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A B S T R A C T   

Pacific salmon (Oncorhynchus spp.) are semelparous and anadromous, and during their up-river migration to 
spawn can experience injuries and mortality from fisheries interactions and adverse environmental conditions. 
There is the potential to improve models used to predict those losses by including information on surficial fish 
condition, but for this information to be useful, we need to understand how injuries change over time, and how 
injury type influences this change. To do this, we used repeated individual assessments to examine whether 
injuries accrued during migration on Fraser River sockeye salmon (O. nerka), assessed in the last leg of their 
migration or on arrival at the spawning grounds, could be used to predict their final injury score at death after 
spawning. We found that injury scores increased over the spawning period, but this was not driven by any 
specific type of migration-related injury, and fish initially scored as ‘uninjured’ had the largest increase in injury 
score, indicating a ceiling effect to our scoring method. Females with higher migration-related injury scores were 
more likely to experience pre-spawn mortality. Initial injury score accrued during migration was positively 
correlated with final injury score after spawning but only when initially assessed 45 km from the spawning 
grounds, and females that spawned accrued more injuries than females that did not spawn. Thus our method was 
able to use pre-spawn injury scores to predict spawning success but was limited in its ability to use post-spawn 
injury scores to describe severity of migration conditions. This highlights the need to better understand injury 
and disease dynamics and further refine injury assessment and scoring methods at the individual level if in-
formation on surficial fish condition is to be used to either describe or predict migration severity or pre-spawn 
mortality at the population level.   

1. Introduction 

Anadromous Pacific salmonids (Oncorhynchus spp.) support some of 
the most intensively studied and managed fisheries in the world as the 
fish and fisheries are culturally, ecologically, and economically impor-
tant. There is increased need to understand the factors driving adult 

migration mortality and to find reliable information that can both 
describe and predict migration mortality (Patterson et al., 2017). The 
management of Fraser River sockeye salmon (O. nerka) is one system 
where there is an acute need to better understand the factors driving en 
route and pre-spawn mortality (Cohen, 2012; COSEWIC, 2017; Hinch 
et al., 2012). The existing management structure can readily use this 
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information (Patterson et al., 2016) as it is based on an exploitation rate 
that changes with in-season updates of run size to achieve a target 
number of spawners. In addition, adjustments to harvest are made to 
account for the number of fish that are forecasted to be lost due to 
assessment biases and non-catch mortality between the lower river and 
their spawning grounds (Macdonald et al., 2010). Causes of mortality 
include exposure to high temperature, extreme discharge levels, pred-
ators, disease, and fishing-related incidental mortality but only some of 
these are currently modelled (Baker et al., 2014; Gale et al., 2014; Hague 
and Patterson, 2014; Macdonald et al., 2010; Miller et al., 2014; Pat-
terson et al., 2017). Current post-season descriptive methods to estimate 
in-river mortality and better understand population status use a com-
bination of environmental-based models (e.g., Martins et al., 2011) as 
well as direct reports of fish surficial condition from in-river catch 
monitoring and spawning ground assessment programs (D. Patterson, 
pers. obs.). For example, if high incidents of injuries are seen during 
migration, harvest could be adjusted, while a high incident of net 
wounds or gill necrosis, indicative of high fishing related incidental 
catch or high temperature impacts respectively, on the catch either 
in-river or on the spawning ground, could be used to support higher 
in-river loss estimates for run sizes. For both predictive and descriptive 
models, there is the potential to also consider the surficial condition of 
the fish, indicative of pathogens, predators, and fisheries interactions, 
into estimates of en route mortality (Baker et al., 2011, 2013; Bass et al., 
2018a; Macdonald et al., 2000; Patterson et al., 2007). 

