were estimated to have a high proba-
bility of being a barrier, combined with the
mapped barriers. The assessment of accessibility
was re-run with this combined barrier dataset to
see how model predicted barriers influenced the
amount of accessible habitat.

RESULTS

Floodplain habitat
An estimated 659 km2 of floodplain fish habitat

existed historically in the Lower Fraser. Of
this, approximately 102 km2 remains accessible
according to currently mapped dikes, represent-
ing only 15% of the historical habitat (Fig. 2). The
amount of accessible historical floodplain habitat
varies widely by CU depending on its context in
the landscape and what lies downstream. An esti-
mated 4–5% of the historical floodplain habitat for
the Boundary Bay populations of both coho and
Chinook remain accessible, whereas the Fraser
Canyon Chinook and coho and the Lower Fraser
coho are comparatively better off with an esti-
mated 16–17% of their floodplain habitat remain-
ing accessible (Table 4). A few remaining regions
with accessible floodplain appear to be in the
islands of the eastern portion of the Fraser River
mainstem and in the Pitt River System.

Stream habitat
In total, 1264 barriers to fish passage have been

previously mapped in the study area. Of these,
985 were within 30 m of a mapped stream and
were included in the analysis of accessibility.
These barriers are responsible for alienating
approximately 2224 km of stream length, and
1727 km of stream length is estimated to be com-
pletely lost from the landscape, representing 64%
of the estimated 6118 km of naturally accessible
salmonid stream habitat in the Lower Fraser
Region. Additionally, 516 km of stream length
has been channelized, concentrated primarily in
the developed valley bottom (Fig. 3). Marked
differences in accessibility of stream habitat
were observed among CUs (Table 4). As with

Table 3. Predictors used to estimate the probability a
given stream–road intersection would be assessed as
a barrier to fish passage.

Predictor Description Relevance

Stream
Segment
Slope

Slope of confluence
bound stream line (%)

Hydrological regime

Stream
Reach
Slope

Slope of 300 m stream
reach (%)

Reach scale stream
energy

Stream Site
Slope

Slope of stream at site
of barrier assessment
(%)

Site scale topography

Catchment
Area

Area contributing flow
to the site of the
potential barrier (m2)

Stream size

Number of
Lanes

Number of lanes on the
road indicated by the
BC roads Atlas

The number of lanes
indicates the length
of the culvert

Road
Surface
Type

The surface of the road
as indicated in the BC
roads Atlas categories
include paved, loose,
and rough

Difference in
jurisdiction and
landscape context
between resource
and municipal roads
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floodplain habitat, the Boundary Bay popula-
tions of Chinook and coho had the highest
amount of alienated habitat, with mapped barri-
ers, lost and channelized streams preventing fish
access to approximately 70% of the naturally
accessible stream length in those CUs. However,
there are also some CUs with much smaller
alienated habitat than the region as a whole
(Table 4). For instance, mapped barriers did not
appear to have much impact on the amount of
habitat that is inaccessible to the Fraser Canyon
CUs. According to currently mapped barriers,
the more remote Fraser Canyon Chinook and
coho, and the Lillooet coho have 87–99% of their
linear stream habitat remaining accessible.

Model estimated barriers and updated
accessibility estimates

The final model used 2550 trees, with a learn-
ing rate of 0.001 and a tree complexity of 2, and
an estimated AUC of 0.742 (SE � 0.028) based
on 10-fold cross-validation. The most important

predictors for whether a given stream–road inter-
section was a barrier were catchment area and
segment slope (Appendix S4). The two road
attributes, the number of lanes and the surface
type, were the least important; however, all pre-
dictors had enough influence to remain in the
model.
There were 819 stream–road intersections

mapped, and the final model was used to esti-
mate the probability that every stream–road
intersection was a barrier. The optimal threshold
used to identify potential unmapped barriers
was determined to be 55%, and this value was
chosen as it minimizes the distance between the
receiver operator characteristic (ROC) curve and
the upper left corner of the unit square (Freeman
and Moisen 2008). If a stream–road intersection
had a probability higher than 55% of being a bar-
rier, it was added to the existing mapped barrier
dataset, resulting in an additional 286 unmapped
potential barriers in the study area. After re-
running the accessibility assessment with the

