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Abstract
Fish that survive nontake fisheries interactions may subsequently die, a phenomenon that is generically termed

“fisheries-related incidental mortality” (FRIM). Gill nets, which typically asphyxiate fish and visibly damage their
integument, inflict higher rates of FRIM than other commonly used gears. To better define FRIM associated with
gill-net encounters, an observational study coupled with biotelemetry measured migration survival and spawning suc-
cess of a Sockeye Salmon Oncorhynchus nerka population during the final 45 km of their freshwater spawning migra-
tion (in 2014, 2015, and 2016). The daily prevalence of gill-net injuries ranged from 0% to 80% of fish, resulting in
an annual prevalence of 21–29% for females and 13–22% for males (over 3 years). Fish with visible gill-net wounds
had a 16% lower probability of completing their migration, and female fish with gill-net wounds had an 18% lower
probability of successfully spawning. As a result, the annual proportion of effective female spawners that died in the
final 45 km of their migration due to gill-net injuries was estimated to range from 3.8% to 9.9% (500 to 1,600
females). In addition, stray Sockeye Salmon from upriver populations commonly died at the tagging site, and visible
gill-net injuries were observed in half of those fish during a year with high mortality. If wild salmon populations con-
tinue to decline as climate change progresses, fisheries managers will be under greater pressure to minimize FRIM.

Commercial and subsistence fisheries provide significant
economic, cultural, and food benefits around the world.
For countries surrounding the northern Pacific Ocean,
Pacific salmon Oncorhynchus spp. are a major component
of these fisheries (Research Group 2009). In some regions,
however, Pacific salmon returns have undergone signifi-
cant declines (Nehlsen et al. 1991; Lichatowich and Licha-
towich 2001). Environmental factors, such as climate
change and anomalous climatic conditions (e.g., the “Paci-
fic Blob”; Bond et al. 2015) pose serious threats to the
survival of coldwater-dependent salmonids (Beamish and
Bouillon 1993; Martins et al. 2011; Daly et al. 2017). In
addition to reductions in harvest size in response to dwin-
dling fisheries, efforts have been made to minimize the
negative side effects of fishing. Of major concern are non-

take fisheries interactions (hereafter, “fisheries interac-
tions”), which encompass the capture and release of
nontargeted fish (Raby et al. 2011), as well as unassisted
disentanglement and escape of fish from fishing gear
(Baker and Schindler 2009). Fish that experience fisheries
interactions are subject to fisheries-related incidental mor-
tality (FRIM; Patterson et al. 2017a). The persistence of
Pacific salmon fisheries will likely depend in part on the
ability to minimize FRIM.

After a fisheries interaction, salmon may experience
associated short-term FRIM (occurring within 24 h of the
event) or delayed FRIM (occurring over the next several
weeks; Thompson et al. 1971; Raby et al. 2012). Short-
term FRIM may be caused by asphyxiation (Kojima et al.
2004), pH disequilibrium following prolonged burst
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swimming (Wood et al. 1983), or severe injury (Chopin
and Arimoto 1995). Delayed FRIM may result from the
immunosuppressive aspects of the stress response to capture
(Pickering and Pottinger 1989), pathogen infections due to
disruption of the integument (Svendsen and Bøgwald 1997),
and physiological imbalance caused by the loss of barrier
function provided by the integument (Olsen et al. 2012;
Mateus et al. 2017). The likelihood of a fisheries interaction
resulting in FRIM may be dependent upon the physiologi-
cal and environmental context (Brobbel et al. 1996) in
which the event occurs and the type of fisheries gear that is
in use (Patterson et al. 2017a).

Fisheries gear employed to capture upstream-migrating
Sockeye Salmon Oncorhynchus nerka include gill nets,
seines, fish wheels, rod and reel, weirs, and dip nets; of
these gear types, gill nets typically cause the most physical
damage (Patterson et al. 2017a). Researchers have linked
gill-net capture to elevated stress (Baker et al. 2013; Teffer
et al. 2017), delayed maturation (Baker et al. 2013),
delayed migration (Bass et al., in press; Teffer et al., in
press), reduced longevity on spawning grounds (Baker and
Schindler 2009), infection (Baker and Schindler 2009; Tef-
fer et al., in press), and migration failure (Donaldson
et al. 2012; Bass et al., in press; Teffer et al., in press).
For planning the impacts of gill-net salmon fishing on
nontarget populations, the Department of Fisheries and
Oceans Canada (DFO) utilizes an estimate that 60% of
released salmon will experience FRIM (DFO 2017). There
is no specified time period pertaining to this mortality esti-
mate, but short-term mortality is assumed based on previ-
ous management plans. In some studies, the DFO’s 60%
estimate has been consistent with experimental measures
of migration survival for salmon released from gill nets
(Donaldson et al. 2010; Bass et al., in press). However,
there is no indication that the endpoint for the DFO mor-
tality estimate includes spawning ground mortality or fish
that escape from the gear.

Most studies of FRIM involve either a simulation of
fisheries gear (Lupes et al. 2006) or the use of a “real-
world” fisheries capture technique to collect fish (Candy
and Quinn 1999). Fisheries-related incidental mortality is
then determined by observing fish in a holding tank or
using biotelemetry to track survival. When visible marks
resulting from fisheries interactions are present, a third
strategy is to use a lower-impact method to capture
fish after they have already interacted with the fishery
(Baker and Schindler 2009). Regardless of the technique
for applying a fisheries interaction treatment, most teleme-
try experiments on salmon only examine survival to a
spawning area, even though multiple studies indicate
that fisheries capture impacts reproductive development
(Kubokawa et al. 1999; Schreck 2010; Baker et al. 2013).
In fact, there are no published biotelemetry studies that
test the effects of fisheries interactions on a direct measure

of spawning success (time on spawning grounds was
assessed as an indirect measure by Baker and Schindler
2009).