Endogenous energy reserves accumulated by salmon while feeding in 
the ocean are used to fuel the maturation of secondary sexual charac-
teristics, osmoregulation, up-river migration, and the production of 
viable eggs and sperm during the non-feeding in-river migration 
(Burgner, 1991). Injury can cause physiological stress, reducing the 
amount of energy available for these other functions (Barton, 2002; 
Baker et al., 2013; Baker and Schindler, 2009; Bass et al., 2018a; 
Burgner, 1991; Crossin et al., 2004; Gale et al., 2011). Injury also 
removes the mucous covering that acts as a protective layer against 
infections and pathogens (Burgner, 1991; Fast et al., 2002; Svendsen and 
Bogwald, 1997). Some injuries occur in the ocean or during migration, 
such as from predators (e.g., seals, sharks; Christensen and Trites, 2011; 
Forrest et al., 2009), macroparasites (e.g., sea lice, lamprey; Andrew and 
Geen, 1958; Branson et al., 2018; Johnson et al., 1996; Williams and 
Gilhousen, 1968;), fishing gear (e.g., gillnets, hooks; Baker and Schin-
dler, 2009; Baker et al., 2011, 2013; Kanigan et al., 2019), and physical 
structures (e.g., hydraulic challenges in canyons or fishways; Cas-
tro-Santos et al., 2009). Other injuries usually occur on the spawning 
grounds, such as tissue damage from microparasite infection (e.g., 
fungal, bacterial; Kent, 2011; Neish, 1977; Tierney and Farrell, 2004) 
and interactions with conspecifics (e.g., spawning behaviour). Known 
consequences of injuries include reduced spawning success (Bass et al., 
2018a; Baker and Schindler, 2009; Baker et al., 2013; Berg et al., 1986) 
and migration success (Bass et al., 2018a; Hinch et al., 2021). By 
examining the extent to which we can use pre-spawn migration-related 
injury scores to predict spawning success or post-spawn injury scores to 
describe severity of migration conditions, we hope to further refine es-
timates of in-river mortality (e.g., Baker et al., 2013; Bass et al., 2018a; 
Bett et al., 2022; Kanigan et al., 2019; Patterson et al., 2017; Raby et al., 
2015). 

The main objective of this study was to determine how injury as-
sessments of individually tagged sockeye salmon changed during the 
final stages of migration and during spawning; we are not aware of 
repeated individual injury assessments being conducted before in sem-
elparous fish. The initial pre-spawn migration-related injury scores of 
individual fish tagged 45 km from the spawning ground were compared 
to final scores upon death on the spawning ground (which combines 
injuries from migration and spawning ground interactions) to determine 
which types of injuries caused the largest increase in injury scores. Based 
on previous work, we predicted that gillnet injuries would result in the 
largest change (Baker and Schindler, 2009; Bass et al., 2018a; Berg et al., 

1986). We also compared migration-related injury scores of individuals 
tagged on arrival to the spawning ground to those upon their death to 
better understand how scores change during the spawning period. If 
injuries inhibit spawning, then females with higher migration-related 
initial scores should show higher rates of pre-spawn mortality. There 
is no way to determine whether a male has spawned and so this pre-
diction can only be tested in females. Finally, regardless of where initial 
pre-spawn migration-related injuries were assessed, if post-spawn injury 
scores still accurately reflect the severity of migration conditions, then 
pre-spawn and post-spawn injury scores should be correlated. The 
findings from this study will elucidate whether qualitative descriptions 
of fish at or near the spawning grounds can help to further refine 
modelled estimates of migration severity and pre-spawn mortality. 

2. Methods 

2.1. Study Location 

This study used the Gates Creek population of sockeye salmon and 
took place in the Seton-Anderson watershed, part of the Fraser River 
system in British Columbia, Canada (Fig. 1A). The Gates Creek spawning 
channel is an engineered side-channel of Gates Creek that is approxi-
mately one kilometer upstream of Anderson Lake (Fig. 1B). The 
spawning channel itself is just under two kilometers in length and is a 
closed system for fish, allowing for near complete recovery of all fish 
moving into the spawning area (Fig. 1C). Water enters through an inflow 
at the top of the spawning channel, creating flow conditions similar to 
those experienced in the adjacent natural environment. 