Fig. 2. Map showing the estimated historical extent of floodplain fish habitat (brown), current diking infras-
tructure and estimated accessible flood plain fish habitat (green). Historical habitat was estimated using North
and Teversham (1984) historical vegetation maps. Area with diagonal lines represents historical extent of Sumas
Lake that is no longer in existence, derived from North and Teversham (1984) data.
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combined mapped and predicted barriers, the
amount of additional alienated habitat was gen-
erally small and varied by CU. Largely, those
CUs with the greatest amount of remaining habi-
tat were most impacted by predicted barriers. In
particular, the estimated accessible habitat for
the Fraser Canyon Chinook and coho CUs
decreased by approximately 2% (Fig. 4) after
accounting for modeled predicted barriers. In
total, the predicted barriers highlighted up to
33 km of stream length that has a high probabil-
ity of being inaccessible, but where no barriers
have been mapped.

When predicted and mapped barriers were
combined, the density of barriers per km of
stream habitat increased slightly for most CUs
except for Harrison River sockeye and the two

Boundary Bay CU’s (Fig. 5). When estimated
proportion of accessible habitat was plotted
against the mapped barrier density, the relation-
ship was slightly negative and became somewhat
more pronounced when predicted barrier den-
sity was also included (Fig. 6). After predicted
barriers are considered, the only CU that was
assessed as not at risk (Harrison River sockeye)
had the lowest barrier density and access to most
of its habitat (Fig. 6).
While most CUs are impacted by the loss of

floodplain, some seem to be particularly worse
off when it comes to the remaining accessible
stream habitat. These CUs include the Chinook
and coho of Boundary Bay and Lower Fraser
Coho. Fig. 7 shows the proportions of both
floodplain and stream habitat that remain

Table 4. Stream length and floodplain area accessibility estimates for 14 conservation units (CUs) of salmon in
the Lower Fraser River.

CU

Stream

FloodplainMapped barriers
Mapped + predicted

barriers

Chan
(km)

Lost
(km)

Total
(km)

Access
(km)

Inacc
(km)

Access
(%)

Access
(km)

Inacc
(km)

Access
(%)

Access
(km2)

Inacc
(km2)

Total
(km2)

Access
(%)

Chinook
Boundary
Bay

184.3 176.7 28 184.3 176.7 28 116.3 182.4 659.7 4.3 87.6 91.9 5

Fraser
Canyon

167.4 1.1 99 164.3 4.2 97 0.0 0.0 168.5 73.4 396.6 470.0 16

Lower Fraser
Fall 70.0 34.1 52 69.6 34.6 51 0.8 30.3 135.2 53.2 350.6 403.8 13
Spring 207.6 78.0 73 201.8 83.8 71 0.0 0.0 285.7 39.6 336.8 376.4 11
Summer 595.3 99.2 82 588.5 106.0 81 0.8 32.1 727.4 39.6 336.8 376.4 11
Upper
Pitt

214.9 15.6 73 213.0 17.6 73 32.0 30.8 293.4 28.0 207.5 235.5 12

Maria
Slough

21.2 21.3 38 21.0 21.5 38 0.0 12.7 55.2 71.4 396.0 467.4 15

Chum
Lower
Fraser

921.0 446.5 39 918.9 448.6 39 282.0 712.4 2361.9 97.2 469.8 567.0 17

Coho
Boundary
Bay

252.8 241.3 26 252.8 241.3 26 156.4 310.0 960.4 4.4 102.5 106.9 4

Fraser
Canyon

503.2 4.7 92 494.2 13.6 90 1.1 38.9 547.8 73.4 396.6 470.0 16

Lower
Fraser

1241.8 1315.2 32 1230.0 1327.0 32 382.1 904.9 3844.1 54.9 387.8 442.7 12

Lillooet 653.3 100.8 87 641.7 112.5 85 0.0 0.0 754.1 97.2 469.8 567.0 17
Sockeye
Harrison
River

