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A B S T R AC T
Objective:  Barrier culverts are one of the leading anthropogenic causes of stream fragmentation globally and a frequent target of restora-
tion efforts. In British Columbia (B.C.), an estimated 92,000 culverts act as barriers to fish passage. Since 2008, two techniques (retrofits 
and replacements) have been used to remediate fish passage at approximately 200 barrier culverts in B.C. The retrofit technique involves 
leaving the culvert in place and installing baffles and/or weirs, whereas replacements involve removing the culvert and replacing it with an 
open-​bottom structure. Rarely has the efficacy of these techniques or their compliance with best practices been evaluated.
Methods:  We performed a posttreatment audit of culvert barrier remediations in B.C. through an examination of the current physical 
attributes at 15 retrofit and 15 replacement sites and scored the sites based on the B.C. culvert fish-​passage assessment procedure and on best 
practice guidelines for stream crossings in B.C.
Results:  We found that 80% of retrofits and 13% of replacements were classified as barriers based on the B.C. culvert fish-​passage assessment. 
The sites that were classified as passable were shorter and did not constrict the stream relative to those classified as barriers. The retrofits did 
not meet the standards for best practices for remediating barrier culverts. The replacements aligned more with best practices, but improve-
ments are needed to ensure that the structure span exceeds bank-full width and that natural stream morphology is maintained.
Conclusions:  Although less expensive, the failure rates of retrofit remediations indicate that they should only be used as a stop gap or 
emergency technique until a replacement can be performed. Furthermore, our finding of continued noncompliance with best practices in 
B.C. highlights an issue that is likely affecting culvert remediations and new installations. This study demonstrates the need for rigorous 
compliance and effectiveness monitoring at future remediations to ensure their immediate and long-​term success.
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L A Y  S U M M A R Y
We compared culvert barrier remediation techniques and found that the retrofit method often failed to provide fish passage. Replacement 
techniques did not provide fish passage at all the remediation sites, and compliance with best practices was lower than expected across both 
techniques, indicating a need for expanded postconstruction monitoring.
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I N T RO DU C T IO N
The fragmentation of aquatic habitats by anthropogenic infra-
structure is a leading driver of global biodiversity loss in fresh-
water ecosystems (Albert et al., 2021; Reid et al., 2019). Due to 
their large size and well-​established effects on fish migrations, 

dams are typically thought to be some of the most significant 
drivers of habitat fragmentation (Belletti et al., 2020; Fuller 
et  al., 2015; Perkin & Gido, 2012). However, small-​scale 
anthropogenic structures, such as stream crossing culverts, 
may have a greater effect on fragmentation because of their 
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frequency of occurrence (Frankiewicz et al., 2021; Reid et al., 
2019). Culverts are designed to pass streamflow below a road 
or other linear feature (trails and railways) where they inter-
sect (Warren & Pardew, 1998). Improper design and instal-
lation of stream crossings have led to culverts being a leading 
cause of aquatic habitat fragmentation globally (Frankiewicz 
et al., 2021; Januchowski-​Hartley et al., 2013; Jones et al., 2019; 
Mount et al., 2011). Jurisdictions worldwide have attempted to 
quantify the extent of stream fragmentation that is caused by 
culverts by developing assessments, performing modeling exer-
cises, and building databases of known barriers (Belletti et al., 
2020; Frankiewicz et al., 2021; Jones et al., 2019). For example, 
research indicates that there are more than 4 million stream-​
crossing barriers in the United States; however, only ∼2% of 
these have been formally assessed for aquatic organism passage 
(Southeast Aquatic Resources Partnership, 2023). In Europe, 
an estimated >110,000 culverts are barriers to fish movement, 
and in British Columbia (B.C.), Canada, an estimated 135,000 
to 200,000 culverts act as barriers to fish passage, but few have 
been confirmed by field assessments (Belletti et  al., 2020; 
Mount et al., 2011).

Culverts prevent fish passage in several ways that are rooted in 
improper design and installation (Langill & Zamora, 2002; Price 
et al., 2010). One of the most common problems with culverts is 
that they are often narrower than the bank-full width of streams 
(Washington State Department of Transportation, 2024). This 
results in increased water velocity through the culvert, leading 
to streambed erosion at the outlet, which causes outlet “perch-
ing” above the stream, thus creating a full or partial barrier to 
upstream fish passage (Clark et  al., 2020; Frankiewicz et  al., 
2021; Price et al., 2010). Even if perching does not occur, flow 
constriction and altered hydraulics that are caused by the corru-
gated nature of most culverts can create zones of uniform, shal-
low, fast flows with little to no slow-​water refuges for resting, and 
many culverts are also long and steep—​all of which further limits 
upstream passage (Frankiewicz et al., 2021; Gibson et al., 2005; 
Kemp & O’Hanley, 2010). Culverts can also create additional 
behavioral barriers because fish may choose to avoid entering 
areas with dark overhead cover (Kemp et al., 2005). The multiple 
mechanisms through which culverts can create and function as 
fish-​passage barriers and the broad geographic scale of the prob-
lem have made them a remediation priority worldwide (Clark 
et al., 2020; O’Neal et al., 2016; Roni et al., 2002, 2008, 2014).

