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Abstract

Individual variability in activity patterns of wild juvenile

Atlantic salmon (Salmo salar).

Cindy Breau

To describe the activity patterns of juvenile Atlantic salmon, | monitored the
behaviour of 35 age-0+ (emerged trom gravel in the spring) and eight age-1+
(emerged from gravel in the spring of the previous year) fish over an eight-weck-
summer field season. Active fish were visible on their home range whereas inactive
fish were assumed to be sheltering. My data were consistent with the prediction of the
Asset Protection Principle that larger individuals will take fewer chances in order to
reduce risk of predation. Indeed. 1+ fish (larger and older) were more active at night
than during the day, whereas 0+ fish were almost exclusively active duning the day. In
contrast to my expectations, however. daytime activity did not peak at the optimal
water temperature of 17°C found in laboratory studies of other populations. Rather,
the activity of 1+ fish peaked at 20.7°C, whereas the activity of 0+ fish continued to
increase until 23°C and then leveled off between 23-27°C. Once individuals were
active, season and light intensity were the variables that most influenced their foraging
rate. There was considerable individual vanability within an age-class in how fish
responded to environmental variables. The causes of this individual variability and

the consequences for growth deserve further study.
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Introduction

All organisms are constrained by a set of environmental factors that help define their
ccological niche (Huntchinson 1957; Willmer 1991). Ectothermic organisms rely on
the environment to regulate their body temperature. so environmental temperature is
an important tactor influencing their physiology, behaviour and growth (Feminella

and Resh 1990, Magnuson and Destasio 1996). Thus. activities such as foraging and
movement can be greatly reduced in low temperature conditions (Fry 1971, Johnston
and Ball 1996). leading to changes in behaviour and habitat choice (Cunjak 1988).

In tishes. the biological effects of temperature have been well studied under
laboratory conditions (e.g. Fry 1971). The optimal temperature for a fish is typically
defined in two ways: behaviourally as the temperature preferred by the fish (Richard
ctal. 1977: Magnuson et al 1979) or physiologically as the temperature that
maximizes growth (Elliott and Hurley 1997). Studies comparing the relationship
between these two optima have shown that the preferred temperature selected by fish
corresponds closely to the temperature that maximizes growth (Magnuson et al.
1979). Based on the preferred temperature of fishes. three thermal guilds of fishes
have been defined: coldwater (< 19°C), coolwater (19 - 25°C) or warmwater tishes (>
25°C) (Coker et al. 2001).

Like most salmonid fishes. the Atlantic salmon (Sa/mo salar) is classified as a
coldwater species because juveniles prefer a temperature of 17°C (Magnuson et al.
1979) and the optimal temperature for growth varies between 16°C to 19°C under
laboratory conditions (Jensen et al. 1989; Elliott and Hurley 1997). However, the
behavioural response of juvenile Atlantic salmon to thermal gradients in the wild has

not received much attention (Valdimarsson et al. 1997).



The first field studies on the effects of water temperature on salmonids focused
on seasonal changes in activity. Because juvenile Atlantic salmon are visual foragers
(Hoar 1942), it was assumed that they feed during the day and are inactive at night
(c.g. Metcalfe et al. 1998). Hence. describing seasonal patterns in activity focused on
daytime activity. The first general pattern observed in the field is that juvenile
Atlantic salmon are active most of the day during the summer (see Rimmer et al.
1983) and are dormant. sheltering beneath the substrate. during the day in the winter
(Allen 1940, Cunjak 1988). The key water temperature for this switch in behaviour is
thought to be 10°C:; below and above this temperature fish are inactive and active.
respectively (Fraser et al. 1993).

The tocus of recent research shifted from studying seasonal activity patterns to
diel activity patterns atter Heggenes et al. (1993) observed that brown trout feed
actively at night in winter. This finding was unexpected because salmonids are visual
toragers and. therefore. are assumed not to torage at night. Since then, further
research has demonstrated that salmonids are often noctumally active during the
winter (Heggenes et al. 1993: Richle and Griffith 1993) and inactive during the day
(Fraser et al. 1995).

Because salmon are assumed to be active all day during warmer summer
temperatures (Metcalfe et al. 1998). few studies have investigated their activity
patterns during the summer. However, Gardiner (1984) noticed that about 50% of
salmon were inactive at temperatures of 14-15°C during the day in the summer. More
recently. counts of juvenile salmon were observed to be greater at night for both 0+
and 1+ fish (Gries et al. 1997). But, 1+ salmon were relatively more abundant at night
than were 0+ salmon. Hence, the notion of a single switch point for activity at 10°C

may be overly simplistic.
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The most likely explanation for these diel activity patterns is a trade-off
between foraging efficiency and predator avoidance (Fraser and Metcalfe 1997).
When water temperatures are low. some fish forgo the higher foraging opportunities
during the day due to the higher risk of predation. Age-0+ chinook salmon
(Oncorhynchus tshawyischa) and steelhead trout (Oncorhynchus mykiss) are also
active during the day whereas older fish are active at dusk, and presumably at night.
leading to the suggestion that the diel activity pattems might be a function of fish size
or age (Bradford and Higgings 2001). These observations are consistent with the
Asset Protection Principle. predicting that larger individuals closer to reproductive
sizerage will take fewer chances in order to reduce their risk of predation (Clarke
1994).