30.0 1.9 70 30.0 1.9 70 0.8 10.3 43.0 53.2 350.6 403.8 13

Widgeon
Creek

17.1 0.4 96 16.8 0.8 94 0.0 0.4 17.9 28 207.5 235.5 12

Note: Abbreviations are Access, accessible; Chan, channelized; Inacc, inaccessible; and % Access, percentage accessible.
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accessible and inaccessible as well as the propor-
tions of streams that have been lost and con-
verted to drainage channels. Many of the most
highly impacted CUs remain unassessed by
COSEWIC and are impacted by not only the
alienation of habitat, but also the loss of streams
from the landscape.

DISCUSSION

The Lower Fraser River is an important loca-
tion for salmon spawning, rearing, and migra-
tion. It is also a location with intense
development and environmental degradation;
restoring salmon habitat in this location requires

Fig. 3. Map of stream connectivity in the Lower Fraser according to currently mapped barriers to fish passage.
Also included are lost streams identified from a digital elevation model-derived stream network, and a map of
historic Sumas Lake derived from North and Teversham (1984). This map depicts the 16% gradient threshold for
natural accessibility, and for the 5% threshold used to assess chum salmon habitat accessibility, see Appendix S3.
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an understanding of the historical habitat of the
area. In this study, we collated a dataset of over
1200 instream barriers and mapped lost streams
which indicate the alienation of approximately
64% of otherwise accessible stream length in the
region and use historical vegetation maps to
demonstrate the disconnection of 85% of histori-
cally accessible floodplain by diking infrastruc-
ture. Importantly, we try to address key pieces of
missing data throughout the region and include
these in our assessments. By estimating lost
streams using a DEM-derived stream network,
we revealed 1727 km of habitat that may have
been accessible historically, but no longer exist.
Model predicted barriers highlighted an addi-
tional 33 km of habitat with a high probability of
being inaccessible.

Pervasive loss of habitat
According to historical floodplain vegetation

communities and current diking infrastructure,
approximately 85% of the historical floodplain
fish habitat has been alienated in the Lower Fra-
ser River, and this number ranges from 96% to
83% depending on the salmon CU. A similar
analysis that looked at all wetland fish habitat in
the same region (Kistritz et al. 1996) found that
90% of wetlands that could have been used as
fish habitat in the Lower Fraser were lost. Kistritz
et al. (1996) used the same historical vegetation
dataset used here, in combination with historical
aerial photographs to identify wetlands outside
of the floodplain and by comparing this to the
Canadian Wildlife Service wetlands inventory to
determine differences between the contemporary

Fig. 4. Proportions of stream length accessible by conservation unit of salmon in the Lower Fraser Region
ordered by the Committee on the Status of Endangered Wildlife in Canada assessed status. Circles indicate esti-
mates based only on mapped barriers, while triangles are accessibility estimates with both mapped and model
estimated barriers.
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and historical wetlands. However, they did not
have diking information and were unable to con-
sider floodplain forests and Sumas lake within
their estimates. The loss of floodplain habitat
may have important implications for salmon pro-
ductivity in the Lower Fraser system, particu-
larly for coho and Chinook, which rely on these
habitats for rearing and gain an advantage in the
form of increased growth rates relative to other
areas (Brown and Hartman 1988, Sommer et al.
2001, 2005). In California, Chinook salmon bene-
fit from the use of seasonally flooded farmlands
(Katz et al. 2017) and ephemeral floodplain habi-
tats (Jeffres et al. 2008) in the form of increased
growth rates and improved body condition.
Given the importance of this habitat, the loss of
access to 85% of historical floodplain habitat in
the region likely has large impacts on the

carrying capacity and condition for many of the
Fraser Chinook and coho populations.
Our prediction of lost streams revealed an esti-