In this study, we conducted a large, 3-year biotelemetry
experiment, accompanied by carcass evaluation, to investi-
gate the impacts of gill-net fisheries interactions on migra-
tion and spawning ground survival for Sockeye Salmon
that were intercepted 45 km before the conclusion of a
360-km upstream migration. We hypothesized that Sock-
eye Salmon with visible gill-net injuries would be less
likely to survive migration and would have lower survival
to spawning than those without such injuries. To measure
the occurrence of gill-net-associated FRIM among fish
entering our study system, we assessed gill-net injuries on
recently deceased fish collected at the tagging site. We
tagged fish with and without visible injuries to test for an
association between gill-net interactions and subsequent
migration survival. To determine whether visible injuries
were associated with survival to spawning after successful
migration, we assessed egg retention in female carcasses
collected on the spawning grounds.

METHODS
Study area.—Gates Creek is located at the southern

end of Anderson Lake in the Seton–Anderson watershed,
British Columbia, Canada (Figure 1). The Seton River is
located 312 km upstream from the mouth of the Fraser
River. After entering the Seton River, Gates Creek Sock-
eye Salmon swim 4 km to the Seton Dam and then
migrate 45 km through Seton Lake, Portage Creek (where
there is a small rod-and-reel fishery), and Anderson Lake
to reach Gates Creek. An artificial spawning channel is
located 800 m upstream from the mouth of Gates Creek.
These fish require approximately 10 d to migrate from the
ocean to Seton Dam (Crossin et al. 2009) and spend an
average of 10 d in Seton and Anderson lakes before enter-
ing Gates Creek (Minke-Martin et al. 2018; A. L. Bass,
unpublished data). The peak Fraser River entry of Gates
Creek Sockeye Salmon occurs in late July, exposing this
population to gill-net fisheries primarily targeting the lar-
ger “summer-run” populations migrating further upstream
(entering the Chilcotin, Nechako, and Quesnel rivers). As
a consequence, many Gates Creek Sockeye Salmon pass-
ing through the system have sustained gill-net injuries dur-
ing their migration (Casselman et al. 2016), anywhere
from the estuary to the Seton River confluence. Although
a commercial gill-net fishery in the lower Fraser River
was more common in the past, the modern-day fishery
consists primarily of First Nations fishing crews and fami-
lies deploying drift and set gill nets to collect salmon for
subsistence (Cohen 2012). Since most of the gill-net fish-
eries openings that occur during the Gates Creek Sockeye
Salmon migration target Sockeye Salmon, we expect that
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the vast majority of the study fish experiencing fisheries
interactions have escaped nets on their own as opposed to
being released by fishers.

Fish collection, biopsy, and tagging.— In the summers of
2014, 2015, and 2016, Sockeye Salmon were collected from
a river-spanning fishing fence (200 m downstream of Seton
Dam; 50°40′12.72″N, −121°58′30.3594″W; Figure 1). Fence
panels were installed in a downstream-facing “V” to direct
fish into a trap box at the upstream end of the fence. Cap-
tured fish were transferred via dip net from the trap box to
in-river, flow-through holding pens and were held for up to
1 h prior to tagging. Fish with all levels of visible injury—
so long as the behavior of the fish did not indicate immi-
nent mortality—were selected for tagging in this study (un-
like in fish passage studies conducted from the fence, where
only fish with minor or no injuries were selected; Burnett
et al. 2017; Minke-Martin et al. 2018).

All capture, handling, and tagging protocols were per-
formed under Permit A11-0125 from the University of
British Columbia’s Animal Care Committee. Fish were

transferred from the holding pens into a V-shaped trough
continuously supplied with fresh river water and were
restrained by hand. First, gross somatic energy (GSE) was
measured using a fish FatMeter (Model FM 692; Distell,
West Lothian, Scotland, UK) as described by Crossin and
Hinch (2005). By comparing GSE measurements to popu-
lation origin determined by microsatellite analysis (see
below), Casselman et al. (2014) found that a proportion
of Sockeye Salmon captured below the Seton Dam did
not originate from the Gates Creek population and that
these fish could be reliably identified via elevated GSE
estimates. To attain migration and spawning success esti-
mates that were unbiased by the inclusion of salmon from
other populations, only fish with a FatMeter reading no
greater than 2.7 (equivalent to a GSE ≤ 7.2 MJ/kg) were
tagged in this study. In a demonstration of the efficacy of
this approach, microsatellite analysis determined that only
6% of 181 Sockeye Salmon selected using this GSE thresh-
old for another study were not Gates Creek fish (A. L.
Bass, unpublished data).
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FIGURE 1. Map of the Seton–Anderson watershed in British Columbia, Canada. Red circles indicate PIT antennas at Seton Dam (Sockeye Salmon were
captured, tagged, and released 200 m downstream of Seton Dam) and the mouth of Gates Creek. [Color figure can be viewed at afsjournals.org.]
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Sockeye Salmon meeting this criterion were tagged with
individually coded, 32-mm half-duplex (HDX) PIT tags
(Oregon RFID, Portland, Oregon) implanted subcuta-
neously in the dorsal sinus. For visual identification, a
305-mm spaghetti tag (Floy Tag and Manufacturing, Seat-
tle) was inserted behind the dorsal fin and secured with an
aluminum crimp. Lastly, each fish was visually assessed
for injuries and then released on the upstream side of the
fence. The handling time for the total procedure was
2.3 ± 0.6 min (mean ± SD).

Gill-net injuries were readily identifiable as linear
wounds that ranged in severity from thin, dark lines to
large open wounds. Such injuries were typically located
around the snout, on the dorsal side posterior to the head,
and extending from the anterior tip of the dorsal fin to the
base of the pelvic fins (Figure 2C). We had firsthand expe-
rience identifying gill-net wounds from previous studies
during which Sockeye Salmon were experimentally
inserted into gill nets (Teffer et al. 2017) and studies in

which fish were captured by gillnetting (Bass et al., in
press).