Differences in diel activity patterns also occur between individuals of different
size within an age-class (Metcalfe et al. 1986). Larger. dominant individuals within
and between age-classes may occupy the best foraging sites. enabling them to forage
only when conditions are optimal (e.g. dusk) and hide during the day when the risk of
predation is high (Bradford and Higgings 2001). Hence, larger or dominant
individuals may feed at the most profitable times of day to maximize growth and
minimize predation risk. Curiously, the opposite trend was noted in juvenile Atlantic
salmon. During the day. the faster growing individuals of an age-class feed actively
whereas the slower growing individuals shelter in the substrate (Valdimarsson et al.
1999). The slower growing individuals were presumably trying to minimize their risk
of predation because they cannot reach the critical size for smolting in the present
year.

No detailed field study has yet quantified the activity patterns of wild 0+

Atlantic salmon during their active growing season. [ will compare the activity



patterns of two age-classes to determine whether the differences in diel activity
patterns found by Gries et al. (1997) on a stocked population also occurred in a
naturally reproducing population. The specific goals of my study were: 1) to compare
the diel activity patterns of O+ and |+ salmon to test the prediction of the Asset
Protection Principle that smaller fish (0+) are relatively more active during the day
and larger fish (1+) relatively more active at night: 2) to test whether activity in the
wild peaked at the optimal temperature determined in laboratory studies; 3) to
determine the vanables that intluence the foraging rate of fish: and 4) to explore the
magnitude of individual vanation in activity pattemns of tish in the wild. To achieve
these goals. [ tagged 85 juvenile Atlantic salmon and followed the activity of 43 of

these fish over an cight-week ficld season in Catamaran Brook. N.B.

Material and methods

Study site and species

The study was conducted during the summer of 2001 in the Little Southwest
Miramichi River. New Brunswick. and in one of its tributaries. Catamaran Brook
(46°52'42"N. 66°06'00"W). Sixteen fish species are present in the two streams
(Cunjak et al. 1993). the anadromous Atlantic salmon being the most abundant
(Cunjak et al. 1990). In mid-June, 0+ Atlantic salmon emerge from their nests at a
total length of about 2.6 cm (Randall 1982). They reside in the stream for a period of
2 to 3 years (Cunjak et al. 1993) where their diet is composed mainly of invertebrates
(Kecley and Grant 1995), pnimarily chironomid larvae (Keeley and Grant 1997).

Eight study sites (; =26m’, range = 20 - 36m°) were used, with a minimum

distance of 20m between sites. Sites were chosen based on whether they could be



snorkeled and according to the salmon densities. Four sites were located in the Gorge
Reach (see Cunjak et al. 1993 for details), which is approximately Skm upstream from
the mouth of Catamaran Brook. one site was located Sm upstream from the mouth of
Catamaran Brook and three sites were in the Little Southwest Miramichi River all
within 500m from the mouth of Catamaran Brook (Fig. 1). Hereafter. I will refer to

these reaches as the Gorge. Mouth and River, respectively.

Tagging

Seven 0+ (i.e. fertilized in the fall of 2000 and emerged from the gravel in
June 2001) Atlantic salmon were tagged per site between June 25 and June 29, 2001
for a total of 536 fish. On July 9, two additional 0+ fish were tagged per site and 13
agc-l; tish were also tagged: six in the Gorge. three in the Mouth and four in the
River. Age-0+ salmon were tagged approximately 2 weeks after emergence at tork
lengths ot 25.6-34.6 mm., whereas the 1+ salmon were 68.2-78.7 mm. Beginning
below a study site. I snorkeled upstream until [ located a fish. observed it tor one
minutce to ensure that it was feeding normally. and then captured it using two
aquarium dip-nets. The position of each fish was marked with an identification flag
that was pushed into the substrate where the fish was first seen. On shore, each fish
was anesthetized using clove oil (2 drops per 250ml of water) (Keene et al. 1998) and
measured for fork length to the nearest 0.05mm using a hand-held caliper. Each fish
was individually tagged with a subcutaneous injection of fluorescent elastomer paint
(Dewey and Zigler 1996) in two of eight possible tagging locations (left and right
pectoral fin, front and back of the dorsal fin, and top left, bottom left, top right.
bottom right side of the caudal peduncle) with three different paint colors (red. green

and orange). The fish were allowed to recover in a bucket of water for 5-10 minutes.



To return the fish to their home range, [ began with the fish that was farthest
upstream in each site; it was released 15cm downstream of the flag. [ watched the fish
until it regained its home range. Using the same technique. I recaptured and re-
measured all active fish in the Gorge on July 31 and in the Mouth and River on
August 1. The sites were sampled by a four-person crew, using a Smith-Root Model
XI electrofisher on August 21 and 22: all the tagged fish that were recaptured were

again measured for fork length.