mated 1727 km of linear stream habitat that may
have been completely eliminated from the land-
scape. Descriptions from Indigenous Communi-
ties of the Lower Fraser indicate that these
streams likely functioned as salmon habitat. For
example, the ubiquity of salmon is captured by
stories of the St�o:l�o, who possess 147 words for
the catching and processing of fish, fished sal-
mon for most of the year, and describe salmon as
the essence of St�o:l�o identity and life (Smith
2001). Additionally, oral histories collected by
Proctor (1978) from Vancouver pioneers describe
nearly all of the streams found within Vancou-
ver’s boundary as having spawning habitat for
salmon with many swamps and wetlands at the

Fig. 5. Number of barriers per kilometer of stream habitat by conservation units of salmon in the Lower Fraser
Region ordered by the Committee on the Status of Endangered Wildlife in Canada assessed status. Circles indi-
cate mapped barrier densities; triangles indicate combined mapped and predicted barrier densities.
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headwaters acting as ideal rearing habitat. While
the original assessment done by Proctor (1978)
identified approximately 120 km of lost streams
within Vancouver’s boundary, Canada’s Depart-
ment of Fisheries and Oceans (DFO) built upon
this work and raised this number from 120 to
157 km of lost streams in Vancouver City (Fraser
River Action Plan (Canada) and Precision Identi-
fication Biological Consultants 1998). The esti-
mates from the DEM-derived stream network
are consistent with a total of 165 km of lost
streams for the same area. Some of the differ-
ences between the DFO estimates and those of

the DEM-derived stream network may be
explained by the difference in shoreline estima-
tion, where this study estimated stream length
up to the current shoreline which has been
altered due to reclamation over time, the DFO
estimations use the historical shoreline. Although
the estimation of extent is important for under-
standing the amount of habitat that may have
existed historically, it is likely that the horizontal
accuracy of the DEM-derived stream network is
reduced in particularly flat areas such as the
mouth of the Fraser River. However, the results
from the DEM may be combined with or used to

Fig. 6. Number of barriers for mapped (circles) and mapped and predicted (triangles) and the corresponding
proportion of stream habitat that is accessible for 14 conservation units of salmon in the Lower Fraser River. Col-
ors indicate the assessed status by Committee on the Status of Endangered Wildlife in Canada. Abbreviations are
WCSK, Widgeon Creek Sockeye; LFCK-SP, Lower Fraser Chinook Spring; FCCK, Fraser Canyon Chinook;
HRSK, Harrison River Sockeye; LICO, Lillooet Coho; LFCK-SU, Lower Fraser Chinook Summer; FCCO, Fraser
Canyon Coho; LFCK-UP, Lower Fraser Chinook Upper Pitt; LFCK-FA, Lower Fraser Chinook Fall; FC, Fraser
Chum; MSCK, Maria Slough Chinook; LFCO, Lower Fraser Coho; BBCO, Boundary Bay Coho; and BBCK,
Boundary Bay Chinook.
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narrow the scope of more exhaustive analyses
using historical maps or sewer systems in the
future (Broadhead et al. 2015). Moving forward,
it will be important to develop multiple lines of
evidence for confirming the locations and extents
of lost streams and to identify cost-effective
opportunities for the restoration of habitat con-
nectivity.

Habitat accessibility varies by conservation unit
Some CUs appear to be much less impacted by

instream barriers in terms of the amount of linear
stream length that has been alienated. Even after
estimating for potentially unmapped barriers,
only 3% of the stream habitat was upstream of
barriers in the watersheds relevant for Fraser
Canyon Chinook. This may be explained by the
steep topography and the nature of the road sys-
tem in the Fraser Canyon. A majority of the road

network in these areas is compromised of
resource roads that run parallel to the larger riv-
ers and intersect the smaller tributaries that begin
in the steep mountains. It is likely that many of
these intersections are potential barriers, but
according to the gradient model for accessibility,
even if a barrier does exist, it does not alienate a
large length of habitat. In addition, the type of
habitat being lost in these regions is unknown.
Certain habitats are disproportionately impor-
tant, such as spawning and overwintering areas;
therefore, even modest losses in the estimated
accessible stream length could lead to large
implications for the population. For example,
coho are known to rely on small streams and side
channels for winter rearing (Beechie et al. 1994).
For Fraser Canyon coho, 90% of their estimated
habitat remains accessible but much of what is
alienated may be habitat that is important for

