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ABSTRACT: Analysis of continuous behaviour records of adult female plaice Pleuronectes platessa
tagged with electronic data storage tags, and released in the southern North Sea, has yielded new
insights into spatial and temporal variation in vertical activity (swimming). Here we describe migration-linked changes in vertical activity patterns observed from 31 plaice released between December
1993 and February 1997. Fish migrations of up to 220 d were reconstructed using the tidal location
method. Analysis of the periodicity of activity revealed high levels of vertical activity during the
southward spawning migration into Southern Bight and the eastern English Channel following
release in December and January. We observed spatially varying, migration-linked changes in vertical activity, with a tidal pattern of vertical activity during the pre- and post-spawning migrations and
a circadian period of rhythmicity in the spawning grounds. Circadian periodicity was dominant in 23
of 31 individuals (74%), 13 of which also demonstrated significant 12 h periodicity. The other 8 fish
exhibited a dominant 25 h periodicity. A significant 336 h (14 d) rhythm was observed in the averaged
population data, in phase with the spring–neap cycle, with periods of reduced activity associated
with times of expected high tides. Our results provide important information about systematic
changes in migration-linked behaviour in plaice, and also illustrate how the accessibility of plaice to
capture by trawling may vary in space and in time.
KEY WORDS: Plaice · Migration · Data storage tags · Vertical activity · Stock assessment ·
Accessibility · Fisheries
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Despite intensive exploitation by fisheries over the
past century, we are only now beginning to understand
the often complex spatial distributions of exploited
marine fish stocks (e.g. McQuinn 1997), and how these
change on a seasonal basis (Metcalfe et al. 2002). An
understanding of the spatial and temporal variation in
both horizontal migration and vertical activity patterns
is important to determine not only where fishes are
located in space and time, but also to determine how
vulnerable these fishes are to commercial exploitation
(Harden Jones 1974, Walsh 1991, Jørgensen 1997,
Aglen et al. 1999, Kell et al. 2004). However, until
recently, observations of the behaviour of these fish
have been derived largely from indirect observations,

taken, for example, from research survey sampling
programmes (Michalsen et al. 1996, Aglen et al. 1999).
Problems involved in the estimation of fish abundance, including extrapolations from scientific surveys, have been well documented (Godø 1994,
Michalsen et al. 1996, Aglen et al. 1999). However, the
increasingly routine use of electronic data storage tags
in fisheries research have revealed new features of
behaviour that may help to overcome these difficulties
(Arnold & Dewar 2001, Metcalfe et al. 2002). For example, electronic tags have successfully described
regional and seasonal variations in the migratory activity of Atlantic cod Gadus morhua (Godø & Michalsen
2000, Righton et al. 2001, Stensholt 2001, Righton &
Metcalfe 2002). Behavioural information of this type
can significantly improve the interpretation of survey
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data (Godø 1994, Hjellvik et al. 2001), notably where
systematic changes in behaviour can be predicted (D.
Righton et al. unpubl.).
The plaice Pleuronectes platessa occurs in the North
Sea from the littoral zone down to 200 m (Wheeler
1969, Albert et al. 1998), although it is fished routinely
from waters shallower than 100 m (Albert et al. 1998).
The behaviour rhythms of juvenile plaice are well
understood (reviewed by Gibson 1997). Age zero and
1 yr old plaice in the western Wadden Sea use tidal
transport to make feeding excursions onto mud flats
(Kuipers 1973). Similar excursions have been observed
on sandy shores off the north-west coast of Scotland
(Gibson 1973). Information on the late larval stages
show that they utilise tidal transport to move from the
North Sea into the nursery grounds of the Wadden Sea
before metamorphosis takes place (Creutzberg et al.
1978, Rijnsdorp et al. 1985). The environmental signal
that entrains circatidal rhythms in juvenile plaice is
known to be hydrostatic pressure (Gibson 1982).
Diel rhythms in the activity of adult plaice have been
demonstrated in several laboratory studies in both constant conditions and in light –dark cycles (De Groot
1964, 1971, Verheijen & De Groot 1967, Gibson et al.
1978). Most of these studies have demonstrated increased surface swimming activity during darkness,
and short-distance swimming on or near the bottom
during light periods. Gibson et al. (1978) described
depressed bottom activity and increased surface swimming during constant darkness, using plaice which
had spent 25 wk acclimating in the laboratory. Page
(1996), who examined the activity of plaice in the laboratory less than 12 h following capture, showed evidence of both 12 h (circatidal, n = 6) and 24 h (circadian, n = 3) rhythms of activity among a total of 12 fish
studied. Although these results reveal the possible
behaviour patterns exhibited by wild plaice, it is
difficult to extrapolate these relatively limited observations to wild populations over periods that span migratory cycles.
Patterns of the vertical activity of plaice (i.e. activity
off the seabed) in the natural environment have been
observed mainly through acoustic tracking experiments, whereby individual fish were tracked for periods of 1 wk or less (Greer Walker et al. 1978). Pre- and
post-spawning migrations are achieved by the adoption of a circatidal pattern of activity termed ‘selective
tidal stream transport’ (Greer Walker et al. 1978,
Harden Jones et al. 1979), with southward-migrating
plaice selectively leaving the seabed on south-flowing
tides and swimming downtide to within ± 60° of the
tidal stream axis (Buckley & Arnold 2001). These fish
return to the sea bottom before slack water, where
they remain for the duration of the opposing tide; the
cycle is then repeated when the tide changes again.

