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Abstract Observations from the purse seine fishery off
northern Portugal are used to describe the early
dynamics of sardine (Sardina pilchardus) stress reactions
and identify likely stressors during the commercial fish-
ing operation. Sardine blood and muscle were sampled
from the onset of fishing (school identification and
encircling) to the end of fish transfer onboard (90–
120 min later). The evolution of haematocrit, haemo-
globin, cortisol, glucose, ionic concentrations, ATP and
its catabolites were modelled using linear mixed models
as a function of time spent in the net, biological (sex,
reproductive state and condition) and operational vari-
ables (catch, light level and phase of fishing operation).
Significant linear trends with time were detected for
most stress variables and mean concentrations after 2 h
in the net were similar to literature values corresponding
to acute stress reactions for teleosts. Biological variables
were rarely significant and explained a small proportion
of variation, while operational variables were never
significant. For each stress variable, levels varied con-
siderably between trips but the temporal evolution was
common across trips. Random trip effects were uncor-
related among most biochemical variables, suggesting

that distinct factors affected each stress variable during
the sampled trips. However, the linear trend with time
spent in the net observed for most stress variables indi-
cates that the duration of the fishing operation is an
important stressor in purse seine fishing due to the
progressive water volume restriction, crowding and
manipulation associated to the fishing method.

Introduction

Responses to stressful events are well documented for
several fish species, where unavoidable manipulation
(capture, handling, netting, crowding or transport) and
poor water quality under aquaculture conditions can
affect commercial production or re-stocking programs.
Stress is related to a cascade of physiological reactions
that range from immediate hormonal responses to long-
term changes in growth and reproductive potential
(Mazeaud et al. 1977; Wood et al. 1983; Barton and
Iwana 1991). In the attempt to regain homeostasis, re-
sponses are grouped into primary (hormonal), second-
ary (metabolic, hematological, hydromineral and
structural) and tertiary (whole organism and popula-
tion). Primary responses are characterized by the acti-
vation of the hypothalamo-pituitary interrenal axis and
the release of catecholamines and cortisol into the
bloodstream (Wendelaar Bonga 1997), whereas second-
ary responses arise from the action of these hormones at
the blood and tissue level (e.g. hyperglycemia, increases
of cardiac output, oxygen uptake, erythrocyte release
and swell, rise in haematocrit and haemoglobin and
disturbance of the hydromineral balance). Long-term
(tertiary) reactions range from suppressed appetite,
growth and reproduction to immunodeficiency and,
eventually, death (Mazeaud et al. 1977; Bourke
et al.1987; Barton and Iwana 1991; Schreck et al. 2001).

In several fisheries, concerns about the potential
survival of released or escaping components of the fish
catch have highlighted the importance to identify the
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main stressors, quantify the stress reactions and under-
stand the consequences of stress caused during fishing
(Pawson and Lockwood 1980; Swift 1983; Bourke et al.
1987; Chopin and Arimoto 1995; Olla et al. 1997, 1998;
Davis et al. 2001). Studies are usually based on labora-
tory simulations of the fishing practice, where the
additional effect of behaviour factors (e.g. swimming
performance, predator avoidance) and environmental
conditions (e.g. temperature, light intensity) can be tes-
ted experimentally (Olla et al. 1997, 1998; Davis et al.
2001; Davis 2005). Some studies question the correlation
of stress variables with ensuing mortality (Davis et al.
2001; Davis 2002), although it is generally considered
that physiological responses provide an accurate indi-
cator of the magnitude of stressors experienced during
the fishing process (Davis 2005).