Fig. 7. Proportion of accessible and inaccessible stream and floodplain habitat for 14 conservation units of sal-
mon in the Lower Fraser River. Proportion of stream habitat that has been completely lost and stream habitat that
has been converted to drainage channels are also shown. Conservation units are organized by their assessed sta-
tus according to the Committee on the Status of Endangered Wildlife in Canada, where SC indicates special con-
cern and NAR indicates “not at risk” assessments.
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overwintering as small streams become cut off
by the road network in the system. The alien-
ation of small streams is also of broader concern
beyond this region. When predicting the likeli-
hood of a stream–road intersection, the size of
the stream was an important determinant
(Appendix S4), with smaller streams being more
likely to have a barrier on them, consistent with
the findings of Januchowski-Hartley et al. (2014).
Generally, smaller streams are more likely to be
inaccessible, yet they remain important for the
production of salmonids (Brown and Hartman
1988).

While barriers in regions with high remaining
habitat accessibility may not be disconnecting a
substantial proportion of stream length, they
may act as an indicator for more indirect impacts
happening in the watershed. Some of the CUs
with the most remaining habitat had higher bar-
rier density after including model predicted bar-
riers. This could reflect the steep topography and
road network in these watersheds, where
streams with steeper gradients generally exhib-
ited stream–road intersections with higher prob-
ability of being a barrier to fish passage.
Unpaved forest roads have been demonstrated
to alter flow regimes of streams and provide a
source of excess sediment that can impact sal-
mon rearing and spawning habitat downstream
(Al-Chokhachy et al. 2016). Development of road
networks is ubiquitous with human developed
landscapes and has the potential to influence
flow regimes, connectivity, sediments, and geo-
morphology (Wellman et al. 2000) as well as
facilitate the accelerated exploitation of previ-
ously undisturbed systems (Johnson et al. 2019).

Implications of barriers on status of conservation
units

Based on our analysis of barrier density and
habitat accessibility, we suggest loss and alien-
ation of habitat is a major driver of observed sal-
mon declines for some populations. Less than
half (40%) of the Lower Fraser coho stream habi-
tat and only 17% of the historical floodplain habi-
tat remain accessible. Additionally, it is likely
that a sizeable portion of what habitat remains
accessible has experienced some form of degra-
dation with impacts on productivity. While it is
important to acknowledge the role of marine
conditions in stock recovery, it is difficult to

ignore a loss of habitat on this scale, especially
when the condition of juvenile coho salmon leav-
ing the freshwater environment has been
observed to enhance survival when marine con-
ditions are poor (Holtby et al. 1990).
The association between barrier density and

habitat accessibility within the context of the
population status is informative. When these val-
ues were plotted against each other after includ-
ing predicted barriers, the Harrison river-type
sockeye were the only CU identified to have both
high habitat accessibility and relatively low bar-
rier density. The Harrison river-type sockeye is
also the only population to have been assessed as
not at risk by COSEWIC. It is also important to
note that many of the CUs that have not been
assessed by COSEWIC (Table 1) appear to be the
ones most impacted by loss of habitat connectiv-
ity and based on this, we suspect that when
assessed by COSEWIC, they will be designated
as threatened or endangered. These CUs include
the Lower Fraser coho and both Boundary Bay
Chinook and coho. As of 2019, Lower Fraser
coho are considered a stock of concern within the
integrated fisheries management plan for salmon
in southern BC; however, the cause of concern is
attributed purely to marine conditions (Fisheries
and Oceans Canada 2019).
These measures of barrier density and habitat