2.2. Data collection 

We used two groups of sockeye salmon. The first group (assessed at 
Seton Dam, hereafter called ‘Seton”) had an initial injury assessment 
completed immediately before ascending the Seton Dam (‘dam’ in 
Fig. 1B). Fish had to then pass the dam via the fishway where they may 
have experienced hydraulic-related injuries and migrate through two 
lakes over a distance of approximately 45 km before either entering the 
spawning channel or continuing up Gates Creek. Details on physical 
aspects of the dam and fishway, including photos, can be found in Bett 
et al. (2022). In this group, only fish that entered the spawning channel 
were available for final injury assessments. The second group (assessed 
at Gates Creek, hereafter called ‘Gates’) was initially assessed when the 
fish first entered the same spawning channel (‘capture’ in Fig. 1C), and 
so were all available for final assessments. In both groups, final assess-
ments were conducted once the fish were found dead or in a moribund 
state within that same spawning channel. One team performed the 
initial assessment of Seton fish (pictures taken), while a second team 
performed the initial assessment of Gates fish (no pictures) and all final 
assessments (pictures taken; see Results for testing subjectivity in 
scoring). Initial injury assessments were scored while the fish were being 
tagged (see below), while final injury assessments were scored later 
using photographs of both sides of each fish. The entire channel was 
searched for dead fish one to two times per day and so final injury as-
sessments were conducted within 24 hrs of death. 

For the Seton group, initial injury assessments and tagging were 
conducted August 8–31, 2016. Death and therefore final injury assess-
ment occurred between August 21 and September 22, 2016. Fish were 
trapped by an in-stream fence and then individually captured using dip 
nets and brought to a water-filled V-shaped trough at the edge of the 
river, where initial external injury assessments were performed and sex 
was determined (see Bass et al., 2018a and Kanigan et al., 2019 for full 
details, and see Bett et al., 2022 for photos of the fence and sampling 
trough). Fish were marked with a passive integrated transponder (PIT) 
tag and an external spaghetti tag inserted through the musculature 
behind the dorsal fin. The relationship between injury type, survival, 
and spawning success in the Seton group has previously been published 
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elsewhere (Bass et al., 2018a). 
For the Gates group, initial injury assessment occurred between 

August 24 and September 13, 2016. Final assessments of dead and 
moribund fish were conducted from August 27 to September 21, 2016. 
Methods for tagging was similar to the Seton group, except fish were 
tagged with an external spaghetti tag inserted in the musculature behind 
the dorsal fin and a Peterson disk tag inserted through the musculature 
anterior to the dorsal fin. Dead females were checked internally for eggs 
to assess reproductive success. Individual female spawning success was 
scored based on estimates of the percentage of eggs retained and a fe-
male was considered to be a successful spawner if she released at least 
25% of her eggs and an unsuccessful spawner if she retained 75% or 
more of her eggs. 

For all assessment groups, the number of injuries and their overall 
severity were used to determine an overall injury score (Fig. 2). There 
were four categories for the overall injury score, indicating increasing 
severity: no injury (0), minimal injury (1), moderate injury (2), and 
severe injury (3). No injury was defined as having no external wounds or 
fungus present on the fish. Minimal injury was defined as having no 
open wounds, with total injuries covering no more than 5% of the body. 
Fin damage such as splits, fraying, and small portions missing was 
included in this category. Moderate injury was defined as damage 
covering ≤ 20% of the body and included small open wounds, more 
extensive fin damage, small patches of fungus, and moderate scale loss. 
One injured eye automatically put the fish in the moderate injury range, 
as partial loss of eyesight was assumed to have fitness consequences. 
Severe injury was defined as damage covering > 20% of the body, and 
included large patches of fungus, extensive open wounds, extensive fin 
damage, extensive scale loss, and/or skin lesions. Two injured or missing 

Fig. 1. A: The province of British Columbia and the main waterway of the Fraser River. B: The Anderson-Seton watershed with the initial assessment points for the 
two groups, ‘dam’ for Seton fish and ‘channel’ for Gates fish. C: Detail of Gates Creek spawning channel and the initial assessment point for Gates group (‘capture’). 

Fig. 2. Final injury assessments of male sockeye salmon (Oncorhynchus nerka). 
A: injury score of 1 (minimal injury); B: injury score of 2 (moderate injury); C: 
injury score of 3 (severe injury). Injury score of 0 is not pictured because at final 
injury assessments, there were no fish in this category. 
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eyes automatically put fish in this category. These categories are similar 
to Baker and Schindler’s (2009) categories for gillnet injuries, however, 
at final assessment (death) scale loss estimates were not included 
because many fish naturally absorb scales during the last stages of their 
migration (Burgner, 1991). 

