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a  b  s  t  r  a  c t

To  date,  most  studies  of  commercial  fisheries  bycatch  have  focused  on  mortality  at  time  of  capture
as  an  endpoint.  However,  sub-lethal  indicators  of organismal  condition  have  the  potential  to  reveal
mechanisms  associated  with  mortality  (both  at time  of  capture  and  post-release)  and  opportunities
for  improving  fish welfare.  In  this  study,  we  simulated  commercial  fishing  efforts  in  inland  lakes  with
fyke  nets  during  a typical  fishing  season  (early  April  to late  June)  in  southeastern  Ontario,  Canada,  where
bycatch  of  non-target  fish  species  had  previously  been  documented.  Using  non-target  gamefish  (i.e.,  large-
mouth bass  [Micropterus  salmoides,  Lacépède],  northern  pike  [Esox  Lucius,  L.]),  as  well  as  a  target  species
(i.e.,  bluegill  [Lepomis  macrochirus,  Rafinesque]),  we  examined  the  sub-lethal  consequences  of  capture
(e.g.,  blood  physiology,  reflex  impairment,  and  injury)  and  compared  the  effects  of  being  retained  in  the
net  for  two  different  durations  (i.e.,  two or six  days)  over  a range  of  water  temperatures  (i.e.,  3–28 ◦C). Sub-
lethal  physiological  disturbances  (i.e.,  blood  glucose  and  lactate)  in largemouth  bass  and  bluegill  tended
to be  greater  at higher  water  temperatures.  However,  fish  retained  for six  days  generally  did  not  exhibit
greater  stress  than  those  retained  for  two  days,  with  the  exception  of  plasma  glucose  in largemouth  bass.
Reflex  impairment  was  similar  among  temperature  and retention  periods.  Fish retained  in  nets  experi-
enced  a range  of injuries  (including  fin  frays,  scale  loss,  and  mouth  damage)  that  had  the  potential  to
facilitate  the  development  of opportunistic  pathogenic  infections.  Greater  incidences  of injury  on  fish

bycatch  tended  to  be  associated  with  higher  temperatures  and  longer  retention.  To  reduce  physiologi-
cal disturbances  and  injury  that could  lead  to  delayed  mortality,  we  suggest  that  regulations  for  inland
commercial  fishers  require  them  to check  their  nets  more  frequently  as  water  temperatures  increase.
We  suggest  that  future  studies  of bycatch  incorporate  sub-lethal  endpoints  given  that  they  serve  as
an  objective  measure  of  fish  welfare  and  can  provide  quantitative  mechanistic  information  to  support
management  actions.
ntroduction

In inland commercial fisheries, gill nets and fyke nets (and
ther similar passive entrapment gear such as trap nets and pot
raps) are the most commonly used fishing gears (Hubert 1996).

ecause fish entangled in gill nets typically die or are injured upon
emoval, gill net collection is not recommended in instances where
on-target organisms occur with target species (Hopkins & Cech
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1992). On the other hand, organisms (both target and bycatch)
captured in fyke nets or other entrapment gears are often alive,
enabling selective fisheries whereby bycatch is released back into
the water. Bycatch can include sub-legal sized fish of the target
species (e.g., paddlefish, Polyodon spathula, Walbaum; Dieterman
et al., 2000), non-target fish species (e.g., black bass, Micropterus
spp., and northern pike, Esox Lucius,  L.; Larocque et al., 2012), and
non-fish taxa (e.g., turtles; Barko et al. 2004; Larocque et al. 2012;
platypus, Ornithorhynchus anatinus, Shaw; Grant & Temple-Smith
2003). Although several studies have quantified the incidence of

bycatch as well as mortality that occurs within the nets (e.g., Bettoli
& Scholten 2006; Larocque et al. 2012; Schorfhaar & Peck 1993),
little is known about the sub-lethal consequences of being cap-
tured and discarded. To our knowledge, there are no studies that

dx.doi.org/10.1016/j.jnc.2013.01.001
http://www.sciencedirect.com/science/journal/16171381
http://www.elsevier.de/jnc
mailto:Alison.Colotelo@pnnl.gov
dx.doi.org/10.1016/j.jnc.2013.01.001
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ddress this issue in inland commercial fisheries which is in con-
rast to the marine realm where issues related to the sub-lethal
onsequences of being captured and discarded are comparatively
ell studied (Raby et al. 2011). Knowing whether there are sub-

ethal consequences to entrapment is important in a management
ontext, because current harvest strategies assume that released
ycatch survives with no fitness or welfare impacts (Diggles et al.
011; Hall 1996). Sub-lethal endpoints can also be used to identify
pportunities to improve fishing policy and practices (Wikelski &
ooke, 2006; Young et al. 2011).