Sea louse injuries were visible as scarring, scale loss, or
skin loss lateral or posterior to the dorsal fin, posterior to
the adipose fin, superior to the anal fin, or on the ventral
side of the fish (Figure 2E, F). Predator wounds were
apparent as parallel scars commonly situated on the lat-
eral and ventral sides of the fish, running down the body,
or as large portions of missing tissue, sometimes including
the pelvic fins, on the ventral side. Hook wounds were evi-
denced by portions of flesh missing from the mandible,
maxillary, or proximate area. Lamprey-like wounds were
identified as circular openings, approximately 2 cm in
diameter, along the sides of the fish and through the der-
mis. Injuries that did not meet any of the above criteria,
including missing skin and scales, split or partially missing
fins, bruises or abrasions, and deep wounds, were recorded
as “unknown” in origin (Figure 2G). Multiple injury types
were often present on a single fish.

FIGURE 2. (A), (B) Sockeye Salmon without injury and (C)–(H) those with the three most prevalent visible injury categories photographed during
the tagging process (panels A, C, E, F, and G) or after recovered dead (panels B, D, and H) from the fishing fence on the Seton River, British
Columbia (August 8–17, 2015). Arrows in panels C and D indicate faint gill-net marks posterior to the head, damage to the insertion of the dorsal
and pelvic fins, and linear wounds extending between the dorsal and pelvic fins. Scars from sea lice were commonly found at the base of the anal fin
(panel E) and between the dorsal and adipose fins (panel F; an extreme example). Injuries with no obvious origin, including descaling, skin damage,
and frayed and eroded fins (panels G and H) were categorized as “unknown.” [Color figure can be viewed at afsjournals.org.]
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Recovery of mortalities from the fishing fence.— Because
Seton Dam is a migration obstacle that requires vigorous
swimming to pass (Burnett et al. 2014), a number of Sock-
eye Salmon expire immediately downstream. The majority
of these dead individuals were washed downstream and
collected on the fishing fence. On a daily basis (sometimes
several times per day during periods of high mortality),
we removed dead Sockeye Salmon from the fence, mea-
sured their FLs, and determined sex by dissection. Injuries
were assessed as described above (Figure 2). An adipose
fin clip was collected for population identification. At the
Pacific Biological Station (Nanaimo, British Columbia),
microsatellite analysis was conducted on a subset of fish
collected each year to determine population of origin
based on variation in the major histocompatibility com-
plex (Beacham et al. 2004).

Resistivity counter at Seton Dam.— Salmon exiting the
fishway at Seton Dam and entering Seton Lake were enu-
merated with electronic fish counters that use resistivity
sensors to record passing fish (Logie 2100c; Aquantic
Ltd., Thurso, Scotland). See Burnett et al. (2017) for a
detailed description of the resistivity counters and equa-
tions used to estimate the abundance of Sockeye Salmon
passing Seton Dam. In 2015, a large run of Pink Salmon
O. gorbuscha migrated through the fishway starting in late
August, and species ratios determined by video validation
of the resistivity counter data were applied to estimate
Sockeye Salmon abundance (Casselman et al. 2016).

Passive integrated transponder telemetry.— The PIT
antennas were installed at Seton Dam, at the mouth of
Gates Creek, and at the entrance to the Gates Creek
spawning channel (Figure 1). In this study, only detections
at the Gates Creek receivers were required for determining
migration survival. In lower Gates Creek, a 20- × 1-m,
pass-through antenna was constructed from 2.5-cm polyvi-
nyl chloride pipe and stranded electrical wire connected to
a tuning box and a single-antenna HDX PIT reader (Ore-
gon RFID). At the entrance pool of the Gates Creek
spawning channel, a 5- × 1-m, pass-through antenna was
installed. The combined detection efficiency for the Gates
Creek PIT antennas was determined by calculating the
proportion of physically recovered Sockeye Salmon (see
below) that were detected by any antenna in Gates Creek.
Combined detection efficiency of the Gates Creek installa-
tions was 76, 90, and 87% for 2014, 2015, and 2016,
respectively.

Carcass recoveries and survival to spawning.— Fish that
successfully reached Gates Creek were able to spawn in
the Gates Creek artificial spawning channel, lower Gates
Creek (from downstream of the spawning channel to the
mouth), or upper Gates Creek (upstream of the spawning
channel). The spawning channel was walked daily and
Gates Creek was walked at least once weekly to recover
carcasses identified via the external spaghetti tag or a

hand-held PIT reader. Dead females were dissected, and
the percentage of eggs retained was scored in three cate-
gories. In accordance with DFO stock assessment protocol
(Shaw 1994), females that had not deposited any eggs
were categorized as having complete egg retention, females
with greater than 500 eggs remaining (as determined by a
quick visual assessment) were categorized as exhibiting
partial retention, and females with fewer than 500 eggs
remaining were categorized as completely spawned. Since
releasing eggs is a necessary step for spawning, we
assumed that fish that did not release eggs did not success-
fully spawn due to prespawn mortality.

A small portion of tagged fish was captured in a rod-
and-reel subsistence fishery at Portage Creek. The exis-
tence of this fishery was unknown to researchers in 2014.
Voluntary reporting, canvassing, and streamside surveys
were conducted in 2015 and 2016 to determine the identi-
ties of these fish. Any fish that were recovered from fish-
eries were removed from the analysis herein.

Statistical analyses.—We calculated the daily preva-
lence of gill-net marks for Gates Creek Sockeye Salmon
as the number of PIT-tagged fish with gill-net marks
divided by the number of fish that were PIT-tagged on a
given day. We calculated this estimate for each study year,
along with the prevalence of other visible injuries.

Physical characteristics of PIT-tagged Sockeye Salmon,
including FL and GSE, were compared between males
and females by using Student’s t-tests. The probability of
occurrence for the three most prevalent types of visible
injury (gill-net marks, sea louse scars, and unknown inju-
ries) were compared between the sexes by using Pearson’s
chi-square tests. Chi-square tests were also used to exam-
ine for a difference in gill-net prevalence (1) between sexes
for PIT-tagged fish and (2) between the PIT-tagged fish
and the fence-collected dead fish for each study year.
Analysis of variance was used to compare GSE among
the study years.