Observations of fish stress reactions to commercial
fishing are very scarce and problems usually arise in the
determination of the duration and nature of the stressor
related to the fishing operation (Chopin and Arimoto
1995; Manire et al. 2001; Davis 2002). In addition,
uncontrolled additional stressors (e.g. changes in envi-
ronmental conditions during fishing—Olla et al. 1998;
Davis et al. 2001) can have a confounding effect in field
studies, while the consequences of stress reactions to
subsequent survival cannot be easily monitored (Davis
2002). Some of these problems seem to be less restrictive
in purse seine fishing for small pelagics, where the
operation takes place in the relatively stable upper part
of the water column, the duration of fishing can be
measured precisely for all fish and sampling can take
place throughout the operation. In addition, purse seine
fisheries provide an interesting case for fish stress studies
since existing observations have demonstrated that the
deliberate release of a component of the catch (slipping)
is frequent (Lockwood et al. 1983; Misund and Beltestad
2000; Mitchell et al. 2002; Stratoudakis and Marçalo
2002) and potentially stressful events associated to the
fishing operation have already been detected (Stratou-
dakis et al. 2003). Here, we use field samples from the
Portuguese purse seine fishery to describe the early
dynamics of stress variables in sardine (Sardina pil-
chardus) during commercial fishing operations. Linear
mixed models are used to analyse stress variables as a
function of the time elapsed since the original applica-
tion of the fishing stressor (detection of the school and
encircling), to identify biological and operational vari-
ables with a measurable impact on sardine stress reac-
tions and to provide realistic estimates of mean levels of
primary and secondary stress responses during and at
the end of commercial fishing operations at sea.

Material and methods

The study took place between May and July 2002 on-
board commercial purse seine vessels operating off the
port of Figueira da Foz in northern Portugal. Sampled
trips were short (total duration up to 12 h), took place

within half a degree of latitude from the home port
(39�46¢–40�43¢N) and usually consisted of a single set-
ting of the net before or around sunrise. Fishing fol-
lowed the typical purse-seine operation (Stratoudakis
and Marçalo 2002), involving the rapid deployment of a
long net (up to 800 m long and 150 m deep) around
marks of pelagic fish identified by the electronic fish-
finding equipment, the closure of the bottom of the net
(trapping the fish in a purse) and the drying-up of the net
(gradually reducing the volume of the purse until the
density of the fish becomes sufficiently high to start the
transport onboard). Once a target school was detected
and the net was set, fishing operations usually lasted
about 2 h (90–160 min). Hauling time was usually
around 1 h, while the transfer period varied depending
on catch size (Fig. 1). Catch and slipping estimates in
each trip were obtained by visual evaluation provided by
the skipper (Stratoudakis and Marçalo 2002). A trained
observer followed 19 fishing trips and collected blood
and muscle samples from fish individually collected from
the encircled area. In nine trips no fish were caught
(failure to detect sufficiently dense schools, gear failures,
bad weather, etc.), so fish samples were only collected in
ten fishing trips (Table 1). One set was sampled in each
trip, although in two trips the net was set a second time
before returning to port.

Fish with similar swimming performance (regular
movements and presenting no signs of lethargic behav-
iour) were individually collected with a hand net from
the encircled area from the start of hauling to the end of
fish transfer aboard. Overall, 174 fish were collected in
the 10 trips, ranging from 7 to 24 per trip. Time of
sampling ranged from 30 to 138 min after net deploy-
ment, covering approximately equally the phase of
hauling and fish transfer. Blood was taken immediately
after capture by caudal vein puncture with a hypodermic
needle. Depending on fish size, 400–700 ll of blood were
retrieved and immediately transferred to heparinized
tubes. Blood samples were kept at 0�C for roughly 24 h
for subsequent haematological analysis. Fish tissue (3–
5 g of muscle from the dorsal area) was also collected
from some individuals (total of 72 sardines), cleaned
from skin and scales and immediately frozen in liquid
nitrogen for adenine nucleotide determination. There
was insufficient time to sample both blood and muscle
from all individuals, so muscle sampling was restricted
to a few fish (3–4 fish) at the beginning and at the end of
the sampling period. Handling to obtain both blood and
muscle samples never exceeded 3 min per fish. Sampled
fish were frozen for subsequent biological analysis. In
the laboratory, fish were thawed, measured and weighed.
Standard biological parameters such as sex, maturity
state, fat index, gutted weight and gonad weight were
also obtained. Fish condition was estimated as the ratio
of total weight over the cube of total length (·1000) and
the gonadosomatic index (GSI) estimated as the ratio of
gonad weight over gutted weight (·100). Table 2 sum-
marises the sampling effort and the biological measure-
ments in each trip.
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Within a day from collection, blood samples were
processed at the Veterinary Medicine Laboratory of the
Technical University of Lisbon. Blood samples were
initially homogenized at room temperature for 15 min
for haematocrit (Hct) and haemoglobin (Hb) analysis.
Hct values (%) were obtained by centrifuging blood
samples for 5 min at 5,000 rpm in microhaematocrit
tubes and determined using a microcapillary reader.
Whole blood Hb (g/dl) was measured using a Boehringer
Mannhein Reflotron II chemistry set analyzer. The
mean cell haemoglobin concentration (MCHC) was
calculated using the formula Hb/(Hct/100). Plasma from
the blood samples was separated by centrifugation at
2,500 rpm for 10 min and frozen at �20�C for sub-
sequent analysis of glucose, ionic concentration (sodium,