In southeastern Ontario, Canada, a small-scale inland commer-
ial fyke net fishery operates on a variety of lakes and large river
ystems. Commercial fishers target a variety of species such as lepo-
id  sunfish (Lepomis spp.), bullheads (Ameiurus spp.), yellow perch

Perca flavescens,  Mitchell), and suckers (Catostomus spp.) (Burns
007). Fishing regulations require that non-target gamefish such
s largemouth bass (Micropterus salmoides,  Lacépède), smallmouth
ass (Micropterus dolomieu, Lacépède), walleye (Sander vitreus,
itchell), northern pike, and muskellunge (Esox masquinongy,
itchell) be released. In a recent study, Larocque et al. (2012)

emonstrated that non-target fish represent up to 13% of the
sh captured. In particular, largemouth bass (up to 11% of total
atch) and northern pike (up to 3% of total catch) were identi-
ed as being particularly common bycatch species with up to 0.5%
nd 15.6% immediate mortality at time of net tending, respec-
ively.

Current commercial fishery regulations in eastern Ontario
managed by the Ontario Ministry of Natural Resources) man-
ate that nets be checked and processed at least once per week
Larocque et al. 2012). Changing the net tending frequency sea-
onally (i.e., shorter sets during warmer periods and longer sets
uring cooler periods) is a possible bycatch management strat-
gy, but until recently there has been little biological data to assist
ith decision making. Mortality rates of both target and non-target
sh species are lower when nets are checked and processed after
wo days, when compared to nets set for six days (Larocque et al.
012). While water temperature was not found to be predictive of

mmediate mortality by Larocque et al. (2012), it is a primary fac-
or influencing the sub-lethal stress associated with recreational
atch-and-release fishing events (Cooke & Suski 2005), and may
nfluence the behavior and mortality of fish released from the com-

ercial fishery (Davis 2002). Moreover, duration of retention in the
et and water temperature may  influence the extent and severity
f injury, as well as the consequences of such injury. For example,
onger net retention would allow fish more time to interact with
he net and other organisms in the net, and thus potentially sustain
njuries. Water temperature is known to modulate fish activity lev-
ls (Fry 1967), so at warmer temperatures fish may  be more active
n the net, again leading to more interaction with potentially inju-
ious mesh or net structures. Opportunistic diseases also tend to be
ore prevalent and severe in warmer water (Karvonen et al. 2010).

ecently, researchers have used reflex impairment as a predictor of
ost-release mortality (Davis 2010). The approach was  developed
pecifically for bycatch assessments of fish and has been applied
n a wide range of marine and freshwater fisheries and provides
he opportunity to evaluate fish condition and vigor at time of net
ending (Raby et al. 2012).

Even in the absence of injury, evidence of significant sub-lethal
hysiological disturbance could provide information on the poten-
ial for delayed mortality or other negative consequences such
s growth impairments or disease development. The objective of
his study was to characterise the consequences of being captured

y fyke net with a focus on sub-lethal metrics (blood chemistry,
eflexes, injury) and how these varied with both the duration of
et set and water temperature. We  focused our research on sev-
ral species including non-target gamefish (i.e., largemouth bass,
onservation 21 (2013) 217– 224

northern pike) as well as an abundant target species which thus
served as a model (i.e., bluegill).

Materials and methods

Study area

Newboro Lake (44◦38′ W 76◦20′ 0) is a target lake for commer-
cial fishers in southeastern Ontario, Canada, and thus was chosen
for our simulated commercial fishing efforts. The lake is shal-
low (mean depth = 3 m,  maximum depth = 24 m, surface area = 787
hectares) and is characterised by submerged stumps and heavy
macrophyte cover. The fish community of Newboro Lake is domi-
nated by centrarchids.