The facultative use of transporting tides allows rapid
and efficient movement between geographically distant feeding and spawning areas. Plaice then appear to
adopt diel patterns of behaviour in the spawning
grounds (Arnold 2000, Solmundsson et al. 2003). Peak
spawning occurs in the southern North Sea between
December and March (Harding et al. 1978), with
spawning areas concentrated in the Southern Bight
and eastern English Channel (see Fig. 4 of Hunter et al.
2004a).
Tracking studies conducted during the summer,
when plaice occupy the central North Sea feeding
grounds, have also demonstrated diel patterns of vertical activity (Arnold 1981, Arnold & Cook 1984). Since
the tidal cycle is out of phase with that of the day–night
cycle, it appears that the adoption of diel patterns of
vertical activity allows the random distribution of the
fish around the feeding and spawning areas (Harden
Jones et al. 1979, Arnold 1981).
While these data have provided snapshots of the
migratory behaviour of southern North Sea plaice, our
aim in the current work was to examine vertical
activity over full migration seasons. Electronic tags
have already been successfully used to describe plaice
migration (Metcalfe & Arnold 1997, Hunter et al.
2003b, 2004a,b), population biology (Hunter et al.
2004a) and spawning activity (Solmundsson et al.
2003). In the present study, we aimed to determine
(1) whether the vertical activity of plaice changes systematically in a way that can be linked with their seasonal migration, and (2) whether such changes in vertical activity potentially impact assessments of stock
abundance based on research vessel survey data. We
used data from 31 adult female plaice equipped with
electronic data storage tags, which provided a unique
opportunity to observe continuous records of vertical
movement for periods of up to 220 d.