To determine whether gill-net injuries were associated
with migration survival and survival to spawning, we used
a model-averaging approach based on Akaike’s informa-
tion criterion (AIC) selection of generalized linear models
(GLMs) that included covariates measured at the time of
tagging (Grueber et al. 2011). Time-related covariates
included the year of tagging and the tagging date (as day
of year). Covariates associated with individual characteris-
tics were sex, FL, and GSE. In addition to gill-net injury,
we included the two other most prevalent types of injury
(sea louse scars and unknown injuries; Table 1) as binary
variables (present = 1; absent = 0). The same set of
explanatory variables was used in models of migration
survival and survival to spawning (excluding sex, as only
females were used in survival-to-spawning models). All
statistical analyses were conducted in R version 3.4.0 (R
Core Team 2017).
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We employed a GLM with a binomial response (fam-
ily = binomial; link = logit) for all models. Arrival at the
spawning grounds was determined by detection at the
lower Gates Creek antenna, detection at the spawning
channel antenna, tag recovery in Gates Creek or the
spawning channel, or carcass recovery of tagged individu-
als. Binary responses for survival to spawning among
females were designated as “0” for complete or partial egg
retention and “1” for completely spawned fish (i.e., no egg
retention). Note that this parameterization assumes no fit-
ness benefit for a female salmon that stops spawning after
releasing only half of her eggs, and therefore partial reten-
tion should be considered incomplete spawning due to
prespawn mortality. Furthermore, preliminary analysis
using an ordinal regression model with the three different
retention categories showed no difference between com-
plete retention and partial retention in their relation to the
explanatory variables.

Both full models were tested for multicollinearity using
the “vif” function from the “car” package (Fox and Weis-
berg 2011), and the variance inflation factor never
exceeded 2. We standardized all explanatory variables by
using the “standardize” function from the “arm” package
so that the relative effect could be compared between
explanatory variables (Gelman and Su 2016). Using this
function, continuous variables were standardized to a
mean of 0 and an SD of 0.5. Standardizing the continuous
variables precluded the need for data transformation. Bin-
ary variables were scaled to a mean of 0 with a difference
of 1 between their two categories. We used the “dredge”
function from the “MuMin” package (Barton 2016) to
compare all possible variable combinations and rank them
based on AIC (Burnham and Anderson 2003). Variable
coefficients were averaged based on the 95% confidence
model set, as determined by AIC weight. We used the zero
average method (aka the “full model set”; Grueber et al.

2011) wherein variables were assigned a zero when not
included in a model. We calculated 95% confidence inter-
vals (CIs) for the model coefficients. Variables were con-
sidered to have an important association with the response
when their 95% CIs did not overlap with zero. To inter-
pret logistic regression coefficients, we examined the odds
ratio expressed as a percentage with 95% CI, and we used
the average-of-marginal-effects method for a more intu-
itive interpretation (Fernihough 2011). Although the
amount of variance explained in ordinary least-squares
regression models is indicated by r2, this metric does not
exist for a binomial GLM. Thus, we estimated McFad-
den’s pseudo-r2, for which a value of 0.2–0.4 is indicative
of an extremely good model fit (Louviere et al. 2000).

We used the following equation to estimate, for each
study year, the percentage of female Sockeye Salmon that
were lost from the Gates Creek population as a result of
gill-net injury during their migration from the fishing fence
to Gates Creek,

FSSL ¼ ðSUU · SPU � SUM · SPMÞ ·PM ; (1)

where FSSL is the proportion of female fish lost; SU is the
proportion surviving migration; SP is the proportion
surviving to spawn; and P is prevalence (proportion) of
gill-net injuries at the fishing fence. Subscripts M and U
indicate gill-net-marked and unmarked fish, respectively.
Equation (1) assumes that fish without gill-net marks pro-
vide a baseline survival estimate for the Gates Creek pop-
ulation and that the difference between this and the
survival estimate for gill-net-marked fish can be attributed
to the impact of gill-net fisheries interactions. To deter-
mine the 95% CI for FSSL, we bootstrapped (1,000 sam-
ples) the SE for each parameter in equation (1) by using
the “boot” package (Davison and Hinkley 1997), and we
used the following equation to calculate the SE:

TABLE 1. Summary statistics (mean ± SD) for Sockeye Salmon that were captured, PIT-tagged, and released at a fishing fence in the Seton River,
British Columbia (2014–2016; GSE = gross somatic energy). Visible injuries are presented as percentages of the total number of female (F) or male
(M) fish. Multiple injury types could be present in a single fish (GN = gill-net marks; SL = sea louse scars; HO = hook wound; PR = predator
wound; LA = lamprey wound; UNK = injury of unknown origin; NONE = no injury).

Year Sex N FL (cm) GSE (MJ/kg)

Injury (%)

GN SL HO PR LA UNK NONE

2014 F 302 58.7 ± 3.5 5.9 ± 0.6 29 21 4 3 0 19 41
M 195 60.6 ± 4.8 5.8 ± 0.6 22 19 8 3 0 19 45

2015 F 234 57.1 ± 2.7 5.7 ± 0.6 21 46 1 7 1 48 13
M 221 59.1 ± 3.1 5.4 ± 0.6 17 37 1 9 1 35 28

2016 F 232 56.8 ± 2.4 5.9 ± 0.6 24 43 0 7 8 47 13
M 201 60.2 ± 2.6 5.9 ± 0.6 13 30 0 9 5 41 30

All years F 770 57.7 ± 3.1 5.8 ± 0.6 24 36 2 5 1 37 24
M 637 59.5 ± 3.7 5.7 ± 0.6 18 31 3 7 1 30 33
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where δ is the SE for each parameter; and FSSM
and FSSU are simply the products of SU and SP for
fish with and without gill-net marks, respectively. To cal-
culate the upper and lower confidence limits, δFSSL was
multiplied by 1.96 and added to and subtracted from
FSSL.

RESULTS

Physical Condition of PIT-Tagged Sockeye Salmon
Peak passage of Sockeye Salmon at Seton Dam varied

considerably across the study years, occurring as early as
August 5 in 2016 and as late as August 23 in 2014
(Figure 3). We captured, tagged, and released 497, 455,
and 433 Sockeye Salmon at the fishing fence in 2014,
2015, and 2016, respectively. Females were always more
abundant than males in the tagged population (Table 1).
Based on all years combined, males were larger than
females (t-test: t1,251 = −12.5, P < 0.001), but females had
higher GSE (t-test: t1,321 = 5.5, P < 0.001). The GSE was
significantly lower in 2015 than in 2014 and 2016
(ANOVA: F2, 1,383 = 45.2, P < 0.001).