Study gear and deployment procedures

Fyke nets were set in Newboro Lake during the spring of 2009
after “ice-off” (April 4) until the end of the legal fishing season
(June 20) to allow sampling over a range of water temperatures
(see Larocque et al. (2012) for full description of nets including a
diagram and deployment methods). Briefly, nets consisted of eight
0.8 m diameter wooden hoops positioned 0.5 m apart. There were
three narrowing throats per net, on the first, third and fifth hoop of
the net. Each net had two  wings (2.9 m long and 0.8 m high) and a
lead (11 m long and 0.8 m high) attached to the front hoop. These
throats funnel fish into the net where they become trapped and
are unable to find their way  out. All nets, wings and leads were
constructed with 5.08 cm stretch nylon mesh. To emulate the com-
mercial fishery, all nets were set in tandem by adjoining two hoop
nets by their leads, with the net openings facing each other and
extending the wings to a 45◦ angle from the entrance of the net.
Nets were deployed for either two  or six days to examine the sub-
lethal effects of fish captured under current regulations, as well as
potential options for changes to the regulations, respectively. For
nets deployed for two days the nets were open and fishing for two
days. For nets deployed for six days, the nets were open for the first
two days, after which the nets were sewn shut holding the fish for
an additional four days. Therefore, two  treatments of duration were
used in this study; fish held up to two  days and fish held for four to
six days.

Catch metrics and sub-lethal evaluations of fish condition

A variety of sub-lethal metrics (blood chemistry, reflexes, injury)
were measured on largemouth bass (bycatch), northern pike
(bycatch), and bluegill (commercial target species). While bluegill
are a target species for the commercial fishery, they were included
in sub-lethal analyses as we  were confident that they would be
captured over a wide range of water temperatures and in numbers
that would ensure reasonable sample sizes. We  regard them as a
reasonable proxy for sub-adult largemouth bass given that they are
confamilials and of a similar size. Moreover, although bluegill are
legally one of the possible target species, some of the commercial
fishers only retain some species or sizes of target fish and there-
fore some are discarded. Not all measures were obtained from each
species based on availability of fish and in some cases because of
existing validations of the techniques used in this study.

Blood physiology
Within four minutes of pulling the fyke net, two  largemouth
bass and two  bluegills were non-lethally sampled for blood. Blood
samples were not obtained for northern pike due to low catch
rates. To sample blood, fish were placed in a foam-lined trough
filled with fresh lake water. Using the caudal puncture method,
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lood was drawn into a heparinised container (3 cm,  21 gauge vacu-
ainer syringe or a 1 ml  syringe with a 3 cm,  25 gauge needle, for
argemouth bass and bluegill, respectively) to prevent blood coagu-
ation. Approximately 1.5 ml  of blood was collected for largemouth
ass and approximately 0.5 ml  of blood was collected for bluegill.
ll samples were immediately placed in an ice-water slurry until
nalysis (Clark et al. 2011). Whole blood was tested for glucose
nd lactate levels (mmol/l) using field meters (Accu-Chek Com-
act Plus, Roche, Basal, Switzerland; Lactate Pro LT-1710 Analyzer,
rkay, Inc., Kyoto, Japan) within several minutes of blood sampling.
he field physiology meters were recently calibrated and had pre-
iously been validated for use on fish (e.g., Morgan & Iwama  1997;
ooke et al. 2008). Changes in blood glucose and lactate levels are
econdary responses to stress for fishes and are commonly used to
ssess the stressed states in fishes (Barton 2002).

eflex assessment
Reflex impairment can be used as a rapid assessment of fish

tress and for predicting delayed mortality (Davis 2010). RAMP
Reflex Action Mortality Predictor) involves assessing a vari-
ty of reflexes (e.g., orientation, dorsal fin erection, body flex
pon restraint, gag response, response to mechanical stimuli) and
ecording them as either present or absent. Reflexes are recorded
s absent unless they are clearly observed. The number of reflexes
bsent is divided by the number of reflexes tested yielding a score
etween zero and one, with “0” indicating no impairment and “1”

ndicating full impairment. The RAMP method has been previously
alidated for use on bluegill, demonstrating increased impairment
ith increased intensity of a stressor (Low 2008), and we therefore

nly used it on this species.