MATERIALS AND METHODS
Electronic data-storage tags. In total, 302 plaice
Pleuronectes platessa were tagged with CEFAS Mk 1
electronic data storage tags and released in the southern North Sea in 6 batches between December 1993
and February 1997, between latitudes 52 and 53° N.
Full details of the capture, tagging and release of the
plaice used in the current experiments are given elsewhere (see Hunter et al. 2004b), as are technical
details of the tags (see Metcalfe & Arnold 1998).
Because of the size of the tags, only mature female
plaice (which are larger than males) with a minimum
total length of 40 cm were tagged. The tags were programmed to record temperature daily (at 00:01 h
GMT), and pressure at 10 min intervals.
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Data from 51 returned tags were downloaded and
pressure was converted to depth. Of these, 37 recorded
behavioural data for all or part of the period when the
fish were at liberty; 31 tags recorded between 8 and
220 d of data (see Table 1), and these were used for
analysis.
The southern North Sea seabed consists of gently
undulating sandy sediments, and rarely exceeds 40 m
depth (Charnock et al. 1994). Plaice leaving the seabed
tend to do so at a steep ascent angle (see Fig. 4 of
Metcalfe & Arnold 1998), and this feature of plaice
swimming coupled with the 10 min recording interval
provided a clear record of when the plaice were
actively swimming in midwater or resting on the
seabed (Hunter et al. 2003 a). To facilitate analysis, the
depth record was converted into a binary file of activity (= 1) versus inactivity (resting on seabed, = 0). To
allow statistically valid interpretation of the results, the
binary record was grouped hourly (Dörrscheidt & Beck
1975). Hourly counts ranged from zero activity up to a
total score of 6, whereby it was assumed that the fish
spent the whole hour swimming. These data provided
the continuous time-series for analysis (see next subsection).
We were unable to identify atypical behaviour patterns immediately following release; however, as a
precaution, the first 2 d of data were removed from
each activity record to eliminate behaviour patterns
caused by tagging procedures. To examine population-wide activity patterns, overlapping time-series
were pooled to create records of average population
activity (Table 1). This provided 2 population data
sets: Releases 1 and 2 (n = 15), and Releases 4 and 5
(n = 16).
Periodogram and actogram analysis. Data were
analysed to determine the occurrence of vertical activity rhythms, and to establish the dominant period of
rhythmicity where present, using customised software
in S-Plus (Mathsoft). Analysis of biological time-series
frequently employs periodogram analysis (Enright
1965, Harris & Morgan 1983). The technique utilises a
Buys-Ballot table in which time-series are written in
successive rows, the number of columns being determined by the period investigated. The periodogram
statistic, Qp, is calculated as the standard deviation of
the column means (Sockolove & Bushell 1978). The
periodogram is a plot of Qp as a function of period.
Periodogram analysis allowed the rapid identification
of significant behaviour rhythms over a predetermined
range. The vertical axis provides an indication of the
strength of the rhythm at each wavelength over the
specified range, such that the highest peak indicates
the periodicity of the predominant rhythm, with other
peaks indicating rhythmicity of a lower intensity (see
next subsection).
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We used Dörrscheidt & Beck’s (1975) modified Qp
periodicity statistic, q(p), to derive confidence limits
below which q(p) was expected with a probability of
0.95. This was valid for activity rhythms of between
approximately 10 and 30 h (Sokolove & Bushell 1978),
and allowed discrimination between spurious values of
q(p) and those resulting from real periodic components. The highest significant value of q(p) generally
represents the dominant rhythmicity within the
specified period. However, all significant periods were
tested for representativeness of the true period of
activity using a simple analysis of homogeneity
(Dörrscheidt & Beck 1975). A linear regression fit and
slope estimate was added to the analysis of homogeneity profiles to aid identification of oscillations and
trends in the parameters.
Data from individual tags were analysed within the
range 2 to 50 h (to discriminate circadian rhythms
with 24 h periodicity, from circatidal rhythms with an
approximate 12.5 h periodicity in the southern North
Sea. Where plaice were active during just 1 tidal
period per day, e.g. during the hours of darkness
only, a 25 h periodicity would be recorded). For population data, higher-order periodicities were examined
over a range of up to 400 h to allow identification of
spring–neap cycles with a periodicity of approximately 14 d (336 h) in the southern North Sea. Where
significant periods were identified, the length and
duration of periods of activity were examined by plotting the level of activity (activity profile) against the
period.
Double-plot actograms were produced for each fish
(see next subsection). Activity on 2 consecutive days
was plotted directly below the subsequent 2 d activity.
This allowed rapid, uninterrupted visualisation of dayto-day transitions in activity patterns. For longer
records, actograms provided a rapid visual assessment
of behavioural changes in successive months.
Visual interpretation of periodogram and actogram
analyses. Previous studies have already suggested that
plaice adopt circadian and circatidal activity patterns
at different stages of the annual migration cycle
(Arnold & Metcalfe 1996, Arnold 2000), and that tidally
transported plaice sometimes use only those tides
occurring during the hours of darkness (Arnold &
Metcalfe 1996). To aid visual interpretation of the periodograms and double-plot actograms we constructed
artificial files containing stereotypical activity data,
using random, circadian (16 h activity followed by 8 h
rest), circatidal (6.5 h activity followed by 6.5 h rest)
and tidal-at-night data (Fig. 1). Circadian behaviour
was defined as 16 h activity followed by 8 h rest to
mimic the long winter night in the North Sea at the
time when the fish were released. Then stereotypical
data sets were used to generate actograms and peri-
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Fig. 1. Pleuronectes platessa. Double-plot actogram (left), and periodogram analysis (right) of artificial files containing stereotypical activity data to illustrate 16 d blocks of (1) tidal-at-night, (2) circadian (16 h activity followed by 8 h rest), (3) circatidal (6.5 h
activity followed by 6.5 h rest), and (4) random activity. In double-plot actogram, black = vertical activity, and white = activity on
seabed. In periodogram, dotted line represents approximate 0.01 significance level; numbers above peaks denote significant
periodicities. q(p): modified periodicity statistic. See ‘Materials and methods’ for details