We gathered additional information about specific injury type for the 
Seton group to see if certain injuries were more likely to result in a 
change in the severity between initial and final injury scores. Initial 
injury assessments were attributed to damage from gillnets, sea lice, 
lamprey, hooks, predators, and unknown sources, with injuries on the 
head classified separately (see Bass et al., 2018a and Kanigan et al., 2019 
for similar descriptions). Gillnet injuries were identified by wounds or 
patterned scale loss along the lateral sides of the fish putatively caused 

by the scraping against the net as they swam through the mesh openings, 
as well as injuries to the dorsal, pelvic, and/or anal fin(s) (Fig. 3A). Sea 
lice (presumably Lepeophtheirus salmonis) injuries included scars or, if 
severe enough, open wounds on the caudal peduncle that could extend 
further up the body to the base of the dorsal fin (Fig. 3B). Injuries from 
Pacific lamprey (Entosphenus tridentatus) injuries were identified by the 
characteristic circular epidermal wound left behind after a rasping event 
(Fig. 3C), though we acknowledge that pathogens may cause similar 
wounds as well. Hooking injuries from angler events were characterized 
as a small wound found on the mandible, maxilla, premaxilla, or area 
around the snout of the fish and often involved a small tear in the tissue. 
Predator injuries were defined as wounds left from natural predators 
including brown bears (Ursus arctos), seals, or birds of prey such as bald 
eagles (Haliaeetus leucocephalus) (Fig. 3D) with mammalian predator 
wounds consisting of long gashes along the body of the fish and 
avian-derived wounds consisting of puncture marks. Unknown body 
injuries were assigned when the origin of the wound was uncertain, or 
when they had progressed to a state where origin was no longer possible 
to infer. 

We classified any injuries to the head in a separate category, due to 
the more robust nature of the underlying bony skull. Injury types 
generally varied in their associated degrees of damage. For example, 
gillnet and sea lice injuries tend to cause more damage and so receive 
greater scores by being relatively large, and typically consisted of open 
wounds. These differed greatly in extent from the small punctures on the 
lips from hook wounds. 

Individual injury types were not recorded for the initial assessments 
for Gates group due to time constraints associated with minimizing 
handling time and challenges of determining injury types at this late 
stage of maturation. Injury type was also not recorded in the final 
assessment of either group as the degradation of tissue and increase in 
fungal cover rendered most of the initially identified injuries and the 
origin of new injuries unidentifiable. Thus, only the initial injuries of the 
Seton group were recorded by type, while their final assessment and 
both assessments of the Gates group only had the severity of injuries 
(injury score) recorded. 

2.3. Statistical analyses 

In all our analyses, to account for the ordinal nature of injury scores, 
nonparametric tests were used. To test subjectivity between the two 
teams that performed assessments for the Seton group, the final injury 
assessor also scored a subsample of pictures taken at initial assessment. 
A Wilcoxon signed rank test was used to determine whether initial injury 
scores differed between the two assessment teams. To test repeatability 
of assessments within a team, final assessments of the pictures were 
scored two times by the same person with two weeks separating the 
assessments. 

To determine whether fish differed in injury scores between initial 
assessment locations (Seton vs Gates), we used ordinal regressions with 
location, sex, and their interaction term as categorical factors and with 
fish length as a linear covariate. Fish length (fork length for Seton fish, 
standard length for Gates fish) was included as some injury types may be 
affected by body size (e.g., gillnets target larger fish: Baker et al., 2011) 
and sex was included as females are in general more susceptible to 
fisheries interactions than males (Bass et al., 2018a). 

For both groups of fish, we used separate ordinal regression models 
to test whether sex or body length affected 1) initial injury scores, 2) the 
differences in injury scores between assessment points, and 3) final 
injury score, where we also included initial injury score as a categorical 
predictor. We also tested whether final injury score was related to initial 
injury score within each assessment location (Seton and Gates) with 
Spearman’s rank correlations. Additionally, for Seton fish, we used 
ordinal regression to test which types of injury were associated with 
increases in injury scores between assessment points. Finally, for the 
Gates group, we used logistic regression to test whether female 

Fig. 3. Specific injury types observed in migrating sockeye salmon (Onco-
rhynchus nerka). A: gillnet; B: sea lice; C: lamprey; D: predator. 
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spawning success was influenced by initial injury score, final injury 
score, and length. 