Daily gill-net injury prevalence varied from 0% to 80%
throughout the tagging periods but generally peaked in
early to mid-August except in 2014, when there was a
peak toward the end of the migration (Figure 3). Gill-net
injuries, sea louse scars, and unknown injuries were the
most prevalent categories of visible injury (Table 1).
Across the three study years, annual gill-net injury preva-
lence was 21–29% for females and 13–22% for males
(Table 1). Twenty-eight percent of Gates Creek Sockeye
Salmon had no injuries, 56% had a single injury (from the
previously mentioned categories), and 16% had two or
more injuries. When data from the three study years were
pooled, both gill-net injuries and sea louse scars occurred
in a greater percentage of females than males (chi-square
test, gill-net injury: χ2 [1, N = 1,385] = 11.9, P < 0.001;
sea louse scars: χ2 [1, N = 1,385] = 6.3, P = 0.01).

Migration Survival
Migration survival from the fishing fence to Gates

Creek for the PIT-tagged fish was consistently between

77% and 78% for the three study years (Table 2). We
found no significant effect of year or tagging date in a
GLM with arrival at Gates Creek as the response variable
(Figure 4). Of the individual characteristics, both FL and
GSE were associated with survival, but sex was not signifi-
cant in any models even though it was included in a
model competing with the top model (Table 3; Figure 4).
For each SD increase in FL (3.5 cm), a Sockeye Salmon
had a 21% (95% CI = 4–45%) greater odds of arriving at
Gates Creek. For each SD increase in GSE (1.4 MJ/kg),
an individual had a 40% (95% CI = 30–50%) lower odds
of arriving at Gates Creek. Expressed as average marginal
effects, an SD increase in FL and GSE resulted in a 3%
increase and a 7% decrease, respectively, in the probability
of arrival at Gates Creek (Figure 5).

All three of the most prevalent types of visible injury
(gill-net marks, sea louse scars, and unknown injuries)
were negatively associated with migration survival (Fig-
ure 4). Fish with gill-net marks had a 62% (95% CI = 48–
72%) lower odds of arrival at Gates Creek than those
without gill-net marks; this is equivalent to an average
marginal effect of a 16% decrease in survival probability
(Figure 5). Fish with sea louse scars and unknown injuries
had 43% (95% CI = 22–58%) and 42% (95% CI = 19–
58%) lower odds of successful migration, respectively, than
those without; this is equivalent to an 8% lower probabil-
ity of survival for each group (Figure 5). McFadden’s
pseudo-r2 for the top model was 0.07.

Survival to Spawning
On average, 65% of female Sockeye Salmon survived to

spawning, with a minimum of 54% in 2015 (Table 2).
Although year was included in all of the top GLMs and
2015 was significantly lower in the top models, the CI for
2015 overlapped with zero (Figure 4). Females in 2015
had a 51% (95% CI = −8% to 78%) lower odds of surviv-
ing to spawn than females in 2014. The marginal effect of
2015 was an 18% decrease in the probability of surviving
to spawning (Figure 6).

Females with gill-net marks and higher levels of GSE were
more likely to retain half or more of their eggs at death (Fig-
ure 4). Females with gill-net marks had a 59% (95% CI = 30–
76%) lower odds of survival to spawning than those without
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gill-net marks, equating to a marginal effect of an 18%
decrease in the probability of survival to spawning (Figure 6).
For each SD increase in GSE (1.3 MJ/kg), females had a 41%
(95% CI = 20–56%) lower odds of survival to spawning. The
marginal effect of an SD increase in GSE was a 12% decrease
in the probability of survival to spawning (Figure 6). McFad-
den’s pseudo-r2 for the top model was 0.10.

Population-Level Estimates of Gill-Net-Associated
Mortality

From 2014 to 2016, 54, 42, and 52% of the PIT-tagged
female Gates Creek population arriving at the fishing
fence were estimated to have been effective spawners (per-
centage surviving migration multiplied by the percentage
that completely spawned; Table 2). Based on equations (1)
and (2), we estimated that delayed mortality from gill-net
injuries removed roughly 9.9% (95% CI = 5.8–14.1%),
3.8% (95% CI = 0.3–7.4%), and 6.4% (95% CI = 2.1–
10.8%) of the effective female spawners (in 2014, 2015,
and 2016, respectively) from the Gates Creek population

between the fish fence and Gates Creek. Based on counts
of Sockeye Salmon from the resistivity counters at Seton
Dam and the percentage of females in the sampled popu-
lation, this would equate to 1,642 (95% CI = 962–2,322)
female Sockeye Salmon in 2014; 508 (95% CI = 40–989)
females in 2015; and 648 (95% CI = 213–1,084) females in
2016.

Mortality below Seton Dam
We collected 155, 504, and 142 dead Sockeye Salmon

downstream of Seton Dam (washed up on the fishing
fence) in 2014, 2015, and 2016, respectively (Table 4). The
ratio of females to males was similar between the dead fish
collected on the fence and the PIT-tagged fish except in
2016, when females were more common in the dead group
(chi-square test: χ2 [1, N = 575] = 15.0, P < 0.001).
Prevalence of gill-net injuries (Table 4) was similar
between the dead and PIT-tagged fish in 2014 and 2016
(21% versus 27% for 2014; 23% versus 19% for 2016) but
was significantly higher in the dead population during

FIGURE 3. Bar plots of gill-net injury prevalence in PIT-tagged and dead collected Sockeye Salmon over 3 years in the Seton River, British
Columbia. The number of fish detected as passing Seton Dam (blue background polygon), gill-net prevalence (bars), and sample size (points) are
represented. In 2015, the Pink Salmon migration overlapped with the later portion of the Sockeye Salmon migration (the first Pink Salmon was
observed near the fence on August 18); thus, the daily number of salmon appears to increase in late August, but this is a mix of the two species.
[Color figure can be viewed at afsjournals.org.]
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2015 (51% versus 19%; chi-square test: χ2 [1, N = 959]
= 109.7, P < 0.001). Peaks in gill-net mark prevalence for
the dead population appeared to lag 2–4 d behind peaks
in gill-net mark prevalence among the PIT-tagged popula-
tion (Figure 3).