Four approaches are used to restore fish passage at barrier 
culverts. The first is to decommission and remove the stream 
crossing (Roni et al., 2002). The second is to replace the culvert 
with an open-​bottom structure (OBS), such as a bridge, cor-
rugated metal arch, or timber framed box (hereafter, referred 
to as a “replacement”; B.C. Fish Passage Technical Working 
Group, 2014; Frankiewicz et  al., 2021; Harper & Quigley, 
2000). The third is to install an embedded culvert (e.g., stream-
bed simulation culvert), wherein an appropriately wide culvert 
is embedded within the streambed, permitting more natural 
flow conditions (Barnard et al., 2014). The fourth is to retrofit 
an existing barrier culvert by installing baffles within or weirs 
downstream (Favaro et  al., 2014; Frankiewicz et  al., 2021; 
House & Bennet, 2008).

Retrofits typically attempt to address two principal factors 
that prevent fish passage; perching and hydraulic conditions 

(increased water velocity, homogenous flow, and insuffi-
cient water depth; Frankiewicz et al., 2021). Installing weirs 
downstream of the culvert creates step pools, elevating the 
water surface to address perching by backwatering the out-
let (Favaro et  al., 2014; Frankiewicz et  al., 2021). Baffles 
within culverts provide diverse streamflow conditions that 
are thought to improve fish passage by increasing depth and 
providing holding areas that are similar to those of many fish-
ways (Favaro et al., 2014). However, culvert retrofits remain 
at risk of failure due to being installed at culverts that have 
altered hydrologic conditions (constriction, length, slope, and 
embeddedness) that are caused by the culvert, which drive 
increased water velocities and erosion and often contribute 
to barrier formation (Clark et al., 2020; Price et al., 2010). 
The two approaches that involved replacing barrier culverts 
(e.g., with OBS bridges or pipe arches) are meant to be wider 
than bank-full width and maintain a natural streambed, 
which should eliminate perching, unnatural hydraulics, and 
increased flow rates (Bates et  al., 2003; Frankiewicz et  al., 
2021; Price et al., 2010).

Effectiveness monitoring is rarely conducted after remediat-
ing barrier culverts, and when monitoring does occur, it is typi-
cally for only 1–3 years post​remediation (Roni et al., 2002). In 
B.C., all the approaches outlined above for culvert remediation 
have been implemented by numerous organizations (federal 
government, provincial government, First Nations, and non-
government organizations), creating opportunities to compare 
the outcomes of alternate techniques. Best practice guidelines 
were first developed for stream-​crossing installations more 
than 20 years ago to maintain fish passage at stream cross-
ings and for the protection of the associated fish habitat (B.C. 
Ministry of Forests et al., 2002; B.C. Ministry of Forests Lands 
and Natural Resources Operations et al., 2012). Since then, 
there have been numerous culvert remediations. However, few 
have been assessed to evaluate whether they were constructed 
according to best practices or whether they continue to provide 
fish passage since being remediated.

To address several of the identified knowledge gaps, we per-
formed an extensive posttreatment study (Roni et al., 2012) on 
culvert barrier remediation sites in the Fraser River watershed 
of B.C. We selected 30 sites (15 retrofits and 15 replacements) 
where 2–20 years have elapsed post​remediation and measured 
numerous physical aspects at each site that are related to the 
fish passage and design specifications that are outlined in the 
best practices guidelines. The current passability of each site 
and the degree to which its physical properties conformed to 
the standards for best practices were evaluated. This study had 
two objectives. First, we planned to use the B.C. Fish Passage 
Technical Working Group (B.C. FPTWG) assessment pro-
tocol to evaluate whether the proportion of post​remediation 
sites that classify as barriers differs between remediation tech-
niques (retrofit and replacement). We predicted that a greater 
portion of the retrofit sites than of the replacement sites would 
be classified as barriers because they did not address the ini-
tial factors that caused a fish-​passage barrier to form (constric-
tion, length, embeddedness, and slope). We also examined the 
specific variables that affected the passage scores to determine 
whether additional variables should be considered for future 
assessments. Second, we evaluated how compliance with best 
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practices affects barrier classification and scoring from the B.C. 
FPTWG assessment. We predicted that the sites that adhered 
to best practices would be the ones that scored the highest in 
terms of site passability through time and that replacement sites 
would conform with best practices to a greater degree than ret-
rofit sites.

M E T HO D S
Study area

The study sites were selected from a list of 50 fish-​pas-
sage remediation projects that were completed by Fisheries 
and Oceans Canada, the B.C. FPTWG, and the Canadian 
Wildlife Federation in the Fraser River watershed (Figure 1). 