njury assessment
Injury following capture in the fyke nets was assessed for

luegill, northern pike, and largemouth bass using the two method-
logies outlined below.

luorescein. On bluegill, we used flourescein, a non-toxic dye, to
etect latent epithelial injuries. Flourescein produces a green color

n the presence of blood under a UV light (see Noga & Udomkusronsi
002; Colotelo et al. 2009; Colotelo & Cooke 2011). Bluegill were
nesthetised in 50 ppm clove oil (clove oil emulsified in ethanol
n a 1:9 ratio) until they reached stage-4 anesthesia (Summerfelt

 Smith 1990). Anesthetised fish were then placed in a solu-
ion of 0.2 mg/ml  flourescein in distilled water for 6 min, and
hen placed back into a 50 ppm clove oil bath for an additional

 min. After a second round of anesthetic treatment, fish were
laced on a black background and photographed on both sides
ith a digital SLR ELIXIM Pro EX-F1 camera (Casio Computer Co.,

okyo, Japan) positioned 42 cm above the fish. We  used a 20 s
xposure under UV illumination (Mineralight® UVGL-84, UVP Inc.,
pland, CA). Photographs were analysed using ImageJ software

http://rsb.info.nih.gov/ij/, National Institute of Health, Bethesda,
D)  by tracing the areas of green and counting the number of pix-

ls in the area. The proportion of injury on the entire body of the fish
on both sides) was determined by dividing the number of green
ixels by the total number of pixels the fish represented. Colotelo
t al. (in press) demonstrates that fluorescein is most effective for
etecting epithelial damage that is less than 24 h old (i.e., recent
amage).

ross macroscopic evaluations. The level of injury on largemouth
ass and northern pike captured in fyke nets was assessed by visu-

lly inspecting the fish for scale loss, caudal fin fraying, and damage
o the mouth. Scale loss was scored on a 3-point scale with ‘0’ indi-
ating no scale loss, ‘1’ indicating 1–15% scale loss over the body,
nd ‘2’ indicating a loss of scales over >15% of the body. Caudal fin
Fig. 1. Mouth damage on northern pike associated with fyke net capture.

fraying was  also measured on a 3-point scale with ‘0’ indicating
no observable fin fraying, ‘1’ indicating <50% of the fin was  frayed,
and ‘2’ indicating >50% of the fin was  frayed. Mouth damage was
recorded as either present or absent. For largemouth bass, mouth
damage included redness and swelling around the mouth area,
while for northern pike, mouth damage indicated that the flesh
of the upper mouth had been torn (see Fig. 1).

Statistical analyses
All data were analysed with two independent factors: tempera-

ture; and, net set duration. Temperatures were grouped into three
categories: low (<10 ◦C); moderate (10–20 ◦C); and, high (>20 ◦C).
Two-way analysis of variance (ANOVA) was used to assess blood
physiology and reflex assessment data. Injury assessment data
were rank transformed and compared using a non-parametric two-
way ANOVA design (Conover & Iman 1981). ANOVAs were followed
by a Tukey’s HSD post hoc test, where appropriate to assess the
statistical significance of temperature and net set duration on the
response variables. Transformations were completed as necessary
to meet the assumptions of normality and homogeneity of variance
required for parametric tests. JMP  software (SAS Inc., Cary, NC) was
used for all statistical tests and significance was assessed at  ̨ = 0.05.

Results

Blood physiology

There was no significant difference in the total lengths of
largemouth bass among the different treatment groups (Table 1;
Two-way ANOVA: F = 1.23; d.f. = 5, 152; p = 0.298). Plasma glucose
values were significantly higher for largemouth bass captured and
retained for 6 days at high water temperatures (Tables 1 and 2;
Two-way ANOVA: F = 13.34; d.f. = 5, 152; p < 0.0001). Plasma lac-
tate values increased significantly as water temperature increased;
however, there was no effect of net set duration (Tables 1 and 2).
For bluegill, although we selected fish at random for blood samp-
ling, total lengths were significantly lower for bluegill captured in
the high water temperature groups when compared with those
captured at low and moderate temperatures (Table 1;Two-way
ANOVA: F = 4.83; d.f. = 5, 156; p < 0.001). Plasma glucose values
for bluegill did not show the same trend as largemouth bass.
There was no significant difference among any of the treat-
ment groups (Table 1; Two-way ANOVA: F = 1.21; d.f. = 5, 156;
p = 0.309). Plasma lactate values, however, increased with temper-
ature (Tables 1 and 2; temperature: F = 8.38; d.f. = 2, 152; p < 0.001).
Reflex assessment