Behavioural observations

I collected data on the activity. foraging rate and growth rate of the
individually tagged fish between June 25 and August 22, 2001. On any particular day.
[ collected data in only four of the eight sites (Gorge or MouthvRiver) in a tour day
rotation: day 1. Gorge 07:00-13:00 and 23:00: day 2. Mouth/River 15:00-21:00: day 3.
Gorge 15:00-21:00: day 4. MouthvRiver 07:00-13:00 and 23:00. Each observer (C.B.
or Laura K. Weir) snorkeled upstream within a site to collect the data tor two ol the
four sites tor a particular time period. The observers alternated for cach time period.
[ attempted to observe each fish eight times over the summer in each of the eight time
periods during the day (07:00, 09:00, 11:00, 13:00, 15:00, 17:00, 19:00 and 21:00)
and three times at night (23:00) for a total of 67 observations. No observations were
made in the Mouth from August 15-22 because the water level was too shallow for
snorkeling. Each fish that was present for the complete 8-week study (sece below) was
observed 48 to 67 times during the study period. Each time I snorkeled a site, the
number of “active’ (see below) juvenile Atlantic salmon was counted. For each site, |
obtained seven density measurements per time period during the day and three at night

(23:00).



Before entering a site, both the water temperature and the light intensity were
measured. | recorded water temperature at the downstream end of each site using a
MultiLine P4-F:set-3/110V digital hand-held thermometer (£ 0.1°C). Light intensity
was measured (+ 30 Ix) using an Extech Instruments model 401027 (range 0 - 20 000
Ix). Light intensity was measured Scm above the water surface with the probe facing
towards the water surface. Three periods of the dicl cycle were defined based on light
intensity: night (< 0.01 Ix). dawn or dusk (0.01 Ix - 100 1x) and day (> 100 Ix) (sec
Valdimarsson et al. 1999). Sunrise was always before 7:00, but on 31 of 260
observations 7:00 was defined as dawn in the heavily forested Gorge sites. Under the
more open canopy at the Mouth/River sites, 7:00 was always defined as day.
Similarly. 21:00 was always day or dusk in the Mouth/River sites but in the Gorge
sites, 41 ot 202 observations were defined as night.

After locating a marked individual. the observer waited for three minutes
before collecting data to allow the fish to resume its normal behaviour (see Grant and
Noakes 1987). The activity of tagged individuals was first categonized as being active
or not on the home range. A fish was scored as active if it was swimming, foraging or
holding position on or near the substrate anywhere within its original site. Individuals
that were not seen were assumed to be sheltering within the substrate (see below). but
may also have died or relocated. To guard against counting a dead or relocated fish as
‘inactive’, a fish that was not observed was only scored as inactive if it was
subsequently observed in its original site.

If an individual was active on its home range, [ collected data on foraging.
Because it was difficult to determine if an organism was eaten by a fish, [ counted the

number of foraging attempts in a 2 minute period. A foraging attempt was defined as



a quick movement by the fish towards an item (Grant and Noakes 1987). Foraging

data were collected 9 - 27 times per fish. depending on its activity.

Statistical analysis

Each fish was potentially observed at 8 times ot day. 8 times over the season
(except only 3 times for 23:00). Hence. [ always included time of day and season as
tactors in any analyses. For each of these observations, [ also monitored light
intensity and water temperature.

To examine the overall pattems of activity of all fish with respect to an
environmental variable. [ calculated the percentage of times that an individual was
active at a particular value for a particular environmental vanable. For example. with
respect to time ot day. [ calculated the percentage of times (n = 5-8 observations for
cach time of day except n = 3 tor 23:00) cach fish was active at a particular time of
day and used it as a datum in the analysis. For the overall analyses of time of day. |
used a 2-way ANOVA to determine whether there was an interaction between age
class and ime ot day. Because 0+ and 1+ fish differed in diel activity, [ analyzed the
daytime activity of cach age class separately using a randomized complete block
design with individual fish as blocks. Specific linear or dome-shaped trends were
tested using polynomial contrasts. Quantitative trends were described using standard
linear and polynomial regression.

Because activity is an attribute variable (sensu Sokal and Rohif 1995: i.e.
active or not). [ analyzed the activity of each individual using a simple logistic
regression for each of the four main varniables (time of day, day of year, water
temperature, light intensity) (i.e. 43 fish x 4 = 172 logistic regressions). For each fish,

[ also calculated a multiple logistic regression to evaluate which of the four variables



was most significantly related to activity. Quadratic terms were included in the
logistic regression models only if significant after the linear term was first entered in
the model.

[ used the same statistical approach for analyzing foraging rate as [ used for
activity. except that I used linear regressions rather than logistic regressions. Only
individuals with at least 15 foraging observations were included in the analyses of
individual fish: therefore, 27 age-0+ fish and seven 1+ fish were used for foraging
analyses.