Figure 1.  Map of study area within the Fraser River basin of British Columbia. The inset shows the location of study area in western 
Canada. The blue circles are retrofit sites, and the beige circles are replacement sites.
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Remediation projects were completed between 2005 and 2019 
and were located on first-​ to fourth-​order fish-​bearing streams. 
The study sites were located on streams that contained some 
or all of the following fish species: Coho Salmon Oncorhynchus 
kisutch, Sockeye Salmon Oncorhynchus nerka, Chinook Salmon 
Oncorhynchus tshawytscha, Rainbow Trout Oncorhynchus 
mykiss, Brassy Minnow Hybognathus hankinsoni, Largescale 
Sucker Catostomus macrocheilus, Prickly Sculpin Cottus asper, 
Mountain Whitefish Prosopium williamsoni, Burbot Lota lota, 
and Bull Trout Salvelinus confluentus. From the original list of 
50 remediation projects, 30 were selected based on accessibil-
ity and the presence of water (several were dry at time of sur-
vey; June 15 to 29, 2021). Of the 30 remediation projects that 
were included in the study (Figure 1), 15 involved replacements 
with bridges or OBS and 15 involved the application of retrofits. 
Field assessments were conducted between June 29 and July 
16, 2021. Additional sites were assessed between June 6 and 
June 30, 2022, because forest fires in the study region prevented 
access in 2021.

Fish-​passage assessment
At each study site, we applied the B.C. FPTWG stream-​cross-
ing assessment protocol, which involves measuring five physi-
cal features (or attributes) of a stream crossing: length, slope, 
outlet drop (perching), embeddedness, and stream-​width ratio 
(SWR) to determine fish passage for a generalized salmonid. 
When only natural streambed material was present in the cross-
ing, embeddedness was calculated by subtracting the height of 
the structure to the streambed from its diameter or by subtract-
ing the height to the substrate from the known height of the 
structure. The SWR was calculated by dividing the crossing 
width by the bank-full width of the stream. It is generally calcu-
lated by dividing the crossing width by an average measurement 
of bank-full width that is taken outside the zone of influence of 
the crossing. Following the B.C. FPTWG assessment protocol, 
each attribute was evaluated against a set of criteria to produce 
a score of 0, 3, or 6 or 0, 5, or 10, depending on the attribute. 
These scores were then summed, and the site’s barrier status 
(passable, potential barrier, or barrier) was classified based 
on the cumulative score. Although not all the components of 
retrofits are accounted for in the barrier assessments, they can 
address perching, backwatering, and embeddedness issues that 
are accounted for in the B.C. FPTWG assessment. It is impor-
tant to note that the B.C. FPTWG assessment protocol was 
developed to evaluate passability at closed-​bottom structures. 
Nevertheless, we extended this protocol to OBS, as many other 
jurisdictions apply similar assessments (e.g., North Atlantic 
Aquatic Connectivity Collaborative, Washington Department 
of Fish and Wildlife, and Alaska) and the attributes that affect 
fish passage at OBS (e.g., SWR, length, and gradient) are simi-
lar to those that affect passage at closed-​bottom structures.

Additional measurements were made at each site to evaluate 
compliance with best practices. The area that was encompassed 
by the riprap banks (if present) was measured by treating each 
bank as a rectangle and using the longest length and height 
measurement. The long axis of 10 randomly selected riprap 
rocks along a transect of the banks and each bank’s slope was 
measured using a Suunto clinometer. We measured the align-
ment of the crossing with the stream by placing a construction 

protractor at the top of the crossing facing upstream and align-
ing the arm with the stream centerline. For remediation sites 
that were treated with baffles, we counted the baffles that were 
present within the structure and compared the counts with 
what was expected to be present from the project-​design speci-
fications (House & Bennet, 2008). For the remediation sites 
that were treated with weirs, the distance from the culvert out-
let to the weir crest was measured. Water depth was measured 
at three points along the width of the inlet, in the middle, and 
along the outlet of each crossing structure. Stream velocity was 
measured using an OTT MF pro water flow reader by placing 
the sensor in the channel thalweg at 50% of the water depth 
15 m upstream of the crossing inlet, in the middle of the cross-
ing, and 15 m downstream of the outlet. We visually estimated 
the percentage of coverage based on the proportion of the cross-
ing’s bottom that was covered by natural streambed materials, 
including stream sediment, woody debris, gravel, cobbles, and 
boulders, similar to the methods used in Johnston and Slaney 
(1996). Bare metal, concrete, and landscape fabric were consid-
ered unnatural streambed materials.

Best practices audit
Drafted in 1997, the B.C. Fish-​stream Crossing Guidebook (B.C. 
FSCG) was first published in 2002 and later received minor 
procedural updates in 2012 (B.C. Ministry of Forests Lands 
and Natural Resources Operations et al., 2012). The guidebook 
serves as the basis for ensuring that fish passage is maintained 
at new stream crossings on forested Crown land under the 
provincial Forest and Range Practices Act and describes the 
procedures for restoring fish passage at barrier culverts. We 
developed an audit approach by scoring specific stream-​cross-
ing attributes as either pass or fail (e.g., 1 or 0, respectively) or 
on an integer scale from 0 to 2 if a range of acceptable character-
istics was provided in the guidebook. Important site attributes 
that are associated with the construction of the stream cross-
ings were accounted for in the audit (B.C. Ministry of Forests 
Lands and Natural Resource Operations, 1999; B.C. Ministry 
of Forests Lands and Natural Resource Operations, 2013), as 
well as physical stream characteristics that are important for 
fish passage (Johnston & Slaney, 1996; Slaney & Zaldokas, 
1997; see online Supplementary Material, Appendix 1). The 
audit generated a score ranging from 0 to 18 for each assessed 
stream crossing (Supplementary Material, Appendix 1). A score 
of 0 indicated that the stream crossing did not meet best prac-
tices for any of the assessed attributes, whereas a maximum 
score indicated that a stream crossing met best practices for all 
the assessed attributes. The scores were converted into percent-
ages of the maximum possible score for each remediation site.