When the reflexes (as described above) were tested for bluegill
captured and retained in the nets during this study, there was no

http://rsb.info.nih.gov/ij/
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Table 1
Comparison of total length evaluated for fish captured at three different groups of water temperatures (low (<10 ◦C), moderate (10–20 ◦C) and high (>20 ◦C)) and retained in
fyke  nets for two days or six days. Data are means ± S.E.; n = number of largemouth bass or bluegill. For each species and plasma parameter, means with different lowercase
superscript letters indicated significant differences between treatment groups for that variable. Length is reported in mm and glucose and lactate concentrations are expressed
as  mmol/l.

Species Temperature group Duration

Two days Six days

Length ± S.D.
(mm)

Plasma parameter
value ± S.E. (mmol/L)

n Length ± S.D.
(mm)

Plasma parameter
value ± S.E. (mmol/L)

n

Glucose
Largemouth bass Low 379 ± 49 3.01 ± 0.21a 17 394 ± 66 3.09 ± 0.25a 12

Moderate 367 ± 38 3.57 ± 0.37a 29 384 ± 60 3.18 ± 0.20a 45
High  384 ± 50 4.36 ± 0.40a 21 403 ± 45 7.30 ± 0.92b 17

Lactate
Low  379 ± 49 2.04 ± 0.27a 17 394 ± 66 1.60 ± 0.35a 12
Moderate 367 ± 40 3.92 ± 0.51b 25 381 ± 66 3.20 ± 0.32b 36
High  398 ± 44 5.74 ± 0.60c 19 401 ± 45 4.75 ± 0.66c 14

Glucose
Bluegill Low  182 ± 27a 2.61 ± 0.25 15 179 ± 15a 2.08 ± 0.13 9

Moderate 183 ± 12a 2.70 ± 0.38 36 184 ± 14a 2.25 ± 0.09 46
High  169 ± 9b 2.74 ± 0.12 21 173 ± 8b 2.91 ± 0.14 17

Lactate
Low  182 ± 27a 1.11 ± 0.16a 15 179 ± 15a 1.77 ± 0.45a 9
Moderate 182 ± 10a 2.28 ± 0.24a 27 183 ± 17a 1.91 ± 0.18a 32
High  171 ± 13b 2.66 ± 0.16b 18 173 ± 11b 3.26 ± 0.80b 14

Table 2
Results of a two-way ANOVA with temperature, duration and the temperature × duration as effects, comparing three water temperature groups (low [<10 ◦C], moderate
[10–20 ◦C] and high [>20 ◦C]) with two  durations (two days and six days) for plasma parameters for largemouth bass and bluegill sampled from fyke nets. Italicised values
represent those that are significant p < 0.05.

Species Plasma parameter Temperature Duration Temperature × duration

F df p F df p F df p

Largemouth bass Glucose 16.46 2 <0.0001 6.47 1 0.015 8.38 2 <0.0001
Lactate 19.8 2 <0.0001 3.12 1 0.062 0.13 2 0.988

0.246
0.0004
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Bluegill Glucose 1.42 2 

Lactate 8.38 2 

ignificant difference in the overall RAMP scores among treatment
roups (Two-way ANOVA: F = 2.20; d.f. = 5, 162; p = 0.057) (Table 3).
lthough some reflex impairment was recorded for bluegill, the
esults do not suggest severe impairment which would lead to mor-
ality. Nonetheless, the highest mean RAMP impairment score was
or bluegill held for the maximum duration at the highest water
emperature (Table 3).

njury assessment

luorescein
Overall, bluegill captured at moderate water temperatures had

ignificantly higher proportions of injury detected using fluores-

ein when compared to those captured at high water temperatures
Table 4; Two-way ANOVA on Ranks temperature: F = 64.44, d.f. = 1,
9; p < 0.0001). There was  no significant difference in the propor-
ions of injury detected using fluorescein for bluegill captured and

able 3
ummary of mean Reflex Action Mortality Predictor (RAMP) scores (±S.E.) for
luegill captured and held in fyke nets during the study. This score is between 0
nd  1; with 0 indicating no impairment and 1 indicating complete impairment.