To meet the assumptions of parametric tests, light intensity and foraging rate
were log), transtormed. The activity of tish was arcsine square-root transformed for

statistical analyses: however. the untranstormed data are presented in the figures.

Results

Density

The diel patterns in the density of juvenile Atlantic salmon that were counted
dunng snorkeling surveys differed between the two age-classes (2-way ANOVA,
interaction effect: Fs126)= 12.61, P < 0.0001, Fig. 2). The density of 0+ fish
exhibited a dome-shaped relationship (ANOV A with sites as blocks, quadratic
polynomial contrast: F(, 53, = 62.55, P < 0.0001); the number was low in the moming.
peaked in the carly afternoon and then decreased at night (quadratic regression for 0+:
density = 0.076 * time of day - 0.0026 * time of day" - 0.34. r =0.54,n = 72, P <
0.0001). In contrast, the density of 1+ fish increased linearly over the day (ANOVA

with sites as blocks, linear polynomial contrast: F(; ,3)= 83.89, P < 0.0001) and was



highest at night (linear regression for 1+: density = 0.013 * time of day - 0.055. r=

0.46.n = 72, P < 0.0001).

Activity of tagged fish - univariate analyses

Of the original tagged fish. 51 of 72 0+ fish and 10 of {3 1+ fish were seen at
least once after tagging and 35 age-0+ and 8 age-1+ fish were followed throughout the
study period. The mean displacement from the initial tagging location to the location
observed at the end of the study did not ditfer significantly for 0+ ( x+SE=0.53 ¢
0.10m. range = 0 - 3m) and 1+ (v + SE =0.39 £ 0.1 lm. range = 0 - Im) fish (Fig. 3: 2
sample t-test: t = 0.68, df = 42, P = 0.50). On average, 0+ and 1+ salmon were
observed on 46.1% (n = 35. range = 22.0 - 82.9) and 36.8% (n = 8. range = 11.9 -
70.2) of the snorkeling surveys over the study period (Mann-Whitney U test: U = 221,

n =43, P = 0.064).

Activity and time of day

Ovenall. the diel patterns of activity ot the tagged fish (Fig. 4) were similar to
the diel patterns in density; the two age-classes showed different diel activity patterns
(2-way ANOVA, interaction effect: F(y 309y = 10.49, P < 0.0001). The 0+ fish were
most active in the late moming and afternoon (ANOV A with individuals as blocks.
quadratic polynomial contrast: F (; »-2,=173.37, P <0.0001: quadratic regression ltor
0+: arcsine square-root activity = 0.78 * time of day - 0.026 * time of day” - 5.65: " =
0.33, n =315, P <0.0001) whereas |+ fish were most active at night (ANOVA with

individuals as blocks, linear polynomial contrast: F ( 65y = 39.90, P < 0.0001: linear

10



regression for |+: arcsine square-root activity = 0.12 * time of day - 2.27;r =0.27, n
=81. P <0.0001).

However. there was considerable vanation in the dicl activity patterns among
individuals within an age-class (Fig. 5). To investigate this individual vanability. |
used separate logistic regressions for each tish. Three basic patterns of diel activity
were detected for 0+ tish: linear increase. dome-shaped relationship and non-
significant relationship. Of 35 age-0+ fish, 22 exhibited a significant diel activity
pattern: 17 showed a significant quadratic relationship with activity peaking in the late
morning or early afternoon and five showed a significant increase over the day with
their activity highest at night. Of the 13 fish whose activity did not differ significantly
with time ot day. six exhibited a positive trend and seven a negative trend with time of
day. Curiously. none of the four fish at the Mouth exhibited a dome-shaped
relationship.

The diel activity patterns ot 1 + fish ditfered from most 0+ fish (Fig. 5d). Of
the eight 1+ fish, six increased their activity with time ot day. four of which were
significant. Two fish in the Gorge exhibited a signiticant U-shaped relationship.
being most active at dawn and at dusk/night. Because the activity of most O+ and 1+
fish differed between day (> 100 Ix) and night (< 0.01 Ix), [ treated the day and night
data separately below. [n addition. because the diel activity patterns of 0+ and 1+ fish

differed significantly. [ also treated them separately below.

Dayvtime activity and season
Overall, the patterns of daytime activity changed little over the season (Fig. 6).
The activity of 0+ fish was initially low and then changed little over the season

(ANOVA with individuals as blocks, quadratic polynomial contrast: F; »35) = 7.98, P

1



= (.0051; quadratic regression: arcsine square-root activity = 9.29 * day of year -
0.022 * day of vear - 946.85. r = 0.050. n = 268, P = 0.0009). The activity of 1+ fish
was inttially high. decreased and then changed little over the scason (ANOVA with
individuals as blocks. quadratic polynomial contrast: F(, 45, = 7.07, P = 0.011;
quadratic regression: arcsine square-root activity = -28.31 * day of year + 0.065 * day
of ycar: +3090.r=0.11.n=65.P = 0.027). On July 15 (day 210). no 1+ fish were
observed dunng these moming observations, presumably because the mean water
temperature was 14.8°C (see below).