Data analysis
Using a Fishers exact test, we tested for differences in barrier 
proportions (e.g., passable, potential barrier, and barrier) from 
the B.C. FPTWG assessment between the two treatment groups 
(retrofit and replacement). To evaluate how different attributes 
of the B.C. FPTWG assessment affect barrier scores, the B.C. 
FPTWG assessment scores for each attribute were grouped 
as binary variables (meets requirements = 0 or did not meet 
requirements = 1) and a pairwise Pearson’s chi-​square test with 
a Bonferroni correction was used to determine which attributes 
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differed. We also compared how the frequency of failure for 
each attribute, from the B.C. FPTWG assessment, differed 
across the two treatment groups using a chi-​square test. Due to 
the broad temporal range across which our remediation sites 
spanned (2005–2019), we wanted to ensure that we could pool 
and make comparisons across all remediation sites. Therefore, 
we grouped the remediation projects by completion year (2005, 
2006–2007, and 2008–2009) and compared the proportions 
of passable to barrier (grouped as potential barrier and barrier 
combined) sites among these temporal groups using a pairwise 
Pearson’s chi-​square test with a Bonferroni correction. For 
this temporal analysis, we omitted one replacement that was 
completed in 2019 as a temporal outlier. We used Welch’s two-​
sample t-tests to test for differences between the two treatment 
groups in raw barrier scores from the B.C. FPTWG assessment 
and best practice audit scores (B.C. Ministry of Forests Lands 
and Natural Resources Operations et al., 2012; B.C. Ministry 
of Forests Lands and Natural Resources Operations, 2013; B.C. 
Fish Passage Technical Working Group, 2014). Last, we used a 
Pearson correlation analysis to examine whether barrier scores 
from the B.C. FPTWG assessment and best practices audit 
scores were correlated.

Principal components analysis (PCA) was used to exam-
ine and describe the multivariate relationships among the 
stream-​crossing attributes that are known to affect fish passage 
(Frankiewicz et al., 2021), specifically structure slope, cross-
ing length, crossing angle, perch height, percentage of natural 
streambed coverage, inlet velocity, structure velocity, outlet 
velocity, water depth, and SWR. Unlike simple univariate anal-
yses, PCA incorporates shared variation of the numerous field 
measures, enabling passage failure or success to be explained 
by fewer variables. The principal component (PC) axes were 
interpreted based on Pearson correlations between the axis 
scores and the original variables that were used in the analy-
sis. The Bonferroni correction for 10 simultaneous contrasts 
was applied to adjust the criterion for statistical significance to 
α = 0.005 to reduce the chances of a type-II error. Differences 
in attributes between the passable sites and those with barriers 
were tested using Welch’s two-​sample t-test, with axes scores 
from the first two PCA axes as the response variables. Barrier 
status from the B.C. FPTWG assessment was grouped as bar-
rier (barrier and potential barrier) or passable for use in these 
analyses.

The statistical analyses were performed using R (R Core 
Team, 2022), with α = 0.05. The assumptions of normality 
and equal variance for all analyses were assessed visually and 
using Shapiro–Wilk and Bartlett’s tests. If the assumptions of 
normality were not met, a log + 1 transformation was applied. 
Nonparametric Fisher’s exact tests were used when the trans-
formed data did not meet the assumptions.

R E S U LT S
Fish-​passage assessment

Of the 30 stream-​crossing remediation projects that we evalu-
ated in this study, 53% scored as either a potential barrier or 
barrier under the B.C. FPTWG assessment. A higher propor-
tion of retrofit sites than replacement sites were classified 
as barriers, 80% and 26%, respectively (Fisher’s exact test, 

P = 0.005). The retrofit sites had scores that were twice as high 
as those from the replacement sites (Figure 2; t1,28 = −4.517, 
P < 0.001). Across all sites, 87% received a score indicating that 
they did not meet the requirements for at least one of the five 
assessed attributes of successful fish passage. Among the ret-
rofit sites, outlet drop (perching) occurred but was the least 
frequently observed attribute (26%), whereas low SWR indi-
cated stream constriction at all the sites (Table 1). In contrast, 
perching was not observed at the replacement sites, but 66% 
had crossings with a SWR that was too narrow relative to the 
bank-full width (Table 1). Overall, the replacement and retrofit 
sites differed in the proportion of attribute scores that failed 
(χ² = 40.91, df = 4, P < 0.001). Pairwise comparisons revealed 
significant differences between SWR and length, SWR and 
perch height, and slope and perch height (all P ≤ 0.001). We 
observed no difference across “year of remediation” groups in 
barrier occurrence proportions (χ² = 4.32, df = 2, P = 0.12); 
therefore, pooling all the data regardless of remediation 
date when examining the remediation treatment effects is 
appropriate.