odograms illustrating precise vertical activity rhythms,
to aid visual interpretation of the results (Fig. 1). Significant periodicities are visible as peaks occurring
above the approximate 0.01 significance level (dotted
line, in periodograms of Fig. 1), e.g. 24 h in the case of
circadian behaviour.
Individual actograms were interpreted in association
with the previously reconstructed movements of the
same plaice (see Hunter et al. 2004b), determined
using the tidal location method (Hunter et al. 2003a).
The tidal location method estimates geographical location based on the time of high water and tidal range,
measured by the depth (pressure) sensor when a fish
remains motionless on the seabed over a full tidal cycle
(or longer).
Spatial and temporal variation in swimming activity. Using previously reconstructed ground-tracks of
migrating plaice (see Hunter et al. 2004b), daily locations were assigned to ICES rectangles, and plots were

made of the total number of hours spent in midwater
per rectangle per month, divided by the number of fish
days of occupancy, thereby establishing a crude quantification of spatial and temporal variation in the swimming activity of the plaice.

RESULTS
The number of hours spent in midwater per day,
averaged by month, varied over time and among fish
(Fig. 2). The plaice spent 1⁄4 to 1⁄3 of their time swimming in midwater following release in December and
January (Fig. 2). However the number of hours swimming had declined to virtually zero hours by May. The
results from Release Batch 6 are from a single individual which became active during the final 9 d before
recapture on June 1997 (mean = 4.6 ± 2.4 h SD,
Table 1).
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Periodogram analysis of individual fish
Of the fish examined, 23 (74%) exhibited dominant
circadian, i.e. 24 h, rhythmicity (Table 1); 13 of these
also demonstrated significant 12 h periodicity, but with
a lower value of q(p). The other 8 fish exhibited a dominant 25 h period of activity. The 25 h period was associated with shorter behaviour records (mean = 40.4 ±
29.7 d vs mean = 101 ± 69.6 d, Student’s t-test, p =

0.0245). In half of these fish, the dominant 25 h rhythm
was associated with a significant periodicity of 12 h at
a lower value of q(p) and, for Plaice No. 17, a periodicity of 13 h (Table 1). Other significant periods identified (6, 8, 16, and 22 h) had very low values of q(p)
relative to the dominant periodicities, and were often
only just significant. In all cases, the dominance of the
higher value of q(p) was confirmed by analysis of
homogeneity.

Table 1. Pleuronectes platessa. Activity rhythms of plaice tagged with electronic data storage tags. Values of modified periodicity
statistic, q(p), are shown for 12 and 24 h and other significant periodicities (‘Other’) of activity (see ‘Materials and methods’ for
details). Shading indicates dominant rhythms. Days (n): no. of days of data; TL: total length
Release date
Batch no.

Plaice
no.

TL
(cm)

Release position
Lat.
Long.

Days
(n)

15 Dec 1993
1
1
1
1
1
1
1
1
1
1
1

8
20
21
23
25
26
27
28
30
38
48

48
40
57
42
40
42
42
40
53
40
50

52.66
52.66
52.5
52.33
52.33
52.5
52.66
52.5
52.33
52.33
52.5

2.33
2.33
2.5
2.33
2.33
2.5
2.33
2.5
2.33
2.33
2.5

54
18
116
220
100
45
110
220
30
144
29

0.259
0.249
0.161
0.072

18 Mar 1994
2
2
2

70
73
81

42
41
44

52.66
52.5
52.66

2.33
2.5
2.33

218
80
114

0.092
0.156

90

44

52.5

2.5

18

17

50

52.75

2.67

8

4
4
4

31
53
54

43
40
43

52.83
52.83
52.83

2.67
2.67
2.67

124
25
55

4
4
4
4
4

86
91
94
95
114

40
41
57
52
47

52.83
52.83
52.83
52.75
52.83

2.67
2.67
2.67
2.67
2.67

95
46
10
219
93

18 Jan 1997
5
5
5
5
5
5

117
132
137
143
150
158

42
50
40
50
41
40

52.75
52.75
52.75
52.75
52.75
52.75

2.67
2.67
2.67
2.67
2.67
2.67

48
135
20
12
65
36

5 Feb 1997
6

172

41

52.52

3.2

140

2
4 Dec 1996
4

Total Batches 1 & 2
Total Batches 4 & 5

12 h
q(p)