Individual patterns were again vanable and revealed no overall patterns (Fig.
7a-d). There were four basic patterns of activity over the season: linear increase,
linear decrease, dome-shaped and non-signtificant relationship. Of the 35 0+ tish, 16
changed their activity significantly over the season: tive were more active, six were
less active. four exhibited dome-shaped curves (i.e. were most active on July 5. day
200. and one tish exhibited an odd activity pattern). This last fish was active 100% of’
the ume until July 13 (day 208). when its activity decreased markedly. followed by an
increase (Fig. 7a). This fish was not seen for a period of 2 days (day 208 and 211) (8
observations) suggesting that it might have moved out of the site for a few days and
then returned. Of the 19 individuals with non-significant relationships. 12 tended to
decrease their activity whereas seven tended to increase their activity with season
(Sign test P > 0.10). Of the eight 1+ fish. seven were less active over the season (Sign

test P > 0.10), three of which were significantly less active (Fig. 7d).

Davtime activity and water temperature
Overall. the daytime activity of 0+ fish increased with increasing water

temperature and then leveled off at about 23°C (ANOV A with individuals as blocks,



quadratic polynomial contrast: F(; :»5,= 4.50, P = 0.035; quadratic regression: arcsine
square-root activity = 10.96 * water temperature - 0.20 * water tcmperalurc: -98.27,
" =0.15. n = 414. P < 0.0001. Fig. 8). In contrast. the daytime activity of 1+ fish
exhibited a dome-shaped relationship with a peak in activity at 20.7°C (ANOVA with
individuals as blocks. quadratic polynomial contrast: F (; 77, = 16.32, P = 0.00013;
quadratic regression: arcsine square-root activity = 30.71 * water temperature - 0.71 *
water temperature” - 288.96. r° = 0.31. n =99, P < 0.0001).

Once again. there was considerable vanability among the tagged fish (Fig. 9).
Four patterns emerged: linear increase. linear decrease, dome-shaped and non-
significant. Daytime activity was signiticantly related to water temperature in 18 of
35 0+ fish. Ofthese 18 fish. 11 fish were more active with increasing water
temperature, six exhibited dome-shaped relationships with peaks in activity at about
21°C. and one was less active with increasing water temperature. Of the 17 age-0+
fish whose activity was not significantly related to water temperature. 13 increased
their activity with water temperature (Sign test. P = 0.01). Hence, overall 33 fish
(Sign test. P~ 0.01) increased their activity as water temperature increased from 13 to
20°C. Unlike the O+ fish, there was no consistent pattern with the | + fish. The
activity of only three of eight 1+ fish was significantly related to water temperature:
two increased their activity and one showed a dome-shaped relationship with a peak at
20°C (Fig. 9d). Of the tive fish with non-significant relationships. one was less active

and three were more active with increasing water temperature.

Daytime activity and light intensity
The overall pattern of daytime activity was not significantly related to light

intensity for 0+ fish (ANOVA with individuals as blocks: F(; |55y =2.57, P = 0.11)



whereas 1+ fish became less active at higher light intensities (linear polynomial
contrast: F| 13, = 20.18. P < 0.0001: linear regression: arcsine square-root: 13.97 *
log;, light +1.68. r = 0.094. n = 45, P = 0.041. Fig. 10).

There was less variability among fish in how they responded to light (Fig. 11).
Only the activity of six of 35 0+ fish varied significantly with light intensity: five were
more active. one less active and one had a dome-shaped relationship with increasing
light. Of the 29 non-significant curves, 17 increased and 12 decreased with light
intensity. Daytime activity of 1+ fish was signiticantly related to light intensity in
only one out of eight fish. Of the non-significant relationships. three of seven were

less active with increasing light while tour were more active (Fig. 11d).

Daytime activity of tagged fish — multivariate analyses

A complete multiple logistic regression was used for cach individual fish to
determine which environmental variables had signiticant eitects on daytime activity
independent of all other variables (Table 1). For the O+ tish. water temperature and
day of vear were the most important variables influencing daytime activity. Of the 35
fish. the daytime activity of 13 and |1 were significantly affected by water
temperature and season. respectively. Twelve fish initially increased their activity
with increasing water temperature. five of which showed a decrease in activity at
higher temperatures. While season was the second most important factor affecting
daytime activity. there was no consistent seasonal pattern in activity. Time of day and
light intensity had significant independent effects on the activity of only five fish each.
The gencral pattern was an initial increase in activity with time of day and light

intensity.
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The daytime activity of 1+ fish appeared to be mainly influenced by water
temperature and time of day. Six and four tish were significantly affected by water
temperature and time of day. respectively. Six fish increased their activity with
increasing water temperature, one of which decreased at higher water temperatures.
Four fish increased their daytime activity with time of day, being most active towards
the end of the day. Light intensity and day of year had independent effects on the

daytime activity of only two and one fish, respectively.