The PC for the attributes of the stream-​crossing infrastruc-
tures explained 34% of the total variance, with remediation 
sites at the positive end of PC 1 having greater crossing slopes, 
a lower percentage of natural streambed cover, higher water 
velocities, and larger perch heights (Table 2). The second PC 
explained 20% of the total variance, with sites at the positive 
end of PC 2 having smaller crossing angles and lengths and 
smaller SWRs (Table 2). The sites that were classified as bar-
riers or passable by the B.C. FPTWG assessment did not differ 
with respect to PC 1 (Welch’s t, P = 0.09). However, PC 2 could 
be interpreted as the “passability index,” with passable sites 
scoring significantly higher along PC 2 (Welch’s t, P < 0.001) 
indicating that passable sites had larger SWRs and better-
aligned crossing angles than barrier sites (Table 2; Figure 3).

Best practices audit
The replacement sites (mean 60.9%, range 28.5–78.5%) scored 
significantly higher on compliance with best practices than the 
retrofit sites (mean 31.8%, range 12.5–55.5%), with mean audit 
scores that were nearly twice as high (t1,28 = 6.5463, P < 0.001; 
Figure 2). Although some retrofit sites had extremely low audit 
scores (10–20%), two replacement sites also had low scores 
(<30%). No sites had audit scores that were >80%, indicat-
ing that no remediation sites fully adhered to best practices 
(Figure 2). There was a strong negative relationship between 
barrier scores and audit scores (Figure 4; r = 0.672, P < 0.001), 
demonstrating that our audit was reflective of the B.C. assess-
ment results.

DI S C U S S IO N
Barrier remediation and best practices

Assessments are rarely made to evaluate the degree to which 
culvert remediations were constructed according to best prac-
tices and whether they continue to provide passage benefits 
several years after completion. Our extensive posttreatment 
study of fish-​passage remediation projects revealed that 53% 
of sites were classified as barriers or potential barriers under 
the B.C. FPTWG barrier assessment protocol. When these 
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results were compared across the two techniques that are used 
to remediate fish-​passage barriers, we found that 80% of the 
retrofit sites and 20% of the replacement sites were classified 
as barriers. This finding is concerning given the assumed ben-
efits to fish passage of replacing culverts and the consideration 

of this as a gold standard for restoring fish passage (Barnard 
et al., 2014; Price et al., 2010). Replacement projects were fre-
quently classified as barriers because of insufficient SWRs, 
indicating that the width of an OBS is a factor that limits fish 
passage (Frankiewicz et al., 2021; Langill & Zamora, 2002). 

Table 1.  Percentage of sites that do not meet requirements of the British Columbia Fish Passage Technical Working Group assessment 
based on the five attributes examined under that protocol. Percentages were determined on a pass/fail basis with respect to the site 
meeting the requirements for passability for that attribute; SWR = stream-width ratio.

Treatment Length SWR Embeddedness Slope Outlet drop

Retrofit (n = 15) 47 100 86 66 26
Replacement (n = 15) 7 66 20 73 0

Figure 2.  Box plot comparing site-​specific (A) barrier scores from the British Columbia Fish Passage Technical Working Group assessment 
and (B) best practices audit scores, based on percentage of the maximum possible score (see Supplementary Material, Appendix 1), between 
the replacement and retrofit sites. The boxes represent interquartile range, the thick black line represents the median, the dashed line 
represents the mean, and the whiskers represent 1.5 interquartile range. Welch’s two-​sample t-test indicated a significant difference in the 
mean values between retrofit and replacement remediations for (B) audit scores and (A) barrier scores (both P < 0.0001).
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Even more troubling was the confirmation that only 20% of the 
remediated sites that used retrofits were deemed passable. The 
lower passability of the retrofits was expected given that many 
of the factors that would have led to them being identified for 
remediation (SWR, length, slope, perch height) are artifacts of 
the culvert itself and installing a downstream weir or baffles 
would not necessarily address these issues. Culvert attributes 
such as low SWR and high slope accelerate flows and create 
erosional forces that scour sediments at the base of the culvert 
and within it, leading to culvert perching and reduced embed-
dedness. These processes would not be abated by retrofits, and 
they may erode the retrofits themselves, further reducing the 
benefits. Therefore, retrofits should not be expected to provide 
long-​term fish-​passage solutions.

Most of the study sites were remediated 15–20 years prior to 
our assessment, indicating that treatments were either insuf-
ficient to achieve passability at the time of construction or 
that barriers reestablished quickly (Barnard et al., 2014). This 

Table 2.  Pearson correlations and significance levels between principal 
component (PC) scores and original variables based on a principal 
component analysis of variables measured at remediated stream 
crossings known to affect fish passage; SWR = stream-width ratio.