potassium and chloride) and cortisol. Glucose was
measured using a Boehringer Mannhein Reflotron II
chemistry set analyzer. Glucose consumption by blood
cells was inhibited with blood refrigeration prior to
analysis, although subsequent analyses showed that the
24 h between sampling and processing resulted in a
reduction of glucose levels up to 10% (A. Marçalo,
personal observations). Sodium, chloride and potassium
concentration were determined in a Vet Lyte electrolyte
analyzer (IDeXX Laboratories, Inc., USA). Plasma
cortisol was assayed in duplicate and measured by a
validated solid RIA assay, without extraction, using a
commercially available kit (Coat-A-Count Cortisol kit,
Diagnostic Product Corporation, Los Angeles, CA,
USA). The intra-assay coefficient of variation of all

Hauling Fish transfer
onboard

Steaming to 
harbour Leadline lifting 

(22 + 4 min) (52 + 11 min) 
(36 + 17 min) (101 + 53 min) 

Purse seining operations 

Shooting 
(3 min)

Capture Slipping

17 + 8 minutes 

Sampling

Fig. 1 Diagram showing
sequence of events during purse
seining operations and
sampling. Average operation
time (minutes) and standard
deviations for the ten trips are
indicated in parenthesis.
Increasing sampling intensity is
indicated at the top of the
diagram as net volume decrease
facilitated the capture of fish

Table 1 Summary of
operational and environmental
characteristics of the sampled
purse seine trips off northern
Portugal in 2002

Luminosity is the proportion of
the fishing operation after sun-
rise. Catch is the biomass cau-
ght per set (tons) and landings
the biomass transferred on deck
(the difference is the biomass s-
lipped per set)

Trip Month Depth
(m)

Wave height
(m)

Luminosity Hauling
duration (min)

Transfer
duration (min)

Catch
(Landings)

1 May 21.2 1.5 1 47 46 13.2 (6.0)
2 19.8 2 0.86 55 30 5.3 (5.1)
3 47.6 2.5 1 28 34 4.4 (4.4)
4 51.2 2.5 1 52 42 10.3 (5.9)
5 June 28.4 1 1 47 15 1.8 (1.7)
6 34.8 1.5 1 55 29 4.2 (4.2)
7 44.1 1.5 0 62 25 1.1 (1.1)
8 July 27.6 1 0.25 53 63 16.9 (10.3)
9 28.5 1 0.67 70 61 12.5 (10.3)
10 47.6 0.5 1 50 15 1.4 (1.3)

Table 2 Summary of sampling effort and biological data (mean and range) for the ten purse seine trips followed by an observer off
northern Portugal in 2002

Trip Nb Nm Fish length
(range) cm

Fish weight
(range) g

Condition factor
(range)

Gonadosomatic
index (range)

Hauling Transfer Hauling Transfer

1 5 15 5 4 17.0 (16.3 –17.9) 38.3 (29.8–50.1) 8 (7–9) 0.8 (0.0–2.8)
2 4 10 4 2 17.0 (16.2–17.6) 35.2 (28.7–44.2) 7 (7–8) 0.6 (0.2–1.0)
3 1 6 1 4 16.8 (15.7–17.5) 35.8 (30.4–42.2) 8 (7–8) 0.7 (0.0–1.1)
4 11 11 5 5 16.7 (15.3–17.7) 36.9 (27.9–46.3) 8 (7–9) 0.9 (0.0–4.0)
5 5 7 4 3 16.0 (14.9–17.2) 32.8 (24.0–39.8) 8 (7–9) 0.2 (0.1–0.5)
6 8 13 4 4 17.3 (15.0–19.5) 43.4 (30.5–73.6) 8 (7–10) 0.4 (0.0–1.0)
7 9 8 4 3 16.7 (15.5–18.1) 40.6 (30.0–48.1) 9 (8–9) 0.4 (0.0–1.3)
8 8 16 4 4 16.8 (15.2–18.1) 44.8 (30.8–52.9) 9 (8–13) 0.4 (0.0–1.3)
9 13 11 4 4 17.9 (17.1–19.0) 56.2 (45.2–74.1) 10 (8–12) 0.3 (0.0–1.0)
10 5 9 4 3 15.9 (14.7–17.1) 35.0 (28.2–42.4) 9 (8–10) 0.2 (0.0–0.7)

Nb blood samples, Nm muscle samples
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samples was 5.1%, calculated according to Rodbard
(1974).