The population of origin for a subset of the dead fish
was determined for all but one individual (Table 5).
Although the Seton River is part of the migration route
for only Gates Creek Sockeye Salmon, the majority of
dead fish were not from that population (79, 90, and 80%
in 2014, 2015, and 2016, respectively). The most abundant
population complex in the dead group was composed of
Sockeye Salmon migrating through the Chilcotin River,
which is a further 146 km upstream of the Seton River
confluence (Table 5). At the extreme distances from the
Seton River were one individual from the Harrison River
(river kilometer [rkm] 101 in the Fraser River) and one
individual from the Bowron River (rkm 885).

DISCUSSION
By intercepting Sockeye Salmon midway along their

migration using a low-impact capture technique, applying
PIT telemetry, and assessing egg retention on the spawn-
ing grounds, we were able to confirm our hypotheses that

gill-net injuries acquired by fish prior to entering the Seton
River are associated with a reduced probability of migra-
tion survival and an increased probability of prespawn
mortality. For the Gates Creek Sockeye Salmon popula-
tion that has survived migrating through the Fraser River
and arrived at Seton Dam, this equated to the loss of 3.8–
9.9% of the effective female spawners (508–1,642 fish)
occurring between Seton Dam and Gates Creek. To our
knowledge, this is the first study of wild fish to show an
association between fisheries-related injuries and a physical
measure of spawning success—in this case, egg retention.
In addition, the unique opportunity to collect recently
deceased Sockeye Salmon mid-migration revealed that gill-
net injuries occurred on 21–51% of dead fish, and gill-net
injury prevalence was twofold higher in a year with high
mortality at the collection site. Collectively, these results
reveal that gill-net fisheries interactions have a consistent,
significant impact on Fraser River Sockeye Salmon.

Female Sockeye Salmon had a higher prevalence of
gill-net marks than males. This difference could be
explained by (1) males showing less marking after a gill-
net encounter, (2) higher rates of gill-net retention of
males due to greater entanglement, or (3) males experienc-
ing elevated FRIM prior to arrival at the Seton River.
Similarly, visible injuries from fisheries gear were greater

TABLE 2. Migration survival and spawning success of PIT-tagged Gates Creek Sockeye Salmon released from a fishing fence in the Seton River, Bri-
tish Columbia (2014–2016; Nsurvival = population size used for estimating migration survival and determining associated variables; Nspawn = population
size used for estimating spawning success and modeling-associated variables). The percentage of fish captured in a small food fishery in Portage Creek
is presented (not reported in 2014).

Year Gill-net marks Sex Nsurvival

% surviving to
Gates Creek

% caught
in fishery Nspawn

Complete
egg retention

Partial
egg retention

Completely
spawned

2014 Absent F 214 85 – 118 15 9 76
M 152 85 – – – – –

Present F 88 59 – 42 36 14 50
M 43 60 – – – – –

Total 497 78 – 160 21 10 69
2015 Absent F 186 76 4 64 25 15 60

M 184 83 3 – – – –
Present F 48 67 2 25 56 4 40

M 37 70 0 – – – –
Total 455 78 3 89 34 12 54

2016 Absent F 177 74 2 69 17 9 74
M 175 86 1 – – – –

Present F 55 58 4 19 47 5 47
M 26 69 12 – – – –

Total 433 77 2 88 24 8 68
All years Absent F 577 79 2 251 19 10 71

M 511 85 2 – – – –
Present F 191 61 2 86 44 9 47

M 106 66 3 – – – –
Total 1,385 78 2 333 25 10 65
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on female Fraser River Sockeye Salmon than on males
(Bass et al., in press). This could lead to a greater likeli-
hood of detecting gill-net injury on females compared to
males at the fishing fence. Researchers have shown that
gill nets tend to select larger Sockeye Salmon (Peterson
1954; Baker et al. 2011), and males tend to be larger than
females. Therefore, gill nets may more effectively trap
males, while females are more likely to disentangle.
Although our study of gill-net FRIM in the Fraser River
(Bass et al., in press) showed no support for the

hypothesis that FRIM is elevated for males, gill-net mark
prevalence was slightly higher for dead males compared to
dead females collected at the fence, suggesting that males
with gill-net marks were dying earlier. We are unable to
conclude why gill-net mark prevalence was consistently
higher in females in this study, but we believe that this
finding warrants further investigation.

Annual gill-net injury prevalence in the Seton River
ranged from 19% to 27%, which is within the range
observed by Baker et al. (2014) in a multiple-year study of

FIGURE 4. Model-averaged, standardized coefficients from generalized linear models of migration survival and spawning success for Gates Creek
Sockeye Salmon that were PIT-tagged in the Seton River, British Columbia, during 2014–2016. Filled circles denote variables that were significantly
different from zero (represented by the horizontal dashed line). Vertical lines represent the extent of the 95% confidence intervals for each explanatory
variable. Coefficients are standardized so that the effect sizes are comparable among variables.

TABLE 3. Top-five generalized linear models based on Akaike’s information criterion (AIC) selection for migration survival and spawning success of
Gates Creek Sockeye Salmon that were PIT-tagged in the Seton River, British Columbia, 2014–2016 (logL = log likelihood; ΔAIC = AIC difference;
wi = Akaike weight; GSE = gross somatic energy; GNI = gill-net injury; SLI = sea louse injury; UNI = unknown injury).