Variable

PC 1 PC 2

r P r P

Structure slope 0.5478 0.0017a 0.4113 0.0234
Crossing length 0.4247 0.0193 −0.4945 0.0055
Crossing angle −0.3599 0.0510 −0.5913 0.0006a

Perch height 0.8183 <0.0001a −0.1705 0.3700
% coverage natural 

streambed
−0.6299 0.0002a 0.4327 0.0169

Inlet velocity 0.6826 <0.0001a 0.4097 0.0245
Structure velocity 0.6915 <0.0001a 0.1008 0.5960
Outlet velocity 0.8745 <0.0001a −0.0337 0.8597
Water depth 0.0830 0.6629 −0.4095 0.0246
SWR 0.1274 0.5023 −0.8003 <0.0001a

aindicates significant values at Bonferroni-​corrected P < 0.005.

Figure 3.  Box plot comparing (A) principal component (PC) 1 and (B) PC 2 site scores based on barrier status from the British Columbia 
Fish Passage Technical Working Group assessment protocol. The box represents the interquartile range, the thick black line represents the 
median, the dashed line indicates the mean, and the whiskers represent 1.5 interquartile range. Welch’s two-​sample t-test comparing barrier 
and passable sites indicated no significant difference in means along PC 1 (P = 0.09), but there was a difference along PC 2 (P < 0.001).
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finding supports our hypothesis that retrofit sites are more 
likely to be barriers than replacement sites because retrofits do 
not address all the passage concerns that are associated with 
the original culvert. For example, several retrofit structures 
exhibited perching and did not have adequate levels of embed-
dedness, factors that should have been addressed by the retro-
fit process. However, engineering designs, as-​built designs, and 
short-​term postconstruction monitoring reports were not avail-
able for most of the study sites. It is unclear whether outlet drop 
(perching) and embeddedness were not adequately addressed 
by the retrofit or they redeveloped over time because the other 
culvert attributes were not addressed. All the retrofit sites were 
undersized relative to bank-full widths (i.e., inadequate SWR) 
and had extreme lengths or excessive slopes, factors that are 
known to affect fish passage and that are accounted for in the 
fish-​passage assessments that we used in this study but were 
clearly not addressed by the retrofit remediations. Replacement 
remediations are broadly assumed to provide adequate fish 
passage due to their open-​bottom nature (Clark et al., 2020; 
Frankiewicz et  al., 2021), but some of these structures were 
classified as barriers under the B.C. FPTWG assessment, indi-
cating remaining issues with the physical structure that could 
limit fish passage. We investigated commonalities across all 
the remediated sites in terms of physical features that corre-
lated with barrier status and found that relatively small SWRs, 
crossing lengths, and crossing angles were most strongly cor-
related with barrier sites. Therefore, stream crossings that 
constrict the stream, change the stream angle, and are long are 
more likely to become barriers regardless of the remediation 
treatment (Table 2). This finding is not unexpected given that 
these attributes are found to limit fish passage at stream cross-
ings by others, which could lead to barrier reoccurrence if they 
are not addressed during passage remediation (Frankiewicz 
et al., 2021).

We predicted that remediation projects that had adhered to 
the best practices from the B.C. FSCG would be least likely to 
be barriers. Our audit method produced site-​specific scores that 

were strongly negatively correlated with barrier-​assessment 
scores, confirming that compliance with best practices indi-
cates passability. This is somewhat expected given that the best 
practices and assessment process were developed by the same 
agency, with the objective of increasing fish passage. Our audit 
does share some measures with the B.C. FPTWG assessment; 
however, it is sufficiently different in interpretation (continu-
ous versus categorical) and includes more variables (alignment, 
drainage, riprap rock size, bank length and slope, water veloc-
ity, and backwatering) that are not included in the assessment. 
The replacement sites scored twice as high as the retrofit sites 
in terms of meeting best practices; nevertheless, the former did 
not have perfect scores (average 60% meeting all best practice 
metrics) and no site scored >80%, which is troubling.

Replacing a culvert with an OBS affords the opportunity to 
return the site to conditions that are as close to a natural state as 
possible while maintaining the stream crossing. However, many 
replacement sites suffered from issues that could be artifacts of 
the original culvert construction. The slope attribute was not 
met at 100% of the sites, 66% of the sites were constricted, and 
86% of the sites were not aligned with the stream, meaning 
the crossing was not installed along a straight stream reach as 
is suggested in the guidebook. Thus, it is likely that care was 
not taken to adequately rehabilitate the streambed and banks 
from the effects of the original culvert when the culvert was 
removed. It is also possible that the guidelines that are outlined 
in the B.C. FSCG were not followed during construction, as the 
guidelines are not legally binding and limited compliance with 
the guidelines has been found for new culvert installations in 
other regions of B.C. (Harper & Quigley, 2000). It is also clear 
that the retrofit sites did not meet best practice objectives (aver-
age 30% compliant with specific best practices, none > 60%). 
Improper slope and stream constriction were two of the main 
issues. These issues lead to increased water velocity through the 
structure, which is known to cause culvert perching and the 
degradation of any downstream weirs that are built to remedy 
the existing perching. One retrofit remediation at Trinity Creek 
demonstrated weir failure after freshet in its first year of exis-
tence as reported in the postconstruction summary report by 
Pacific Salmon Commission, (2006; Figure 5). Overall, a lack 
of compliance with some or several established best practices 
was observed at all sites.