All muscle samples were stored in liquid nitrogen
onboard and maintained at �80�C until laboratory
analysis (on average 1 month after collection). Extracts
for analysis were prepared by blending 3–5 g of sardine
muscle with 25 ml of 0.6 M perchloric acid at 0�C for
1 min in a Polytron PT3000 homogenizer according to
Ryder (1985). They were analyzed using a simple re-
verse-phase separation with a commercially available
column (Hewlett Packard LiChrosorb RP-18, 10 lm,
200·4.6 mm2) and a Hewlett Packard 1050 Series liquid
chromatograph equipped with a multiple wavelength
UV detector. Nucleotides were identified by comparing
retention time with prepared standards as recommended
by Ryder (1985). Samples were analyzed in duplicate
and the means calculated.

The early dynamics of biochemical stress variables in
sardine during purse seine fishing were investigated
using linear mixed models (LMMs). LMMs provide a
general framework for modeling unbalanced nested data
(variable number of fish sampled at variables times
within trips) that can incorporate information from
continuous and categorical explanatory variables, while
capturing the randomness inherent in field data by the
concept of the random effect (see Pinheiro and Bates
(2000) for statistical principles, Lai and Hesler (2004) for
a fisheries application). Model selection for each bio-
chemical variable was as follows. First a ‘full’ model was
fitted with the fixed component set to the main effects of
time (since net deployment), biological variables
(maturity, sex and fat) and operational variables [log
(catch), light level and phase of fishing process]. Trip was
included as a random effect, with the mean response in
each trip (for any given values of the fixed explanatory
variables) assumed to be distributed normally with zero
mean and constant variance. The within-trip errors were
assumed to be independent of the random effects and
also distributed normally with zero mean and constant
variance (for nucleotide adenosine variables, 1–2 outliers
where removed to approximate the distributional
assumptions). The model was then simplified by stepwise
elimination of the main effect with the lowest (non-sig-
nificant) value of the Wald test statistic (in the results,
the Wald statistic is reported as the equivalent F-statistic
on the appropriate degrees of freedom). More complex
models were also considered but gave no additional
significant results. In particular, there was no evidence of
any interaction between the time effect and the biologi-
cal or operational variables or that the time effect varied
between trips.

Results

The sampled trips took place over a range of environ-
mental and operational conditions that are typical of
purse seine fishing off Portugal (Table 1) and similar to
those reported in southern Australia (Mitchell et al.

2002). Purse seining for small pelagics usually takes
place at the inner continental shelf (20–60 m depth),
where abrupt pressure and temperature differences are
unlikely to have an impact on fish survival. Sea surface
temperatures revealed that the variability within the
3 months was small (average = 15.7±0.4�C, range
from 15.1 to 16.1�C) and its effect on stress in the fish
should be negligible. Although there is a preference for
net setting around sunrise (when distinct pelagic schools
start to re-emerge after the night dispersal), the entire
fishing operation can take place either at night or during
daylight. Wave height can vary considerably among
trips (<0.5 to >2 m of swell) and may affect stress
reactions during hauling and fish transfer by increasing
the probability of fish collision with the net walls or
cause mutual abrasion. Of the ten sets sampled, six were
on moderate echo-sounder marks and only two on dense
marks, resulting in catches that varied from 1 to
17 tones. However, in three sets many fish escaped
during the closing of the net. Depending on the catch
composition and the daily landing limit, slipping varied
from practically nothing to 7 tones per set. Only vari-
ables that changed within the trip and could be mea-
sured at each sampling time (presence/absence of light
and phase of the fishing operation) were considered for
modeling, together with the log (catch) in each trip.