Response Model structure logL AIC ΔAIC wi

Migration survival FL + GNI + SLI + UNI + GSE −682.8 1,377.6 0.0 0.36
FL + GNI + SLI + UNI + GSE + sex −682.5 1,379.1 1.5 0.17
FL + GNI + SLI + UNI + GSE + tagging date −682.8 1,379.6 2.0 0.13
FL + GNI + SLI + UNI + GSE + year −682.4 1,380.9 3.3 0.07
FL + GNI + SLI + UNI + GSE + tagging date + sex −682.5 1,381.1 3.5 0.06

Spawning success (females) GNI + GSE + year −193.9 398.0 0.0 0.17
GNI + GSE + year + tagging date −193.0 398.2 0.2 0.15
GNI + GSE + year + SLI −193.8 400.0 2.0 0.06
GNI + GSE + year + FL −193.9 400.0 2.0 0.06
GNI + GSE + year + UNI −193.9 400.0 2.0 0.06
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Alaskan Sockeye Salmon (6–44%). However, as we know
that short-term mortality is high after gill-net capture
(Bass et al., in press), which likely occurs several days
downstream of the Seton River, our estimates of gill-net
injury prevalence are probably much lower than the per-
centage of Gates Creek Sockeye Salmon that experience
fisheries interactions. Based upon the DFO’s FRIM esti-
mate for gill nets (60%; DFO 2017), a baseline estimate of
70% survival for Fraser River Sockeye Salmon from river
entry to the spawning grounds (Crossin et al. 2009), and
the numbers of male and female Gates Creek Sockeye Sal-
mon arriving at Gates Creek with and without gill-net
marks, we estimate that, on average, 45% of female and
28% of male Gates Creek Sockeye Salmon experienced
gill-net fisheries interactions in the Fraser River. Although
these (likely conservative) estimates seem simplified, we
were unable to find studies that provided better estimates
of the rate of fisheries interactions (for gill nets or any
other gear) for the Fraser River or beyond. As studies
providing FRIM estimates for multiple gear types in mul-
tiple contexts accumulate (Patterson et al. 2017a), inade-
quate knowledge of the rates of fisheries interactions

becomes a limiting factor in improving management to
minimize FRIM. Since our results indicate that at least
19% of Gates Creek Sockeye Salmon (and potentially 45%
or greater) experience gill-net interactions on an annual
basis, we suggest that future studies should aim to
robustly quantify the incidence of gill-net interactions in
the Fraser River to further inform fisheries managers.

Other variables representing damage to skin—sea louse
scars and unknown injuries—were negatively associated
with migration survival. Sea louse injuries have been indi-
rectly linked to the prespawn mortality of Sockeye Salmon
(Johnson et al. 1996). Virtually all Sockeye Salmon are
expected to encounter sea lice during their coastal migra-
tion (Beamish et al. 2005), but given the prevalence of
scars at the fence, nearly half of the fish must have been
able to heal their wounds after sea lice were shed upon
freshwater entry, or perhaps those with visible wounds
experienced greater infestation. A failure to heal wounds
or vulnerability to greater infestation may be indicative
of a stress-induced reduction in immune function
(MacKinnon 1998), which could lead to elevated mortality
during migration. Alternatively, others have identified
osmoregulatory failure due to loss of the skin’s barrier

FIGURE 5. Probability curves of migration survival (from the top
generalized linear model) for Gates Creek Sockeye Salmon that were PIT-
tagged in the Seton River, British Columbia, during 2014–2016. Curves
show the difference in survival between fish with no injuries, those with gill-
net (GN) injuries, and those with all injuries (GN, sea louse, and unknown
injuries) across a range of gross somatic energy (GSE) values. The
background indicates the percentage of fish with and without GN marks
surviving across a range of GSE levels. The population median GSE is
indicated by the black triangle. Values at the top indicate the sample sizes
for each bin. [Color figure can be viewed at afsjournals.org.]

FIGURE 6. Probability curves of spawning success (from the top
generalized linear model) for female Gates Creek Sockeye Salmon that
were PIT-tagged in the Seton River, British Columbia, 2014–2016. Curves
show the difference in survival between fish tagged in 2014 with no
injuries, those tagged in 2014 with gill-net (GN) injuries, and those tagged
in 2015 with GN injuries. The background indicates the percentage of fish
with and without GN marks successfully spawning across a range of GSE
values. The population median GSE is indicated by the black triangle.
Values at the top indicate the sample sizes for each bin. [Color figure can
be viewed at afsjournals.org.]
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function as a proximate cause of mortality for fish with
missing skin (Olsen et al. 2012; Mateus et al. 2017), and
this would be relevant with regard to fish with sea louse
scars as well as those with unknown injuries in the present
study. Regardless of the mechanisms of mortality, the
association between visible injuries and migration failure
indicates that damage to the integument can have signifi-
cant consequences for salmonids migrating in freshwater.

The most important covariate in this study aside from
visible gill-net injuries was GSE, which was consistently
and negatively associated with both migration survival
and spawning success. Endogenous energy reserves that
salmon store prior to entering freshwater are dedicated to
routine maintenance, migration, the development of
gonads, and spawning activities (Gilhousen 1980).
Although one might expect depressed energy reserves to
be associated with failed migrations, higher GSE levels

late in the migration may indicate a failure to mature and
convert stored energy into secondary sexual characteristics
and gonads, potentially from exposure to stress (Baker
et al. 2013). In a holding study of migrating adult Sockeye
Salmon, both males and females that were exposed to
experimentally elevated water temperature presented
higher GSE values than those at cooler temperatures, and
GSE was negatively correlated with gonad mass, indicat-
ing that maturation was delayed (Amy Teffer, University
of Victoria, unpublished data). Together, these findings
suggest that above-average GSE, particularly later in the
migration, could be indicative of previous exposure to
stressors and future migration failure and/or prespawn
mortality.