0.145
0.061
0.271

Periods
24 h
Other
q(p)
(h)
q(p)

0.348
0.295
0.203
0.193
0.273
0.197
0.133
0.237
0.601
0.16

0.119
0.246
0.26
0.293

8
6

0.082
0.115

25

0.314

8
16
22

0.102
0.105
0.269

13
25

0.396
0.579

25
6
25
25

0.342
0.095
0.225
0.198

25

0.679

25
25

0.216
0.213

8
16

0.068
0.071

0.269
0.164
0.138

0.185
0.44
0.068

0.142

0.708
0.124
0.168

0.172
0.315
0.199
0.109
0.335
0.741

0.098

0.179

0.078

0.306
0.313
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Fig. 2. Pleuronectes platessa. Monthly average (+ SE) of the
total number of hours spent daily in midwater (MW). Data refer to area in the eastern English Channel and southern North
Sea bounded by latitudes 49.5 and 55° N. Months of August to
November were excluded due to lack of tags at liberty
during this period. (a) Releases 1 and 2; (b) Releases 4 to 6

Actogram analysis of individual fish
Actogram analysis revealed that vertical activity
varied with time and among individuals. To illustrate
spatial and temporal variation in vertical activity,
actograms and ground-tracks from 3 plaice that had
recorded entire pre- and post-spawning migrations are
shown in Fig. 3 (see Hunter et al. 2004b for full details
of reconstructed plaice ground-tracks). From the point
of release, the fish migrated south into the spawning
grounds in the eastern English Channel, then back
again into the Southern Bight. Examination of
actograms (Fig. 3a) and ground-tracks (Fig. 3b)
revealed that phases of predominantly tidal activity
were associated with movement of the fish both into
the eastern English Channel during the pre-spawning
migration (9 to 14 d), then again during the postspawning migration when the fish returned northwards into the Southern Bight (12 to 25 d, Fig. 3b).
There was a distinct change in behaviour to circadian
activity (or minimal vertical activity for Plaice 21,
Fig. 3a), when the fish were located in the eastern English Channel spawning grounds (11 to 55 d). Following
the post-spawning migration, Plaice 21 and 31

appeared to cease migrating at approximately 53.5° N,
2° E (after 57 and 123 d respectively, Fig. 3), after
which vertical activity was minimal.
These 3 plaice (Nos. 8, 21 and 31) provide examples
of full annual migrations; 6 more plaice were recaptured in the eastern English Channel during the
spawning period (see Hunter et al. 2004b). However 2
of the 11 plaice that reached the eastern English Channel did not exhibit a northward post-spawning migration. Plaice 28 (Fig. 4a) migrated south into the Channel within 20 d of release. The pre-spawning migration
was achieved using circatidal vertical activity, indicative of selective tidal stream transport, which was then
replaced in the spawning area by circadian activity.
However, this plaice then remained in the Channel
until it was captured in August. Although the plaice
exhibited minimal vertical activity throughout the
post-spawning phase, analysis (not shown) indicated
that vertical excursions occurred with circatidal periodicity.
Not all tagged plaice migrated into the English
Channel. Fig. 4 shows 2 examples. Plaice 38 initially
remained close to the East Anglian coastline, then
started to migrate northwards after 40 d. It reached its
southern extremity on Day 37 (Fig. 4b), but its activity
throughout this initial period was random. Random
vertical activity of this type would translate to non-linear horizontal movement. This phase was followed by
14 d of circatidal, then 36 d of tidal-at-night activity,
following which the fish had reached the northern limit
of its migration. The final phase recorded by the tag
was characterised by limited circadian vertical activity
and minimal horizontal movement.
Plaice 172 was released further to the east than the
other tagged fish, and later in the spawning season (on
5 February 1997), and may have been released in a
spawning ground. During the 48 d after release
(Fig. 4), it demonstrated limited swimming activity,
with no detectable periodicity in vertical movement.
This may have corresponded to the spawning period of
the fish (although no circadian rhythm was detected),
and was followed by a 27 d phase of tidal-at-night
swimming. The fish was then largely inactive for the
following 45 d, before exhibiting a brief period of circadian activity prior to its capture on 26 June 1997.