Table 2 shows that there was little variation in sar-
dine size, but there was a change in mean condition
along the study period. The mean total length of the 174
sampled sardines was 16.9 cm (range 14.7–19.5 cm),
with a mean total weight of 39.6 g (range 24.0–74.1 g).
There was no evidence of systematic variation in fish size
within or between trips, although female sardine were
larger/heavier than males. Despite the relatively large
size of fish (which should correspond to a modal age of
2 years), sex could only be determined in 165 fish (77
males and 88 females). Sampling took place in late
spring/summer, coinciding with the transition from the
late spawning to feeding season. This transition is par-
ticularly evident in changes in the condition factor and
gonadosomatic index through the study period; sardine
condition factor is significantly lower in the first four
trips (that took place in May) than in the remaining ones
(F1,8=12.1; P=0.008), while the converse is true for GSI
(F1,8=26.6; P<0.001). The biological transition from
spawning to feeding is well depicted by the macroscopic
data on maturity stage and fat content. Given that
maturity and fat data can be easily summarized by 2-
level categorical variables (maturity—active/inactive;
fat—not visible/visible) these two variables were used as
proxies for reproductive activity and condition respec-
tively in the LMMs.

Reliable haematological data were not obtained in 11
of the 174 fish. Preliminary exploration also showed a
potentially significant effect of sex, so data for the 9
unsexed fish were removed, reducing the total number of
observations to 154 fish. Haematocrit (observations
ranging between 21.9 and 51%) decreased significantly
with time (F1, 143=17.0; P<0.001). The estimated rate
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of decrease was 3.8% per hour, resulting in mean hea-
matocrit (over fish and trips) of 39.7% 1 h after the
onset of fishing (Table 3; Fig. 2a). Haemoglobin con-
centration (observations ranging between 6.9 and
16.1 g/dl) also decreased significantly with time (F1,

142=12.5; P<0.001). The estimated rate of decrease was
11.5 g/dl per hour, resulting to a mean haemoglobin
concentration of 12.52 g/dl for male fish after 1 h in the
net (Table 3; Fig. 2b). Females had slightly higher hae-
moglobin levels than males (F1, 142=4.7; P=0.031).
Neither time nor any of the other variables had any
effect on MCHC. The decrease of both haematocrit and
haemoglobin concentration over time and the temporal
stability of MCHC indicate that the observed physio-
logical changes most likely resulted from an increase in
the volume of plasma over time and not from haemolysis
under stress.

Glucose (observations ranging between 46.7 and
192 mg/dl) and cortisol (observations ranging between
0.2 and 31.1 lg/dl) levels (n=174; data not available for
one fish) both increased linearly with time (glucose:
F1,161=63.9, P<0.001; cortisol: F1,162=59.8, P<0.001).
Glucose levels were greater in fatter fish (F1,161=11.7,
P<0.001). Glucose mean concentration after 1 h in the
net was 99.7 and 120.9 mg/dl for lean and fat fish
respectively, with an estimated increase in both cases by
35.2 mg/dl per hour. Cortisol mean concentration was
8.9 lg/dl after 1 h in the net, increasing by a rate of
6.9 lg/dl per hour.

Of the three ionic concentrations measured in the
blood plasma (sodium, Na+, potassium, K+ and chlo-
ride, Cl�) only Cl� (observations ranging between 119
and 200 mmol/l) was modelled (n=130, ionic concen-
trations not measured for 44 fish). This is because Na+

(observations ranging between 133 and 205 mmol/l) and
K+ (observations ranging between 1.5 and 15 mmol/l)
concentrations often exceeded the higher and lower
limits of calibration respectively (Fig. 4c, d). Cl� con-
centration increased with time (F1,119=14.4; P<0.001)
by an estimated rate of 10 mmol/l per hour, reaching
144.3 mmol/l after an hour in the net (Fig. 4a,Table 3).
No other variable had a significant effect on Cl�. The
high correlation between Cl� and Na+ (positive,

Fig. 4c) and Cl� and K+ (negative, Fig. 4d) suggest that
Na+ and K+ increased and decreased respectively with
time, although we cannot assess the statistical signifi-
cance of this. Further, if we only consider ionic con-
centrations for Cl�<160 mmol/l (where saturation for
Na+ seems to have occurred), ionic balance seems also
to have changed over time (Fig. 4b). This is because the
increase in Na+ was more rapid than the decrease in K+

and increase in Cl� combined, leading to an increase in
the ratio of positively: negatively charged ions in the
plasma with time spent in the net.