Analyses were performed using the ‘MASS’ (Venables and Ripley, 
2002) and ‘car’ (Fox and Weisberg, 2011) packages for R version 4.0.2 
(R Core Team, 2021). 

3. Results 

3.1. Assessment bias 

We found no evidence for subjectivity within or between assessors, 
as there was no statistical difference in the comparison of initial 
assessment scores for Seton fish from the two teams (Wilcoxon signed 
ranks test, Z = − 1.28, p = 0.20). The repeatability test revealed that 
there was no significant difference between the injury scores on the 
same fish assessed by one person two weeks apart (Z = − 0.21, 
p = 0.83). 

3.2. Both groups 

Initial injury scores did not differ between tagging groups but were 
higher in females than males with a borderline significant interaction 
between sex and tagging location (Table 1). 

3.3. Seton group 

A total of 665 sockeye salmon were initially assessed and tagged at 
Seton Dam where females had higher initial injury scores than males 
(Likelihood Ratio χ2 = 14.26, df = 1661, p = 0.00016; Table 2; median 
score = 1, range 0–3) (see Bass et al., 2018a for analysis involving the 
full data set of 665 fish, including spawning success). At death, we 
recovered 147 salmon from this group in Gates Creek spawning channel, 
of which 146 had their final injury score recorded, as one carcass had 
additional post-mortem damage (median score = 2, range 1–3; Fig. 4A). 
Initial injury score was positively related to final injury score (Spear-
man’s correlation, rho = 0.16, p = 0.050). Three fish (two females and 
one male) showed a decrease in their injury score from an initial score of 
2 to a final score of 1, suggestive of a possible assessment error or 
recovery/wound healing. 

For Seton fish that were found at death in the spawning channel, at 
initial assessment 12% had no discernible injuries. The most common 
types of identifiable injuries were gillnets (22%) and sea lice (37%), and 
49% had injuries from an unidentifiable source (Fig. 5). Fish with no 
initial injuries had a greater increase in injury score than fish with 
gillnet, sea lice, or unidentifiable injuries (LR χ2 = 34.72, df = 3, 
p < 0.0001; Tukey contrasts: gillnet vs no injury: z = − 4.52, p < 0.001; 
sea lice vs no injury: z = − 3.74, p = 0.001; other injury vs no injury: 
z = − 4.24, p < 0.001; all other contrasts p > 0.23). 

3.4. Gates group 

A total of 66 sockeye were initially tagged at the entrance to Gates 
spawning channel and all were recovered for final assessment. The 
median injury score for the initial assessment was 1 (range 0–3) which 
increased to a median injury score of 3 in the final assessment (range 
1–3) (Fig. 4B). Sexes did not differ in initial injury score (Table 3) and 
initial injury scores were not correlated with final scores (Spearman 
correlation p = 0.96; Table 3), in contrast with Seton fish. Females that 
successfully spawned had lower initial (LR χ2 = 7.86, df = 3,26, 
p = 0.049) and higher final (χ2 = 13.17, df = 2,26, p = 0.0014) injury 
scores than those that experienced pre-spawn mortality (Table 3; Fig. 6). 
Three fish (two females and one male) had lower final than initial injury 
scores: two fish had an initial score of 2, which decreased to a final score 
of 1, and one fish had an initial score of 3, which decreased to a final 
score of 2. 