A lack of compliance with best practices for new stream 
crossings has been widely reported (Gibson et al., 2005; Harper 
& Quigley, 2000; Langill & Zamora, 2002; Price et al., 2010). 
In Labrador, 53% of newly constructed culverts were classi-
fied as barriers to fish passage due to improper construction 
(Gibson et al., 2005). In Washington State, Price et al. (2010) 
found that 30% of newly installed culverts were classified as 
barriers to fish passage, a surprising finding given that legisla-
tion and permitting at the time of construction requires unim-
peded fish passage at all locations where roads cross streams. 
Langill and Zamora (2002) found that slope was not in compli-
ance with fish-​passage regulations at 50% of their audited sites 
in Nova Scotia. Harper and Quigley (2000) found that 80% of 
the stream crossings included in their B.C. culvert audit were 
classified as barriers. Furthermore, they also found no differ-
ence in the classification of passability at sites that were con-
structed before and after the establishment of the B.C. FSCG 

Figure 4.  Pearson correlations between site barrier scores from 
the British Columbia Fish Passage Technical Working Group 
assessment protocol and audit scores (calculated as percentages 
of the maximum possible for a given site) (n = 30, r = 0.672, 
P < 0.0001). The blue line represents the trend, and the gray 
shadow shows the 95% confidence interval. The blue points 
represent barrier and partial barrier sites, and the orange points 
represent passable sites.
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and that many sites did not meet best practice requirements 
(Harper & Quigley, 2000). These findings indicate that culvert 
construction on fish-​bearing streams have generally not been 
following best practices across numerous jurisdictions.

The poor compliance with best practices that we found high-
lights the challenges that well-​intentioned habitat practitioners 
have with addressing barriers and enhancing connectivity. It 
also highlights the issues with having a set of best practices that 
is not legally binding, like the B.C. FSCG. Washington State has 
had binding legal requirements for maintaining fish passage at 
stream crossings since 2013 and, before that, a binding approval 
process (Hydraulic Project Approval), along with an exten-
sive program to remediate barrier culverts (Washington State 
Legislature, 2014, 2022) and is largely considered to be among 
the leaders in culvert barrier remediations, with over 3,500 
culvert barriers remediated between 1999 and 2010 (Price 
et al., 2010) and thousands of others since then. However, even 
Washington State has compliance issues with new stream-​cross-
ing installations (Price et al., 2010). With their audit of new cul-
vert installations on fish-​bearing streams in B.C., Harper and 
Quigley (2000) noted that the B.C. FSCG requirements were 
not being followed. Our results indicate that the same issues 
affect passage remediation projects. During their audit, Harper 
and Quigley (2000) found that the B.C. SFCG requirements 
for slope and SWR were most frequently not met, a result that 
was mirrored by our findings. Given that most of our sites were 
remediated post-​2005, after the Harper and Quigley (2000) 
audit of B.C. new culvert installations, the recommendations 

and potential lessons learned from that audit were not applied 
at our sites. Another audit was conducted in 19 watersheds in 
B.C. in 2009 and indicated that 68% of stream crossings likely 
pose issues for fish passage; many of these structures were also 
built after the best practices guidebook was published (Forest 
Practices Board, 2009). Our study further highlights a need for 
increased compliance monitoring of stream crossings that are 
constructed in B.C. and in other jurisdictions.

Management implications
The retrofit technique of culvert barrier remediation is far less 
effective than replacement in rectifying fish-​passage issues at 
culverts. Cost is often a driving factor when choosing a cul-
vert remediation technique and could cause practitioners to 
select retrofits for their project (B.C. Fish Passage Technical 
Working Group, 2014; Price et al., 2010). The U.S. Fish and 
Wildlife Service notes that, depending on the pipe diameter, 
the cost of replacing a culvert with a bridge or OBS ranges from 
US$50,000 to $500,000 (average $74,674; Dekker & Rice, 
2016). Retrofits are much less expensive, ranging from $9,000 
to $70,000 (average $24,118; Pacific Salmon Commission, 
2006). Retrofit remediations were, on average, 37% cheaper 
than replacements at our study sites, making them an appealing 
choice to spread potentially limited remediation funds more 
widely. However, given the natural variability of streams and 
the changes to streamflow that are caused by culverts, retrofits 
are prone to degradation, making them less effective and a lost 
investment through time. Because retrofits are less expensive 

Figure 5.  (A) Trinity creek culvert site (site #4; see Figure 1) pre​remediation highlighting extensive perching (0.7-​m perch height), 
constriction, and high-​velocity water (June 2002); (B) same site following the installation of Newbury weirs and baffle retrofits, 
highlighting outlet backwatering (October 2005); (C) baffles added into structure and rock weirs constructed immediately downstream 
of structure post​remediation showing weir settlement (Spring, 2006); (D) 15 years later during summer low-​flow period with baffles still 
in place, but Newbury weirs are no longer functional and perching is again evident (0.42-​m perch height; August 2021). Photos A, B, and 
C are from Pacific Salmon Commission (2006). House & Bennet (2008), photo D (Patrick Zubick).