In the case of adenine nucleotides and related com-
pounds (adenosine tri- bi- and mono-phosphate (ATP,
ADP and AMP respectively); inosine monophoshate,
IMP; inosine, HxR and hypoxanthine, Hx) muscle
concentrations (lmol/g wet weight) were only measured
in 74 fish. Concentrations were highest for IMP
(observations ranging between 6 and 24.2 lmol/g) and
lowest for Hx (observations ranging between 0 and
0.7 lmol/g) and HxR (observations ranging between 0
and 1.7 lmol/g). Marginally significant time effects
(Table 3, Fig. 5) were detected for ATP (linear decrease
with time—F1,61=4.4; P=0.040) and ADP (linear de-
crease with time—F1,61=4.78; P=0.033) and a highly
significant time effect was found for HxR (linear increase
with time—F1,61=9.74; P=0.003). No other variables
were significant, although in the case of inosine mono-
phosphate only marginally so (linear increase with
time—F1,61=3.1; P=0.083).

To compare the rate of change with time among
biochemical variables, the fitted slope (Table 3) was
multiplied by 60 min (to represent an hourly change)
and divided by the intercept (mean concentration after
an hour spent in the net). Percent hourly change in
concentration was lowest for chloride and haematolog-
ical variables (<10%), intermediate for glucose, ATP
and ADP (20–35%) and highest for cortisol and hypo-
xanthine (>75%). Table 3 also shows that the random
standard deviation between trips ranged from less than
half of the residual standard deviation between fish
(haematological variables, cortisol, ATP and its catab-
olites) to approximately the same (glucose and chloride).
Highly significant correlations (positive) of random trip

Table 3 Summary of the fitted linear mixed model for each biochemical variable, separately for the fixed and random parameter estimates

Variable (units) Fixed Random (SD)

Intercept Slope Trips Fish

Ht (%) 39.65 (0.92) �0.063 (0.015) 2.38 4.21
Hb (g/dl) Male: 12.52 (0.30) Female: 13.06 (0.39) �0.017 (0.005) 0.59 1.45
Glucose (mg/dl) No fat: 99.65 (7.40) Fat: 120.90 (9.65) 0.586 (0.076) 21.17 22.20
Cortisol (lg/dl) 8.92 (0.66) 0.115 (0.015) 1.33 4.41
Chloride (mmol/l) 144.32 (4.06) 0.167 (0.043) 11.84 10.93
ATP (lmol/g) 3.17 (0.32) �0.015 (0.007) 0.54 1.84
ADP (lmol/g) 1.26 (0.11) �0.004 (0.002) 0.28 0.48
HxR (lmol/g) 0.10 (0.02) 0.001 (0.0003) 0.05 0.08

Intercept of the fixed model effect refers to the mean concentration after 1 h spent in the net and slope to the rate of change per minute.
Random effects are summarized by the standard deviation (SD) between trips (random trip effect accounted by the model) and between
fish (residual standard deviation)
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effects were only found for haematocrit and heamoglo-
bin and for ATP and ADP, while marginally significant
correlations (negative) were also found for chloride with
ATP and ADP.

Discussion

The present study demonstrates that purse seine fisheries
can provide an interesting case study for improving the
understanding of fish stress reactions to fishing. Purse
seining off northern Portugal induced significant stress
responses in sardines, with mean values at the end of the
fishing operation similar to peak values reported in the
literature after acute stress. Biological and operational
variables had a minor impact on stress responses, while a
highly significant linear trend with time spent in the net
was observed for most variables. The lack of a signifi-
cant catch effect (fixed) and the absence of significant
between-trip variation in the time effect (random) indi-
cate that time spent in the net is a more important
operational variable than fish abundance (total catch in