4. Discussion 

The average injury scores for sockeye salmon tagged 45 km from the 
spawning ground and at arrival to the spawning ground increased be-
tween the initial and the final assessment, and was correlated in the 
Seton group (which had a larger sample size). This suggests that, at an 
individual scale, injury assessments made on post-spawning fish are 
likely to reflect conditions prior to their arrival at the spawning grounds. 
While this suggests that injury assessments on the spawning grounds can 
be used to describe severity of conditions en route, it is important to 
remember that while this relationship is true for fish that survive 
migration, it does not reflect that some fish, especially injured females, 
die during that time (Bass et al., 2018a). The relationship between final 
condition and migration experience is also highly dependent on where 
the initial assessment takes place as there was no correlation in fish 
initially assessed on arrival to the spawning channel, suggesting that 
their increase in injury scores was unrelated to migration injuries. 
Additionally, our study was only conducted in one year, and variation in 
thermal and flow regimes among years may change these relationships. 
The 2016 sockeye run in the Fraser River was the lowest in 50 years, and 
fish experienced below-average discharge and above-average tempera-
ture (Pacific Salmon Commission, 2017). Even though low run years 
may be the most important ones in which to use surficial injury infor-
mation, harsh migration conditions may have exacerbated injuries, and 
more highly injured individuals may generate weaker correlations and 

Table 1 
Ordinal regression model of the variables affecting initial injury scores for 
sockeye salmon (Oncorhynchus nerka) in the Seton and Gates groups (assessment 
location effect).  

Response Variable Explanatory Variable df LR χ2 p- 
value 

Initial injury score 
(ordinal) 

Assessment location 1, 726  0.12  0.73 
Sex 1, 

726  
10.99  0.0009 

Length 1, 726  1.25  0.26 
Assessment location 
× Sex 

1, 726  3.61  0.057 

*Bold font indicates statistical significance (p < 0.05). 
*LR = likelihood ratio 

Table 2 
Three ordinal regression models of the variables predicting injury scores of Seton 
sockeye salmon (Oncorhynchus nerka).  

Response Variable Explanatory 
Variable 

df LR χ2 p-value 

Initial injury score (ordinal) Sex 1, 
661  

14.26  0.00016 

Fork length 1, 
661  

1.39  0.24 

Sex × Length 1, 
661  

0.16  0.69 

Final injury score (ordinal) Initial injury 
score 

3, 
134  

10.54  0.015 

Sex 1, 
134  

3.70  0.054 

Length 1, 
134  

0.10  0.76 

Initial score × Sex 3, 
134  

0.54  0.90 

Injury score difference 
(ordinal) 

Sex 1, 
140  

0.06  0.44 

Length 1, 
140  

0.001  0.97 

*Bold font indicates statistical significance (p < 0.05). 
*LR = likelihood ratio 
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make assessments less predictive. 
When sockeye salmon reach the spawning grounds, their endoge-

nous energy reserves are already heavily depleted by migration 
(60–86% across Fraser River stocks) and the development of secondary 
sexual characteristics, eggs, and sperm (Crossin et al., 2004). The 
remaining energy is used for courting and spawning (Healey et al., 
2003), leaving no energy for fighting parasites or infections, as in-
dividuals die when they have 3–4 MJ/kg of energy remaining (Bower-
man et al., 2017; Crossin et al., 2004; Mesa and Magie, 2006). During 
senescence, sockeye salmon naturally experience degradation to their 
overall body condition (Finch, 1990; Hruska et al., 2010; Morbey et al., 
2005) and often contract fungal infections (Fagerlund et al., 1995; 
Neish, 1977). This may exacerbate injuries and wounds that are already 
present, increasing their severity (Baker and Schindler, 2009). In fact, 
fungal infections contracted due to injuries before spawning may be a 

Fig. 4. Total number of sockeye salmon (Oncorhynchus nerka) that were 
assigned each injury score in both the initial (black) and final (grey) assess-
ments for fish from (A) Seton Dam (n = 146, initial only includes fish that had 
final assessment as well), and (B) Gates channel (n = 66). There was a signif-
icant increase from the initial to the final injury score in both groups, but no 
difference between groups. 

Fig. 5. Percentage of sockeye salmon (Oncorhynchus nerka) from the Seton 
group with each injury type assigned to each injury category for individuals 
that were also assessed upon death. Some fish had more than one injury type. 

Table 3 
Three ordinal regression models and one logistic regression model of the vari-
ables predicting injury scores, recapture status, and spawning success of Gates 
sockeye salmon (Oncorhynchus nerka).  