Temperature group Duration

Two days Six days

Mean ± S.E. n Mean ± S.E. n

Low 0.15 ± 0.02 22 0.07 ± 0.03 10
Moderate 0.15 ± 0.02 44 0.15 ± 0.02 56
High 0.07 ± 0.03 17 0.18 ± 0.05 14
 1.05 1 0.307 0.80 2 0.451
 1.15 1 0.286 1.84 2 0.164

retained in the nets for two and six days (Table 4; Two-way ANOVA
on Ranks duration: F = 0.09, d.f. = 1, 55; p = 0.766).

Gross macroscopic evaluations
There was a significant, positive interaction effect between tem-

perature and net set duration for scale loss (Table 5 and Fig. 2a.
Two-way ANOVA on Ranks: F = 4.22; d.f. = 2, 672; p < 0.05), cau-
dal fin fray (Table 5 and Fig. 2b. Two-way ANOVA on Ranks:
F = 9.25; d.f. = 2, 672; p < 0.0001) and mouth damage scores (Table 5
and Fig. 2c. Two-way ANOVA on Ranks: F = 69.58; d.f. = 2, 694;
p < 0.0001) for largemouth bass.

The interaction effect between water temperature and net set
duration was  significant for scale loss for northern pike (Table 5 and
Fig. 3a.Two-way ANOVA on Ranks: F = 4.02; d.f. = 1, 601; p = 0.046).
Caudal fin fray was  not significantly influenced by either water tem-
perature or net set duration, nor an interaction of these variables
(Table 5 and Fig. 3b. Two-way ANOVA on Ranks: F = 1.91; d.f. = 2,
201; p = 0.1282). Water temperature was a significant factor in
determining mouth damage. Northern pike captured at moderate
water temperatures had significantly higher levels of mouth dam-
age than those captured at low water temperatures (Table 5 and
Fig. 3c. Two-way ANOVA on Ranks Temperature: F = 5.86, d.f. = 1,
196; p = 0.016). Lack of capture of pike at high water temperatures
and retention for six days limited statistical analysis to only fish
captured at low and moderate water temperatures. However, of

those fish captured at high water temperatures and retained for
two days in the net, 20.0% (n = 1/5) did not exhibit scale loss, 80.0%
(n = 4/5) did not exhibit caudal fin fray, and 42.7% (n = 3/7) did not
exhibit mouth damage.
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Table 4
Proportions of injury measured using fluorescein for bluegill captured and held in fyke nets for two  or six days at low (<10 ◦C), moderate (10–20 ◦C) and high (>20 ◦C) water
temperatures. Dissimilar letters indicate a significant difference (p < 0.05). Due to lack of flourescein injury data for bluegill captured at low water temperatures and held for
two  days, only bluegill captured at moderate and high water temperatures were included in statistical analysis.

Temperature group Duration

Two days Six days

Proportion of injury ± S.E. n Proportion of injury ± S.E. n
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Low n/a 

Moderate 0.1270 ± 0.0217a

High  0.0178 ± 0.0038b

iscussion

The results of this study demonstrated that water temperature
nd net set duration influence sub-lethal effects observed for fish
aptured and retained in fyke nets, such as those employed by the
ommercial fishery in southeastern Ontario. For largemouth bass,
lasma glucose levels, scale loss, caudal fin fray and mouth damage
ere all higher for six day net set durations and higher water tem-
eratures. Scale loss was also observed at a higher rate for northern
ike captured at warmer water temperatures and retained for six
ays. While these findings were not consistent among metrics and
pecies, they are suggestive of the notion that net tending frequen-
ies could and should be varied relative to water temperature (i.e.,
easonally) to reduce stress and injury for fish bycatch.