Dawn, dusk and nighttime activity

Age-0+ fish were significantly more active at dusk (x = 35.3%, range =0 -
100) than at dawn ( X = 18.5%. range =0 - 100) (Wilcoxon signed ranks test: Z =
2.43.n = 13. P =0.015) or at night (x = 11.4%, range = () - 100) (Wilcoxon signed
ranks test: Z = 3.43.n = 23. P = 0.00061) but there was no signiticant difference
between dawn and night (Wilcoxon signed ranks test: Z =0.80, n = 13, P = 0.93).
The activity of 1+ fish. however. did not differ significantly between dusk and dawn
(Z =-0.18. n = 5. P = 0.85) and night (; = 71.2%. range 0 - 100) (Wilcoxon signed

ranks test: Z =0.51.n=8.P = 0.61).

Daytime foraging

In general, the foraging rate of active fish was only weakly related to the
environmental variables (Table 2). The two most important variables influencing the
foraging rate of 0+ fish were day of year and light intensity; of 27 fish, the foraging
rate of only nine and 11 fish were significantly related to day of year and light

intensity, respectively. However. 24 of 27 (Sign test, P < 0.01) decreased their



foraging rate with day of year, 20 of 27 initially increased their foraging rate with light
intensity (Sign test, P = 0.02) and 20 increased their foraging rate with water
temperature (Sign test. P = 0.02). While the overall trends were significant. the
foraging rate of even fewer fish was significantly related to environmental vanables in
the multiple regressions.

Because of the smaller sample size, the trends between foraging rate and the
environmental variables was even weaker for 1+ fish. (Table 2b). As for 0+ fish, the
two most important variables were day ot year and light intensity. Of the 7 1+ fish, all
7 initially decreased their foraging rate over the season (Sign test. P = 0.02) and 6
initially increased their foraging rate with light intensity (Sign test. P > 0.10). In the
multiple regressions, only two fish significantly decreased their foraging rate with day

of year and only one fish increased its foraging rate with increasing light intensity.

Discussion

The most striking finding of my study is how inactive 0+ fish were during the
summer. the period of active growth. They were active on average 46% of the time
with a peak of only 56% early in the aftemoon. On average, |1+ fish were active 37%
of the time. but 74% were active at night.

Both the density and the activity data were consistent with the prediction of the
Asset Protection Principle. The I+ fish were more active at night than during the day.
whereas 0+ fish were mainly active during the day. Age-1+ fish grow little during
July and August (Swansburg et al. 2002), perhaps because the abundance of drift
declines over the summer (Keeley and Grant 1997; Steingrimsson and Grant 1999).

Hence, given their limited opportunities for growth, 1+ fish probably maximized their
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fitness by feeding at night to minimize their risk of predation during the day. In
contrast. O+ fish grow primarily in July and August (Girard 2002). Presumably, they
maximize their fitness by feeding dunng the day when conditions are optimal for
visual toraging (Wilzbach ct al. 1986) to maximize their growth rate. They accept a
higher predation risk while feeding during the day in order to grow fast.

Previous laboratory work has provided support for the Asset Protection
Principle. Larger tish avoid predator more than smaller fish under similar conditions
(Reinhardt and Healey 1999). In some salmon populations, larger individuals, who
have a chance of reaching the minimum size for migration to sea the following spring.
continue toraging and growing over the fall and winter. whereas smaller fish, who
require another vear to reach the minimum size, “protect their assets’ by not feeding
dunng the fall and winter (Valdimarsson and Metcalfe 1999). A consequence of this
ditterential willingness to accept predation risk is the divergence of the population
into a bimodal size distribution (Metcalfe et al. 1988).

During late August and early September. Gries et al. (1997) also noted that 1+
fish were active at night and inactive during the day. Interestingly, their 0+ fish were
almost as active at night as during the day, in contrast to my tindings. These divergent
findings may be the result of seasonal differences in the two studies. | observed 0+
salmon during the growing season whereas they observed fish after the growing
season.

My estimates of activity depend crucially on the assumption that the fish were
hiding in the substrate when I did not see them. For three reasons, [ am confident in
this assumption. First, tagged and untagged fish were observed sheltering undemeath
cobbles (sensu Hynes 1970) in the substrate. By chance, [ discovered four tagged 0+

and one tagged |+ fish sheltering in the substrate on their home range (also see
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Bachman 1984). Second. the tagged fish in my study were very sedentary with the
average seasonal displacement being only 0.51m (also see Steingrimsson. unpublished
data). Third, I carefully searched the whole site, plus 1m upstream and downstream of
the site, for an average of 34m-. for cach tagged fish. Therefore, it seems unlikely that
a fish was active at another location.