D
ow

nloaded from
 https://academ

ic.oup.com
/najfm

/article/45/5/767/8245211 by guest on 29 June 2026



776  •  Zubick et al.

and require less technical expertise, nongovernmental organi-
zations and stewardship groups have often implemented them. 
Government agencies sometimes favor retrofits when the bar-
rier culvert involves a major highway because replacement 
may require shutting down or rerouting transportation during 
construction (Patricia House, Fisheries and Oceans Canada, 
personal communication), which could have serious economic 
and social costs. Nevertheless, the need for enhanced and more 
frequent monitoring of retrofits is an additional cost that is not 
considered that could substantially increase the costs of retrofit 
remediations.

Our work demonstrates that retrofits should only be applied 
as a stop gap or emergency technique until a full-​culvert 
replacement can be performed. The B.C. FPTWG recently has 
come to a similar conclusion and no longer supports baffle ret-
rofits (Craig Mount, personal communication). This finding is 
especially important given how climate change is altering the 
frequency and magnitude of hydrological events and the like-
lihood that many streams in the Pacific Northwest are likely 
to experience an increase in high-​flow and channel-​forming 
flow events (Wilhere et al., 2016). These changes will affect the 
durability and longevity of all in​stream remediation works but 
especially retrofits, which are already hindered by the slope and 
SWR issues that drove the original barrier formation. Future 
culvert remediations of all kinds, including replacements, need 
to incorporate the effects of climate change in their designs, 
such as higher stream velocities and greater bank-full widths 
(Beechie et al., 2013).

Prior to our study, there was little compliance monitoring 
and no effectiveness monitoring conducted at culvert reme-
diations in B.C. Monitoring before construction allows for 
the establishment of a baseline for any stream-​restoration 
project, and sufficient postconstruction monitoring allows 
for the detection of any response and rapid action to correct 
any problems (Roni et al., 2008, 2012). The retrofit remedia-
tions, specifically those that applied backwatering weirs, were 
prone to degradation. If routine postproject monitoring had 
been performed (Figure 5), problems could have been recog-
nized and rectified, potentially extending the functional lifes-
pan of those works (O’Neal et al., 2016; Roni et al., 2002). A 
lack of recordkeeping and postconstruction monitoring also 
limited our ability to differentiate crossing attributes that 
failed to conform with best practices because of initial design 
deficiencies from those that degraded over time. The results 
of our study highlight a need for effectiveness monitoring to 
assess actual fish passage at replacement sites (Clark et  al., 
2020; Roni et al., 2008, 2018). The results of such monitor-
ing across a range of structural conditions and seasonality 
could also inform the development of new assessments to 
enable remediation planning and prioritization and provide 
increased confidence in the results that are provided by the 
assessments (Favaro et al., 2014; Januchowski-​Hartley et al., 
2014; Price et al., 2010). A further benefit is that best practice 
guidelines in many jurisdictions, including B.C., focus exclu-
sively on providing passage for salmonids (Zubick, 2023). 
Effectiveness monitoring would enable the consideration of 
nonsalmonids, many of which are weaker swimming fish, and 
thereby allow salmonid-​focused best practices to be more 
broadly evaluated.

Although our results are derived from a limited sample 
size and geographic area, our findings and conclusions are 
broadly applicable. Published assessments of fish passage at 
newly installed culverts have occurred in B.C., Washington 
State, Alaska, Montana, West Virgina, Connecticut, Europe, 
and South America (Cahoon et al., 2007; Favaro et al., 2014; 
Nathan et al., 2018; Pacific Salmon Commission, 2006; Poplar-​
Jeffers et  al., 2009; Roberto Mariano et  al., 2012; Sol et  al., 
2019). New culverts are being installed regularly worldwide on 
fish-bearing streams, so our finding of a lack of compliance with 
best practices at retrofits and replacements and the established 
literature of compliance issues at new culvert installations high-
light a need for expanded compliance monitoring at culvert 
installations wherever they affect fish. Few jurisdictions have 
examined the effectiveness of culvert remediations, except for 
Washington and Oregon, where improved passage for Pacific 
salmon Oncorhynchus spp. (Beamer et al., 1998; Clark et al., 
2020; Scully et al., 1998) has been confirmed at sites where cul-
verts were replaced with bridges. Despite this success, evidence 
of structural degradation at some of their remediated sites is a 
concern that could reduce long-​term effectiveness (Clark et al., 
2020; Price et al., 2010) and confirms the need for continued 
long-​term monitoring.

To conclude, none of our replacement sites fully met best 
practice designs. The largest issue was that their span relative to 
bank-full width was too small. Future replacements need spans 
that significantly exceed bank-full width, especially because 
climate change will increase peak flows. Nevertheless, when 
installing a replacement remediation, all best practices that are 
relevant to the stream crossing should be considered to ensure 
that the passage is effective. Culvert barriers are pervasive in 
B.C. and worldwide, and effective remediation is required to 
reestablish connectivity across these fragmented habitats. The 
actual extent of fish habitat fragmentation in B.C. and else-
where may be greater than current estimates indicate due to 
failed remediations and assessments that underestimate barrier 
occurrence (e.g., by assuming that fish passage is not affected 
by OBS).
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