the net). Also, the lack of a significant operation phase
effect (hauling or transferring) suggests that the
observed pulse in nutrient release during the end of
hauling (Stratoudakis et al. 2003) is not associated with
a sudden increase in stress variables, while the lack of
correlation between the random trip effects of groups of
biochemical variables indicates that distinct (unac-
counted) factors such as wave height, luminosity or
handling during operations (all increasing vulnerability
to abrasion and physical damage) may influence the
mean concentrations (but not the temporal evolution) of
each variable. Variables like change in sea water tem-
perature and pressure that have been shown experi-
mentally to be important stressors in other fisheries (Olla
et al. 1998; Davis et al. 2001; Davis 2002) are less likely
to be important in this study, since vertical or between-
trip differences are less pronounced. Finally, deck
exposure (Davis et al. 2001; Davis 2002) is a stressor that
is usually not relevant in purse seine fisheries, where
slipping occurs through the lowering of the head rope of
the net in the water (Lockwood et al. 1983; Mitchell
et al. 2002; Stratoudakis and Marçalo 2002).
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The most significant and consistent systematic effect
in this study was the linear trend in most stress variables
related to the time spent in the net. Although this trend
might be considered to reflect the time delay in attaining
peak values after the application of a stressor at the
onset of fishing, available evidence suggests that the
stressor operates throughout the hauling and fish
transfer process and therefore that the fish stress reac-
tion is proportional to the duration of the fishing oper-
ation. This is most evident in cortisol, for which plasma
concentration typically rises to peak levels within a few
minutes after the application of an acute stressor
(Wendelaar Bonga 1997). If capture itself (net encircling
the fish school) was the only fishing stressor, then a
linear model should not provide an adequate fit to the
cortisol data (Fig. 3b) since peak values should be
reached early within the fishing operation. The duration
of the fishing operation has already been shown exper-
imentally to be an important fish stressor (Olla et al.
1997), while observations in the Portuguese and Aus-
tralian purse seine fisheries for sardine (Sardina pil-
chardus and Sardinops sagax respectively) indicate that
extreme behavioural reactions (gulping for air, jumps
out of the water, disoriented or lethargic swimming)
become progressively more frequent up to the transfer of
the fish onboard (Stratoudakis and Marçalo 2002;
Mitchell et al. 2002). We therefore suggest that the
duration of the fishing operation is an important stressor
in purse seine fishing due to the progressive water vol-

ume restriction, crowding and manipulation associated
to the typical operation of this fishing method.

Cortisol showed the highest rate of increase during
the sampling period among the biochemical variables
tested, reaching a mean concentration of 15.8 lg/dl after
2 h of confinement in the net. Glucose also increased
with time (although at a lower rate), reaching 156.1 mg/
dl after 2 h and being consistently higher in fatter fish.
These results agree with the known patterns of corti-
solemia and hyperglycemia associated to acute fish stress
(Barton and Iwana 1991; Wendelaar Bonga 1997). For
most teleosts, cortisol base levels are below 3–4 lg/dl
with peak post-stress values up to 20 lg/dl or higher
(Barton and Iwana 1991), while post-stress glucose
peaks around 150–200 mg/dl or above are often re-
ported (Barton and Iwana 1991; Olla et al. 1997; Davis
et al. 2001; Manire et al. 2001). Experiments simulating
the confinement of Atlantic mackerel (Scomber scom-
brus) during the drying-up of purse seine nets showed
rapid post-stress increase in cortisol (>20 lg/dl) and
significant concentration differences between moribund
and healthy fish (Pawson and Lockwood 1980). How-
ever, a range of subsequent trials (including simulation
of purse seine slipping) failed to demonstrate post-stress
increase in cortisol and glucose or differences between
moribund and healthy mackerel (Swift 1983). Although
more recent experiments with other fish species have also
failed to demonstrate a correlation between delayed
discard mortality, cortisol and glucose (Olla et al. 1998;
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Davis et al. 2001; Davis 2002), it is worth noting that
concentrations reported from the simulated slipping
operation for mackerel (Swift 1983) are considerably
lower to those observed for sardine in the field after 2 h
of confinement in the purse seine net.

The analysis of adenine nucleotides and related com-
pounds in sardine muscle showed a reduction in ATP and
ADPconcentrationandasignificantincreaseininosinewith
timespent inthenet.Theseresultsare inagreementwiththe
known degradation sequence of muscle ATP during cata-
bolic reactions resulting from fish exhaustion and stress
(Wood1991).Attheonsetoffishing,meanATPconcentra-
tionwas4.07 lmol/g,reducingbymorethan50%within2 h
of confinement. These values confirm the suggestion of
Mendes et al. (2001) that the low baseline ATP values
(<1 lmol/g) reported for several teleost species immedi-
ately after trawl capture, were due to ATP breakdown
resultingfromstressreactionsduringfishing.Moredifficult
to explain is the temporal stability (the linear increase ob-
served was marginally non-significant) of inosine mono-
phosphate (themain early product of ATP degradation in
teleosts), althoughthehighly significant increaseof inosine
confirmsthestandarddegradationsequence.