Of the 3 years included in this study, 2015 was note-
worthy due to the abundance of dead fish that were col-
lected from the fence, the significantly greater occurrence
of gill-net marks on these dead fish, the below-average
prevalence of gill-net marks on PIT-tagged fish, the signifi-
cantly lower GSE levels in PIT-tagged fish, and the signifi-
cantly lower spawning success. We suspect that these
factors were caused by a combination of extremely low
river levels, elevated water temperature, and an in-river
fishery opening that occurred during a period of high
water temperature in early August. Sockeye Salmon that
were captured by gill net (in the Fraser River, 181 km
downstream of the Seton River confluence) and then
radio-tagged during this high-temperature period experi-
enced very poor survival, with less than 10% of 87 tagged
fish surviving to the Seton River (Bass et al., in press).
Both GSE and gill-net mark prevalence were likely
reduced in the PIT-tagged population due to the mortality
of high-GSE and gill-net-marked fish being shifted down-
stream as a result of the more extreme conditions (thus,
higher mortality at Seton Dam). Although migration sur-
vival was consistent with that in other years, lower sur-
vival to spawning was likely due to stressors experienced
earlier in the migration (Minke-Martin et al. 2018). If our
study had been simply based on the migration survival of

TABLE 4. Summary statistics (mean ± SD) for dead Sockeye Salmon collected after washing up on a fishing fence in the Seton River, British Colum-
bia (2014–2016). Visible injuries are presented as percentages of the total number of female (F) or male (M) fish. Multiple injury types could be pre-
sent in a single fish (GN = gill-net marks; SL = sea louse scars; HO = hook wound; PR = predator wound; UNK = injury of unknown origin;
NONE = no injury).

Year Sex N FL (cm)

Injury (%)

GN SL HO PR UNK NONE

2014 F 93 57.7 ± 3.3 24 5 4 1 54 12
M 62 58.6 ± 7.4 23 2 6 0 65 5

2015 F 284 58.7 ± 4.5 49 27 <1 1 49 1
M 220 59.4 ± 6.3 55 27 <1 1 39 2

2016 F 103 60.4 ± 3.4 20 63 1 4 47 2
M 39 62.5 ± 3.2 26 54 0 5 56 0

TABLE 5. Population of origin (counts) for Sockeye Salmon that were
found dead on a fishing fence in the Seton River, British Columbia
(2014–2016).

Fraser
River tributary Spawning location 2014 2015 2016

Harrison River Harrison River 1 0 0
Thompson River Little River 2 0 0

Fennel Creek 0 1 0
Seton River Gates Creek 13 5 10
Chilcotin River Chilko River 21 24 35

Chilko Lake south 7 7 1
Quesnel River Horsefly River 4 0 0
Nechako River Stellako River 9 9 0

Paula and
Felix creeks

1 0 0

Tachie River 2 0 0
Middle River 1 0 0
Nadina River 0 5 3

Bowron River Bowron River 0 0 1
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PIT-tagged fish (a common endpoint for many bioteleme-
try studies) and had not included observations of mortali-
ties at the fence and spawning success, the negative
combined effects of suboptimal environmental conditions
and open fisheries in 2015 would not have been apparent.
These results emphasize the potential limitations of
telemetry studies that do not account for survival prior to
tagging and prespawn mortality.

Gill-net injury and the covariates used in GLMs for
this study only represent a subset of possible factors
affecting migration survival and survival to spawning for
Gates Creek Sockeye Salmon, potentially explaining the
low McFadden’s pseudo-r2 values for the top models. Pre-
vious work studying this population has demonstrated
that plasma glucose concentration (Minke-Martin et al.
2018), anaerobic swimming through fishway attraction
flows (Burnett et al. 2014), and the flow release strategy at
Seton Dam (Burnett et al. 2017) were associated with sur-
vival to Gates Creek. Furthermore, the date of arrival at
Gates Creek (Burnett et al. 2017), thermal experience, and
Seton Dam discharge (Minke-Martin et al. 2018) were
associated with survival to spawning. Our application of
PIT tagging with minimal biopsy (i.e., DNA sample) pre-
cluded the measurement of most of these variables but
also provided data with less potential for handling-related
bias and thus more reliable estimates of survival.
Although gill-net injuries may account for a small propor-
tion of variance in our models and are likely not the most
important factor determining migration survival and sur-
vival to spawning, their impact was consistently significant
across years, indicating their importance.

From our survey of dead salmon, it was clear that the
majority of Sockeye Salmon dying below Seton Dam were
not from the Gates Creek population. Although our data
do not permit conclusions regarding the factors causing
Sockeye Salmon from other populations to enter the Seton
River, we suspect that in addition to elevated temperatures
in the Fraser River (Bett et al. 2017), injuries from gill-net
interactions may play a role. Because salmon exposed to a
capture stressor and held at high temperatures die more
rapidly than those at optimal temperatures (Teffer et al.,
in press), the stress and injuries from fisheries interactions
may prompt salmon to rest in cooler tributaries of the
Fraser River. Indeed, this is a commonly observed phe-
nomenon in tributaries upstream and downstream of the
Seton River, where salmon with visible injuries have been
observed holding (Jamie Scroggie, DFO catch monitoring,
personal communication). In the year with the greatest
mortality at Seton Dam (i.e., 2015), gill-net injury was sig-
nificantly more prevalent in the dying fish than in the
tagged population. Straying salmon from large donor pop-
ulations may dilute the evolved traits characteristic to a
smaller population (Bett et al. 2017), but if stress or injury
contributes to straying, then nonnatal strays would be less

likely to contribute to the spawning population. To date,
fisheries-related injury has not been linked to straying
(Bett et al. 2017); thus, its role warrants further research.

As climate change progresses and Pacific salmon popu-
lations face increased environmental stressors, freshwater
fisheries will likely have to minimize FRIM if they are to
persist. In an example of climate change impacting fish-
eries, Fraser River salmon fishing openings are subject to
in-season reductions based on elevated water temperatures
(Macdonald et al. 2010; DFO 2017). Our study adds to
the current literature on gill-net-associated FRIM by
showing a direct impact of visible injuries on migration
survival and survival to the spawning grounds. In gill-net
fisheries where FRIM can be reduced, potential solutions
include reducing fishery open periods, altering fishing tech-
niques (e.g., shorter net soak times), and exploring alter-
nate gears (e.g., multifilament versus monofilament nets,
smaller mesh size, changing the hang ratios, or transition-
ing away from gill nets). Our conservative estimate of
female Sockeye Salmon lost to gill-net FRIM is one of the
first meaningful attempts to quantify the mortality of sal-
mon that escape gill nets in the Fraser River, a hitherto
important component of characterizing FRIM across the
entire freshwater migration that has been challenging to
ascertain for Fraser River salmon populations (Patterson
et al. 2017b).
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