The current study showed increases in plasma glucose levels
or largemouth bass with increases in water temperature and net
et duration, indicating that capture and confinement in a net is
nherently stressful (Wendelaar Bonga 1997). Glucose is indica-
ive of a glucocorticoid stress response and when elevated suggests
hat energy has been mobilised to provide the organism with the
esources needed to deal with a challenge (Barton 2002). Deviations
n physiological measures from baseline can influence the behav-
or and survival of discarded fish (Davis 2002). For both largemouth
ass and bluegill, net set duration did not significantly affect plasma

actate levels, with increases being directly related to water tem-
erature. Lactate is an indicator of anaerobic metabolism which
an result from anaerobic exercise or hypoxic conditions (Kieffer
000; Wendelaar Bonga 1997). In the recreational fisheries litera-
ure, water temperature has been shown to be a significant factor in

ediating physiological disturbance (Suski et al. 2006; Thompson
t al. 2008); and this appears to hold true in commercial fisheries
s well. In the context of fyke nets, plasma lactate is likely indica-
ive of variation in locomotory activity (e.g., such as struggling to
scape) that would require anaerobic metabolism (Kieffer 2000),
omething noted previously for struggling fish in gill nets (e.g.,
arrell et al. 2000). It is worth noting that the absolute level of phys-

ological disturbance noted in this study was relatively modest.
lthough we did not collect control samples as part of this study,
ur team has done extensive physiological sampling of largemouth

able 5
esults of non-parametric two-way ANOVAs with temperature, duration and the tempera
oderate [10–20 ◦C] and high [>20 ◦C]) with two durations (two days and six days) for scal

ike  captured by fyke net. Italicised values represent those that are significantly different
eld  for six days, only northern pike captured at low and moderate water temperatures w

Species Injury Temperature 

F df p 

Largemouth bass Scale loss 4.17 2 0.0158 

Caudal  fin fray 9.91 2 <0.0001 

Mouth damage 143.58 2 <0.0001 

Northern pike Scale loss 7.46 1 0.007 

Caudal  fin fray 0.05 1 0.824 

Mouth damage 5.86 1 0.016 
0 0.1581 ± 0.0701 6
13 0.1882 ± 0.0362a 21
10 0.0051 ± 0.0024b 6

bass and bluegill, and within the water temperature ranges studied
here, baseline values of lactate and glucose are low and stable (i.e.,
<2 mmol/l for both parameters; Cook et al. 2011; McConnachie et al.
2012; Suski et al. 2004; Thompson et al. 2008). The levels of distur-
bances observed in the current study were typically in the range
of 2–5 mmol/l with few values exceeding 10 mmol/l. For centrar-
chids, glucose and lactate can both exceed 20 mmol/l in the face of
extreme stressors (e.g., Kieffer & Cooke, 2009; McConnachie et al.
2012; Suski et al. 2004). Sampling occurred during the reproductive
period for the three species studied which may  have contributed
to stress. Nonetheless, this is also the period during which some
fishing occurs and is thus highly relevant.

Recently, reflex impairment has become a popular endpoint in
bycatch studies given its simplicity and its ability to predict post
release mortality (Davis 2010; Raby et al. 2012). We used bluegill
as a model for reflex assessment given that reflexes have previ-
ously been validated for this species (Low 2008). Reflexes were
largely intact upon capture and tended to be insensitive to changes
in water temperature and net tending duration. The reflex that was
most commonly impaired was  the bursting escape response when
stimulated by the research team. The bursting escape reflex would
be influenced by the extent to which fish were exhausted from
earlier anaerobic bursting activity. For bluegill, lactate increased
with water temperature and was  consistently above baseline lev-
els (as per Cook et al. 2011 using bluegill from the same region)
suggesting some level of anaerobic disturbance which is consistent
with the reflex impairments. Although net tending frequency and
water temperature do not seem to influence reflex impairment for
bluegill, the modest and relatively consistent level of impairment
among all treatments is suggestive that interactions with fishing
nets do result in bursting which is presumably an attempt to escape
or a result of interactions with conspecifics and other species that
may  be present in the net. Fish released with reflex impairments
(especially the escape response reflex) could be subject to post-
release predation (e.g., see Danylchuk et al. 2007).