Population-wide behaviour rhythms
Periodogram analysis of the averaged population
data reflected the principal components of rhythmicity
observed for the individual fish (i.e. 24 h peaks of activity, Table 1). To further examine the representativeness of 24 h as the periodicity for the averaged population data, analysis of homogeneity, with a period of

267

Hunter et al.: Vertical migration of plaice

1–08

4–31

1–21

(a)

123A

120

Days after release

116M
100

102M 100

80

80

60

62F
57F
54F

60

42J 40

41J

40

31J

32J
24J
20J
15J

49F
40

20

20

12D
8D
0

(b)

10
20
30
Hour (2 x period)

20

5D
0

0

0

0

40

10

20
30
Hour (2 x period)

40

0

54°

54°

54°

52°

52°

52°

50°

50°

50°

0°

2°

4°

46J
38J
33J

0°

2°

4°

10
20
30
Hour (2 x period)

0°

2°

40

4°

Fig. 3. Pleuronectes platessa. (a) Double-plot actograms and (b) reconstructed movements of plaice tagged with electronic data
storage tags. Examples shown migrated from Southern Bight into eastern English Channel to spawn, then back again. Numbers
above graphs: Release batch–fish no. (Table 1). In (a) left-hand ordinate indicates number of days after release minus 2 d (see
’Materials and methods’), right-hand ordinate day and month during which positions were estimated (D: December; J: January;
F: February; M: March; A: April). (b) Black lines: suggested migration route of each fish; arrows show direction of movement.
Larger circle: release position; small circles: positions estimated using tidal location method (see ‘Materials and methods’ for
details); (+) recapture position (N.B. no recapture position was available for Plaice 21); months labelled as for (a)

24 h, was performed. For combined Releases 1 and 2
(regression estimate = 0.22), and Releases 4 and 5
(regression estimate = 0.23), the general lack of fit and
large number of sections suggested that supplementary periodicity might exist within the data. Periodogram analysis with a period of between 2 and 400 h
revealed a dominant period of 336 h (14 d) in each case

(Fig. 5a), suggesting that activity was related to the
spring–neap tidal cycle. Activity profiles for the 336 h
period suggested peaks in activity after approximately
4 d for Releases 1 and 2, and after approximately 10 d
for Releases 4 and 5, suggesting that low levels of vertical activity were associated with the times of
expected high tides at new and full moon (Fig. 5b).
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Fig. 4. Pleuronectes platessa. (a) Double-plot actograms and (b) reconstructed movements of plaice tagged with electronic data
storage tags. Examples of plaice migration routes. Further details as in legend to Fig. 3

Spatial and temporal variation
in swimming activity
The average number of hours each fish spent in midwater in each ICES rectangle per month is plotted in
Fig. 6. As observed previously (Fig. 2), the fish spent
more time swimming during December and January.
High levels of swimming activity were distributed
throughout the area from which we obtained data,

although activity was slightly higher towards the south
(Fig. 6). Levels of vertical activity observed during February and March were considerably less than those
observed during the pre-spawning migration, and distribution of this activity follow the northward migration. The majority of plaice appear to have reached
their feeding grounds by April, from which time the
level of swimming activity dropped off steeply across
the feeding range.
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DISCUSSION
We were able to identify clear patterns of rhythmic
behaviour in the vertical activity of plaice in the southern North Sea, which varied both spatially and temporally in relation to the annual migration cycle. These
results confirm earlier observations on the behaviour
of migrating southern North Sea plaice, and extend
these to the context of the annual migratory cycle. The
results have important implications for the availability
of plaice to capture by trawling, and also the accessibility of plaice to acoustic and trawl-based assessment
surveys.