Response Variable Explanatory Variable df LR χ2 p- 
value 

Initial injury score 
(ordinal) 

Sex 1, 63  0.39  0.53 
Length 1, 63  0.003  0.95 

Final injury score (ordinal) Initial injury score 3, 56  0.63  0.89 
Sex 1, 56  0.10  0.75 
Length 1, 56  0.38  0.54 
Initial score × Sex 3, 56  0.042  0.99 

Injury score difference 
(ordinal) 

Sex 1, 61  0.031  0.86 
Length 1, 61  0.034  0.85 

Spawning success 
(logistic) 

Initial injury score 3, 
26  

7.86  0.049 

Final injury score 2, 
26  

13.17  0.0014 

Length 1, 26  1.13  0.29  
Initial x final injury 
score 

4,26  0.27  0.99 

*Bold font indicates statistical significance (p < 0.05). 
*LR = likelihood ratio. 

Fig. 6. Initial and final injury scores for sockeye salmon (Oncorhynchus nerka) 
from the Gates group that successfully spawned or experienced pre- 
spawn mortality. 
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major cause of pre-spawn mortality (Baker and Schindler, 2009), though 
we cannot separate the effects of other injuries from the effects of sub-
sequent fungal infections in our study. Thus our definition of an injury is 
general: any damage from predators or parasites (sea lice, lamprey, and 
fungal species), or from interactions with conspecifics, physical struc-
tures, or fishing gear (Baker et al., 2011, 2013; English et al., 2011; 
Hruska et al., 2010). Sockeye salmon are also highly competitive on 
their spawning grounds and individuals of both sexes attack intruders 
(Burgner, 1991; Mathisen, 1962; Quinn and Foote, 1994; Quinn and 
McPhee, 2005), increasing the number of injuries. However not all in-
dividuals experience the same level of competition. For example, some 
male salmon (usually smaller jacks) exhibit an alternative mating tactic 
where they sneak fertilizations (Berejikian et al., 2010; Mahranvar, 
2002; Young et al., 2013), and male dominance can vary with size 
within an age class (Fleming and Gross, 1994; Quinn et al., 2001). 
However, we found no effect of body length on injury scores. Females 
also experience a variety of interactions that may lead to injury during 
spawning. Successfully spawning females usually accrue injuries while 
digging redds and during interactions with other females when 
defending those redds, while females that fail to spawn do not experi-
ence these interactions. In support of this, we found that females that 
successfully spawned had higher final injury scores than those that did 
not. 

We found that females had higher injury scores than males at the 
dam (Seton group) but not by the time they reached the spawning 
channel (Gates group), suggesting that in crossing the dam and lakes, 
highly injured fish (especially females) died. This is supported by a study 
showing that sockeye salmon with higher injury scores at Seton Dam 
were less likely to arrive at Gates Creek (Bass et al., 2018a) and several 
studies showing in general sockeye salmon with injuries were less likely 
to survive to spawn (Bass et al., 2018b; Baker and Schindler, 2009; 
Donaldson et al., 2012; Hinch et al., 2021; Keefer et al., 2008; Nguyen 
et al., 2014). We also found that initial injury score predicted spawning 
success in Gates fish, and so our study contributes to the growing evi-
dence that injuries present when entering a spawning area affect 
reproductive success in females both in this system (Bass et al., 2018a) 
and elsewhere (Alaskan sockeye salmon: Baker and Schindler, 2009; 
Atlantic salmon (Salmo salar): Berg et al., 1986). Injured females that 
spawn could also have lower fitness in other ways. For example, injured 
Atlantic salmon used different spawning areas than uninjured females 
(Berg et al., 1986). 

We observed 37 fish (17.5%) that did not increase in injury score and 
six fish (2.8%) that had a lower score at death. For the fish that did not 
change score, it is possible that their injuries increased in severity or 
number, but not to an extent where it impacted their overall injury 
score. This is especially true for fish that were initially scored as 3 (3.8%) 
since there was no higher score (a ceiling effect). For this type of scoring 
method to be useful, the injury categories should be expanded to include 
additional categories for fish with more severe injuries. For the six fish 
with lower scores that appeared to heal, one hypothesis is that they may 
have allocated energy towards immune functions and wound repair in 
order to buy them more time to mature, though the relationship between 
immunity and maturity is complex (Teffer et al., 2018) and allocating 
energy towards immunity is usually only present in animals that 
reproduce more than once (i.e. iteroparous animals: Wingfield et al., 
1998). However, limited examples of healing have been observed in 
recaptured tagged fish (D. Patterson, pers. obs.). Alternatively, lower 
final scores could be an indication of low levels of incorrect scoring 
during one of the assessments. 