Epithelial damage associated with capture and retention in

fyke nets during the current study did not differ among treat-
ments for bluegill. Macroscopic injuries were more prevalent for
largemouth bass and northern pike as water temperature and net

ture × duration as effects, comparing three water temperature groups (low [<10 ◦C],
e loss, caudal fin fray and mouth damage observed in largemouth bass and northern

 (p < 0.05). Due to no northern pike being captured at high water temperatures and
ere included in statistical analysis.

Duration Temperature × duration

F df p F df p

10.33 1 0.0014 4.22 2 0.0151
6.07 1 0.014 9.25 2 <0.0001

136.39 1 <0.0001 69.58 2 <0.0001

0.12 1 0.727 4.02 1 0.046
4.82 1 0.029 1.28 1 0.259
1.6 1 0.208 3.49 1 0.063
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Fig. 2. Proportion of largemouth bass held in the net for either two  days (left) or six days (right) exhibiting scale loss (a), caudal fin fray (b), and mouth damage (c). Dissimilar
l

s
b
t
s
t
o
a
w
t
t
w
R
a
l

etters  signify statistically significant differences between treatment groups.

et duration increased. Locomotor activity in the net may  have
een heightened at the warmer temperatures (i.e., reflecting basic
emperature–activity metabolism relationships for fish; Fry 1967)
uch that potential for injury was heightened with longer periods in
he net exacerbating those injuries. In general, higher proportions
f individuals exhibited scale loss, fin fraying and mouth damage,
ssociated with interaction with the net or other fish in the net. As
ell, the severity of scale loss and fin fraying increased as water

emperature and net set duration increased. These injuries have
he potential to result in infection of pathogens following release,

hich can influence post-release survival (e.g., Nguyen et al. 2012).
esearch is lacking in this area, as many studies examining injury
ssociated with netting focus on gilling, despite the fact that scale
oss has been documented in other areas of fisheries research. Gill
nets are believed to cause more injury to fish due to the direct
interaction with the net (Chopin & Arimoto 1995) however, the
results presented here indicate that the use of fyke nets can also
result in injuries for released fish. Injuries to pike mouths were
quite common and have not been previously observed during
extensive angling trials in this region by our team (e.g., Arlinghaus
et al. 2008a, 2008b). Mouth injuries could potentially influence
feeding or respiration but that supposition has not been tested.

Management implications
The results of the current study demonstrate that both water
temperature and net set duration need to be considered when
defining regulations for the use of fyke nets. In inland commercial
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Fig. 3. Proportion of northern pike held in the net for either two days (left) or six days (right) exhibiting scale loss (a), caudal fin fray (b), and mouth damage (c). Dissimilar
letters signify statistically significant differences between treatment groups. Northern pike were not captured in a 6 day treatment and injury assessments were not conducted
(

fi
a
s
d
p
a
i
d
t
t
a
r

labeled as n/a).

sheries in north temperate regions, a wide range of water temper-
tures are experienced over the fishing season (from ≈0 ◦C to 26 ◦C
urface water temperature in the region where this work was con-
ucted). Given the manifold influence of water temperature on fish
hysiological processes (Fry 1967), and the fact that temperatures
pproaching thermal maxima are stressful (Beitinger et al. 2000),
t is not surprising that it has commonly been studied as potential
river of bycatch stress and survival (Davis 2002). Moreover, water

emperature can interact with other stressors (e.g., air exposure)
hat at low temperatures are not problematic but at higher temper-
tures become multiplicative (e.g., Gingerich et al. 2007). For that
eason we would encourage the adoption of fishing practices that
reduce stress (and injury) to fish at all temperatures, but particu-
larly at warmer temperatures. Specifically, to reduce physiological
disturbances and injury that could lead to delayed mortality, we
suggest that inland commercial fishers check their nets more fre-
quently as water temperatures increase. Fisher adoption of these
practices could be accomplished by the development of outreach
and education materials (e.g., codes of practice) or through regu-
lations (e.g., seasonal closures, seasonal gear restrictions, seasonal

net tending restrictions). All efforts to reduce stress and injury of
fish that will be released have the potential to reduce post-release
mortality (and in-net mortality) and to improve the welfare status
of bycatch (Diggles et al. 2011).
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