Contrary to my expectations, 0+ and 1+ fish did not show a strong dayume
peak in activity at their optimal water temperature. On average. the activity of 0+ fish
did not decline at warm water temperatures but leveled off between 23°C and 27°C.
For 1+ fish, a peak in daytime activity was detected at 20.7°C. much higher than the
preferred temperature of 17°C under laboratory conditions (Magnuson et al. 1979).
Hence. my data suggest that laboratory optima may not directly apply to the salmon
population of the Miramichi River. The most likely explanation for these differences
is that my fish were acclimatized to the warmer daytime temperatures in the field.
Optimal temperature studies usually use fish subjected to maximum rations of food
(Magnuson and Destasio 1996). The differences [ observed are unlikely due to food
ration. because the optimal temperature for growth typically increases with ration
(Wootton 1990). Elliott and Hurley (1997) studied a Scottish stock of salmon, which
may have been adapted to cooler water temperatures. Hence, their optimal
temperature might be lower than in the population [ studied.

It was surprising to observe how much individual variability was present
within an age-class. Three 0+ fish in the Gorge and two in the Mouth were most
active at night and resembled 1+ fish in their activity pattemns Three of these fish, for

which body length measurements were available. were larger (55.0mm, 54.9mm,

50.4mm) than the average fish at these sites (} = 49.7mm). Perhaps these fish had

reached a body size at which it was more beneficial to trade off a lower growth rate
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for a lower risk of predation. Similarly. two 1+ fish exhibited a U-shaped daily
activity pattem: they were active at dawn and dusk/night but were almost totally
inactive during the day. One of these fish. for which body length was available
(85.7mm) was also much larger than the average 1+ fish ( X = 75.5mm). This
anecdotal information suggests that some of the individual vanability in daily activity
patterns may be explained by body size.

Interestingly. the two vanables that most influenced the activity ot 0+ fish.
time of day and water temperature, had little effect on foraging rate. Once individuals
were active, foraging rate varied primarily with season and light intensity. The
decrease in toraging rate over the season has been observed in other studies (Bachman
1984; Steingrimsson unpublished data) and may be related to the decline in drift over
the season in Catamaran Brook (Keeley and Grant 1997: Steingrimsson and Grant
1999). Overall, foraging rate increased with increasing daytime light intensity in my
study and in previous work (Fraser and Metcalfe 1997). This is not surprising because
salmonids are visual foragers and hence. can better detect and intercept prey at higher
light intensities (Wilzbach et al. 1986).

The advantage of monitoring marked individuals is the ability to detect
individual variation. Sometimes overall patterns will be an accurate representation of
individuals in the population. For example, the overall dome-shaped diel activity
pattern of 0+ fish reflected the behavioural pattems of most individuals. In other
cases, however, overall patterns obscure individual patterns. For example, the overall
relationship between daytime activity and water temperature for 1+ fish was a dome-
shaped curve, whereas only one of eight individuals exhibited such a relationship.
The overall pattern was an artefact caused by some fish being more active with

increasing water temperature and others being less active.
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In summary. the single most important factor affecting the activity of juvenile
Atlantic salmon is the diel cycle of light intensity. These diel activity patterns of 0+
and 1+ fish are consistent with the Asset Protection Principle: 1+ fish were most
active at night whereas 0+ fish were most active during the day. The daytime activity
of individual O+ and 1+ fish was affected primarily by water temperature and season;
their activity initially increased with increasing water temperature. The activity of my
fish did not peak at the optimal water temperature determined in laboratory studies of’
other populations. Curiously, the foraging rate of active tish was largely unrelated to
water temperature. The best predictor of foraging rate was season; tor both age-
classes foraging rate decreased over the season.

Most importantly, I show marked individual vanation within an age-class in
both activity and foraging rate. Because this vaniation may be related to individual
differences in body size and/or dominance and may have consequences tor growth and

mortality. it deserves further study.
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Figure 1 Map of the area and the location of the study sites in the Little
Southwest Miramichi River, N.B. and Catamaran Brook. one of its

tributanes.
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Figure 2 Mean density (£ SE, n = 8 sites) of 0+ (®) and 1+ (A) Atlantic salmon
counted during snorkeling surveys at different times of the day. A
datum in the analysis was the average density at a particular site and

time of day based on 8 counts over the season (except n = 3 tor 23:00).
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Figur Mean displacement of tagged fish from the initial tagging location to
the location observed at the end of the study period. Solid bars

represent 0+ fish and open bars |+ tish.



No. of fish

30

25

20

15

10

1 W Ny

0.75 1 1.25
Displacement (m)

26

1.5 >1.5




Figure 4

Mean (£ SE) percentage of snorkeling surveys in which 0+ (@, n = 35)
and 1+ (A. n = 8) Atlantic salmon were observed at various times of
day. A datum in the analysis was the percentage of surveys (n = 5-8
over the season. except n = 3 for 23:00) in which an individual salmon

was active at a particular time of day.
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Figure 5

Logistic regressions of the diel activity of 35 tagged 0+ salmon found
in the a) Gorge. b) River, ¢) Mouth and d) 8 tagged 1+ salmon found in
all four sites. The solid lines represent signtficant linear or quadratic
logistic regressions whereas dashed lines were not significant. Sample

size varied between 48 and 67 observations for each fish.