Some types of injuries can have larger effects on reproductive success 
than others. Gillnet and sea lice were the most common identified injury 
type and caused minimal to severe damage at initial assessment. Sea lice 
(primarily Lepeophtheirus salmonis) are marine ecto-parasites that attach 
to the fish and continuously feed on the scales and epithelial mucus cells, 
inhibiting the production and replenishment of the mucus layer (Cost-
ello, 2006; Wagner et al., 2005). Sea lice injuries ranged from mild 

damage to the top epithelial layer to large, deep open wounds extending 
into the muscle underneath, and these parasites also depress immune 
and histological responses (Braden et al., 2015; Øvergård et al., 2022) 
and can cause mortality (Johnson et al., 1996). Injuries from gillnets 
were caused by the fish struggling to swim through one of the mono-
filament mesh opening and scraping off scales, mucus, and sometimes 
skin (Baker and Schindler, 2009). While we did not identify any specific 
effects of either type of injury on injury scores, other studies have shown 
that sockeye salmon with either gillnet marks or sea lice scars were less 
likely to survive the migration from Seton to spawning grounds (Bass 
et al., 2018a), females with gillnet marks were less likely to successfully 
spawn in Gates Creek (Bass et al., 2018a), and fish experimentally 
subjected to nets at Seton dam took longer to migrate to the creek (Elmer 
et al., 2022) and experienced greater physiological disturbance 
(Donaldson et al., 2012). Most research has focused on gill net and sea 
lice injuries, likely because other types of injuries are found in low 
numbers or are difficult to identify on fish, and so their effects on sur-
vival or spawning are rarely assessed. 

Injury assessments on the spawning grounds have been routinely 
collected by stock assessment crews in the Fraser River for decades (e.g., 
Schubert, 1998). This information has been used to infer severity of 
migration conditions and generate support for estimates of en route 
mortality (Macdonald et al., 2000). Having early injury scores could be 
useful in helping assess the state of a population and management op-
tions, such as fisheries opening/closures (Kanigan et al., 2019). Pop-
ulations that have a large proportion of injured individuals would be 
expected to have lower survival and reproductive success (Baker et al., 
2014), and closures may be necessary to decrease additional stressors so 
escapement targets can be met (Gale et al., 2011). The use of early injury 
scores to decrease the uncertainty in predicting how many fish make it to 
the spawning grounds was demonstrated by Bass et al. (2018a). How-
ever, we would recommend caution against using our definition of 
maximum injury scores because of the likely ceiling effect which 
reduced our ability to explore more nuanced aspects of injury. The exact 
timing of injury assessment would also be crucial, so assessments made 
from standard mark-recapture studies would likely provide better in-
formation on prior migratory severity than carcass surveys given the 
large deterioration of fish condition in the final days of spawning 
(Altizer et al., 2013; Crossin et al., 2008; Macdonald et al., 2000; Neish, 
1977). Thus the utility of using qualitative assessments of fish surficial 
condition lies in its ability to use pre-spawn injury scores to predict 
spawning success, but it is limited in its ability to use post-spawn injury 
scores to describe severity of migration conditions to inform stock 
managers in real time. 

With the increasing threat of climate change in the Fraser River 
(Farrell et al., 2008; Martins et al., 2011; Rand et al., 2006) and else-
where (Beechie et al., 2013; Bowen et al., 2020; Cunningham et al., 
2018; McPhee et al., 2009; Schindler et al., 2008; Siegel and Crozier, 
2019), additional studies need to assess how this might impact the 
progression of injuries in individuals, and how the interaction of 
climate- and injury-related stressors will affect fitness (e.g., Atlas et al., 
2021; Bass et al., 2018a; Keefer et al., 2008). There is also a need to 
better understand injury types and disease dynamics (Baker et al., 2013; 
Miller et al., 2014) and further refine injury assessments and scoring 
methods to improve predictive ability when fish are assessed at points 
that are spatially and temporally separated from their spawning 
grounds. 
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