Sardine haematocrit and haemoglobin significantly
decreased with time spent in the net, with female fish
having higher haemoglobin concentrations than males.
The unexpected sex effect is likely due to an underlying
relation of haematological parameters with fish weight

(Nespolo and Rosenmann 2002), depicted by sex dif-
ferences in weight distribution (female sardines were
significantly heavier than males). Indeed, adding gonad-
free weight as an explanatory variable in the LMMs, led
to a significant (positive) relation with fish weight both
for haematocrit and haemoglobin, turning the sex effect
non-significant. The decrease of the two haematological
parameters with time contradicts most existing litera-
ture, where haematocrit and haemoglobin usually rise
during exposure to a stressor to increase oxygen trans-
portation, facilitate acid/base regulation and reduce
cardiac work costs (Swift 1982; Wood et al. 1983; Wells
et al. 1986). In Atlantic mackerel, significantly higher
haemoglobin concentration was found in stressed fish,
with haemoconcentration being likely due to osmotic
imbalance and dehydration resulting from injuries and
skin loss (Swift 1982). In the only study demonstrating
results similar to those found here for sardine, Bourke
et al. (1987) demonstrated a considerable reduction in
the haematocrit of skipjack tuna (Katsuwonus pelamis)
in the first hours after capture, suggesting that extreme
haemodilution (either due to increased drinking rate or,
more likely, from inter- or intra-cellular tissue fluids)
could be the major source of delayed tuna mortality.

Ionic concentrations in sardine plasma changed with
time spent in the net, either increasing (sodium and
chloride) or decreasing (potassium), although measure-
ment limitations only permitted the modeling of chlo-
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ride. The relation with time spent in the net was highly
significant, although the rate of chloride change was
much lower than that of cortisol, adenosine nucleotides
and glucose and only similar to that of haematocrit and
haemoglobin. Marked ionic and fluid volume distur-
bances are known to be caused by exhaustive exercise
and stress (Wood et al. 1983; Bourke et al. 1987; Wood
1991), but common patterns of stress response are dif-
ficult to establish as gas exchange, hydromineral control,
acid/base balance and nitrogen metabolism are all clo-
sely linked through processes mainly located in the gills
(Wendelaar Bonga 1997). Pawson and Lockwood (1980)
suggested that the increase in sodium concentration
observed in stressed mackerel was caused by dehydra-
tion due to skin damage and scale loss and was related to
subsequent mortality. Bourke et al. (1987) also reported
osmotic dysfunctions for skipjack tuna in the first hours
post-capture, with the transient increase in serum
osmolarity being mainly due to increase in chloride,
potassium and lactate. The simultaneous increase in
blood osmolarity and volume led the authors to suggest
that this could result from fish swallowing and absorb-
ing seawater and salts from the gut faster than the ion-
exchange mechanism in the gills can excrete the added
salt load. Although the hypothesis was not supported by
early weight loss in skipjack tuna, the above mechanism
seems plausible for the ionic and haematological early
dynamics observed in sardine.

Overall, the physiological stress variables of sardine
monitored during commercial purse seine fishing off
northern Portugal seem to fall into two categories.
Cortisol, glucose and adenine nucleotide dynamics agree
with reported adaptive stress reactions for many teleosts.
Mean concentrations at the end of fishing provided clear
evidence of an acute stressor resulting from the fishing
practice over the few hours, starting from the identifi-
cation, chase and encircling of the target school and
progressing with the gradual reduction of water volume
and increase in crowding and manipulation. On the
other hand, maladaptive responses such as changes in
plasma ionic concentrations and haematological vari-
ables provided results that are less in line with existing
stress literature. These variables have been less fre-
quently monitored and there are indications that they
can be related to fish death resulting from post-capture
stress (Pawson and Lockwood 1980; Wood et al. 1983;
Bourke et al. 1987). The hypothesis that excessive
drinking and assimilation of salts by sardines can cause
extreme hydromineral disturbances during purse seining
and affect subsequent survival needs to be further ex-
plored. The field results obtained in this study can be
used in future laboratory experiments to guarantee that
the simulated fishing impact is realistic. Laboratory
experiments can then be used to explore the links be-
tween magnitude of stressor, stress reactions and sub-
sequent fish survival and to evaluate behavioral
impairments related to the stress caused by purse seine
fishing (Olla et al. 1997; Ryer 2004; Davis 2005).
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