29



Activity (%)

100 |

80r

60

H
o
Y

20

Ll

o

100 |
80

60

40

20 F

'l [l [ A ' ' L A

u. 9 11 13 1617 19 21 2
Time of day

100

80

60

40

20

100

80

601

r

20

b)

d)

1 [l 'l

7 9

11 13 15 17 19 21 23
Time of day

30



Figure 6

Mean (+ SE) percentage of daytime (light intensity > 100 Ix)
snorkeling surveys in which 35 0+ (®, n = 35, except n = 12 for day
183 and n= 11 forday 194)and 8 1+ (A. n = 8, except n = 4 for day
183 and n = 3 for day 210) Atlantic salmon were observed over the
season. A datum in the analysis was the percentage of 8 surveys in a

day for which an individual salmon was active.
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Figure 7

Logistic regressions of the daytime activity of 35 tagged 0+ fish found
in a) the Gorge. b) the River and c) the Mouth and d) 8 tagged 1+
salmon versus day of the year. The solid lines represent significant
lincar or quadratic logistic regression whereas dashed lines were not
significant. Sample size varied between 48 and 67 observations for

each fish.
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Figure 8

Mean davtime (light intensity > 100 Ix) activity of 0+ (®. n = 35 for 17
-21°Cand 23 - 24°C. n = 32 for 16°C. n = 30 for 22 and 25°C. n = 23
for 14°C.n=19tor 15°C.n=15for 13°C.n =13 for 26°Cand n = 11
for27°C)and 1+ (A.n=8tor 17,19, 21 and 23°C.n=3 for 13 - 16,
20 and 24 - 27°C) fish in relation to water temperature. Each datum

was the mean activity for each tagged fish at cach water temperature.
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Figure 9

Logistic regressions of the daytime activity in relation to water
temperature of 35 tagged 0+ tish found in the a) Gorge. b) River and ¢)
Mouth and d) of 8 tagged 1 + fish at all sites. The solid lines represent
significant linear or quadratic logistic regressions whereas dashed lines
were not significant. Sample size varied between 48 and 67

observations for each tish.
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Figure 10 Mean percentage of daytime (light intensity > 100 Ix) snorkeling
surveys in which 0+ (e. n = 35 for 160 - 2560 Ix and n = 15 for 5120
Ix) and 1+ (A. n = 8) fish were observed at different light intensity. A
datum was the percentage of surveys in which a fish was active at a
particular category of light intensity (categones: 100-215, 216-430,

431-861.862-1722, 1723-3444. > 3444 Ix).
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Figure 11

Logistic regressions of daytime activity of tagged 0+ fish found in the
a) Gorge, b) River, ¢) Mouth and d) of tagged 1+ fish at all sites across
different light intensity. The solid lines represent significant lincar or
quadratic logistic regression and the dashed lines were not significant.

Sample size varied between 48 and 67 observations for each fish.
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Table 1. Multiple logistic regressions of the daytime activity of a) 350+ and b) 8 1+
fish in relation to each environmental variable. The numbers represent the number of
fish for which a particular environmental variable was significantly related to activity

when entered last in the model.

Environmental variable® Linear +° Linear-® Quadratic +° Quadratic -©
a) water temperature ("C) 7 1 5 0

day of vear 2 3 6 0

time ot day (hour) 3 0 2 0

light intensaty (Ix) 2 1 2 0
b) water temperature ( 'C) 5 0 1 0

time of day (hour) 4 0 0 0

light intensity (Ix) 0 1 0 I

day of year 0 1 0 0

* Logistic regressions are based on log;,-transformed data for light intensity.
® Linear + is a positive increase and linear - is a linear decrease.
¢ Quadratic + is asymptotic positive or dome-shaped curve, quadratic - is

asymptotic negative or U-shaped curve.
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Table 2. Simple and multiple linear regressions of the daytime foraging rate of a) 27
0+ and b) 7 1+ fish in relation to each environmental variable. The numbers and the
number in brackets represent the number of fish tor which a particular environmental
variable was significantly related to foraging rate in a simple linear regression and

when entered last in a multiple regression model. respectively.

Environmental variable®  Linear +° Linear -” Quadratic +° Quadratic * NS+ NS -

a) day of year 0 7(4) 0 (0N 3 15
light intensity (1x) 6(1) (1) 2(2) 2 12 4
time of day (hour) 0 0 0 4(3) 12 11
water temperature (°C) 2 0 I(h) 0 17 7

b) day of year 0 3(2) 0 | 0 3
light intensity (Ix) (1) 0 1 I 4 0
water temperature (°C) 1 0 0 0 4 2
time of day (hour) 0 0 0 0 3 4

* Linear regressions are based on log,o-transformed data for foraging rate and
light intensity.

® Linear + is a positive increase and linear — is a linear decrease.

€ Quadratic + is asymptotic positive or dome-shaped curve, quadratic - is

asymptotic negative or U-shaped curve.
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