accessibility may also guide prioritization of
watersheds for systematic assessment and imple-
mentation of connectivity restoration. The number
of barriers mapped in a system may be used to
identify candidates (e.g., Maitland et al. 2016);
however, simply looking at the number of barriers
can be misleading as many barriers may be alien-
ating small amounts of habitat. By considering
habitat accessibility and barrier density on a spa-
tial scale that is relevant to multiple populations
of concern, the identification of broad locations
for restoring connectivity may be achieved. For
example, the Maria Slough Chinook CU appears
to have both low habitat accessibility and low bar-
rier density (Fig. 6). The watersheds for this CU
may represent a location where the removal of rel-
atively few barriers could have large benefits in
terms of the amount of habitat that would become
accessible. However, the distribution of barriers in
the watershed will determine the efficiency with
which habitat will actually be gained from barrier
removal. Indicators such as the Dendritic
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Connectivity Index may be used to shed light on
the orientation of barriers (Cote et al. 2009), and
optimization can be used to understand the
potential complementarity of multiple barrier
removals (O’Hanley and Tomberlin 2005, McKay
et al. 2020).

This study demonstrates a historical view of
salmon habitat loss in the Lower Fraser and
attempts to understand how different salmon
CUs are impacted by loss of connectivity. It is
important to note that salmon conservation units
were only recently developed as part of the Wild
Salmon Policy (Fisheries and Oceans Canada
2005) and COSEWIC’s assessments of these CUs
are based on recent estimates of abundance. In
other words, the baselines on which we make
these assessments have already shifted. For
example, the loss of Sumas Lake occurred in
1924 and represents 7% of the entire floodplain
habitat loss in the Lower Fraser, long before any
written record keeping of salmon populations
and their abundances. Another example of shift-
ing baselines in the Lower Fraser is the Alouette
and Coquitlam reservoirs, two lakes which his-
torically had runs of sockeye salmon in them, but
due to dam construction in the 1910s and late
1920s, these runs have been extirpated and are
not considered to be modern CUs. Landlocked
sockeye, called kokanee, currently populate the
lake (Godbout et al. 2011). These examples illus-
trate the importance of considering historical
landscape legacies and how the shifted baselines
which guide current day management priorities
hide historical declines in salmon productivity.

Broader implications
Our study attempts to identify a baseline for

restoration and management for salmonid habi-
tat in the Lower Fraser River through combining
multiple measures of habitat loss and alienation.
In order to be a useful tool for guiding restora-
tion and management of freshwater systems, the
assessment of habitat fragmentation needs to
consider not only the current barriers and
streams but also the historical conditions of the
landscape. It is possible that the deceptive nature
of the shifting baseline syndrome has skewed the
perceptions of what appropriate targets for the
restoration of freshwater habitat should look like
(Humphries and Winemiller 2009). Further, the
restoration of ecosystem function will require the

consideration of more than just physical habitat
but also important biotic components that may
have also been lost (Byers et al. 2006).
Although we have demonstrated a high degree

of habitat isolation in the Lower Fraser, we also
provide examples of how our analysis can be
used to identify cost-effective opportunities for
restoration, such as restoring habitat connectivity
through the remediation of a small number of
barriers which prevent access to large areas of
potentially intact habitat. It will also be impor-
tant to pair species specific estimates of barrier
density and habitat accessibility with methods
for prioritizing specific barriers (McKay et al.
2017). A more detailed understanding of histori-
cal conditions provides a lens through which to
understand the potential outcomes of barrier
removal and where the daylighting of streams
may be used to restore habitat (Wild et al. 2011).
In conclusion, the consideration of lost streams

and the use of historical vegetation records were
able to supplement an analysis of barriers on
stream and floodplain habitat and reveals a high
degree of lost and alienated habitat for multiple
CUs of in the Lower Fraser River. We believe this
demonstrates that freshwater habitat loss and
connectivity is a factor which must not be
ignored in the discussion of recovery actions for
Pacific salmon.
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