Behaviour of migrating plaice
Our results demonstrate that midwater swimming
activity of plaice was most pronounced during migration, and that following completion of the post-spawning migration, plaice rarely left the seabed. There was
some indication that the fish spent less time in midwater during the post-spawning than during the prespawning migration. We confirmed previous observations that migrating plaice exhibited circatidal vertical
activity patterns (Greer Walker et al. 1978, Arnold &
Metcalfe 1996, Hunter et al. 2004b). Most plaice
showed both circadian and circatidal elements of
rhythmicity in their swimming activity, with the circadian element being the more significant. This finding
highlights the tendency towards nocturnal activity in
plaice. It is noted, however, that since the phase relationship between the transporting tide and the
light –dark cycle changes by 0.8 h in every 24 h, there
are periods when 2 transporting tides occur at night,
especially during winter in the southern North Sea,
when the duration of darkness is up to 15 h. The true
extent of tidal activity may therefore be masked
because migration occurs primarily during winter.
We observed a distinct change from circatidal vertical activity (indicative of migration using selective tidal
stream transport: Greer Walker et al. 1978), to circadian vertical activity after the plaice had reached
their spawning areas. Behaviour in the spawning
ground was characterised by predominantly circadian
rhythms. Nichols (1989) reported a clear diel rhythm in
the spawning of plaice in the southern North Sea. Most
spawning occurred at night, reaching a peak before
midnight and declining steadily towards dawn, with
only sporadic spawning during the daytime (Nichols
1989).
In all cases, the plaice spent less time swimming in
midwater during the spawning period than during
migration. In 2 plaice that recorded data over a full
annual migration cycle (Plaice 21 and 31, Fig. 3), resi-

dency in the spawning ground appeared to be split
into 2 phases. An initial active phase of either random
(Plaice 21) or circadian (Plaice 31) behaviour was followed by a period where the fish remained resting on
the seabed. This suggests that a short recovery period
may be required following spawning, before embarking on the return migration (Arnold & Metcalfe 1996).
While spawning physiology may dictate a post-spawning rest in females, males may not be affected in the
same way. It is noted, however, that the fish do not feed
during either spawning (Rijnsdorp 1989) or migration
(Arnold & Metcalfe 1996). Alternatively, plaice may
also require to re-orientate in order to successfully
navigate the post-spawning migration. External cues
used for navigation are still poorly understood (Metcalfe et al. 1993).
Identification of discrete blocks of rhythmic behaviour should make the interpretation of future studies of
plaice migration simpler, since the sequence of vertical
activity patterns appear to be similar, irrespective of
their location in the southern North Sea (Fig. 4). However, our study did not extend to the central and northern areas of the North Sea, where slow, tidal current
velocities prohibit the use of selective tidal stream
transport (Hunter et al. 2004a). It remains to be seen,
therefore, whether similar phases of activity can be
identified in areas where migration appears to be
achieved by directed swimming on the seabed (Hunter
et al. 2004a).
Our results also revealed that the vertical activity
patterns of plaice were related to the spring–neap
cycle. Activity was suppressed with a periodicity of
336 h (14 d), in phase with the spring–neap cycle. This
suggests that as well as there being a threshold below
which plaice are unable to take advantage of tidal
stream transport (Metcalfe et al. 1990), there may also
be a maximum tidal velocity above which swimming
behaviour is suppressed. Previous work has demonstrated that in areas of fast-flowing tidal streams,
plaice may have difficulty maintaining their position
on the seabed during times of peak flow (Arnold &
Weihs 1978). If the fish do not move into midwater to
escape the flow on the seabed, as suggested by our
results, their other option would be to seek refuge by
burying or sheltering in the lee of a sand wave (Gerstner & Webb 1998). Alternatively, exposure to fast tidal
streams during the spring–neap cycle may form part of
the system whereby plaice synchronise their behaviour with the overall tidal cycle.
Our results demonstrate the behaviour of adult
female plaice only, and it is possible, therefore, that the
vertical activity patterns of males differ. For example,
the predominance of males in midwater trawls on
Southern Bight spawning grounds (Arnold & Cook
1984) suggests that it is the male fish that seek out
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mates during spawning (Forster 1953, Solmundsson et
al. 2003). Adult females in the Southern Bight spend up
to 6 wk in spawning grounds before their return migration, whereas male residency in Southern Bight
spawning grounds can be up to 9 wk (Arnold & Metcalfe 1996). Furthermore, paired-haul midwater trawling experiments have also demonstrated a southward
migration of immature female plaice peaking in January, after the pre-spawning migration of the adults
(Arnold & Metcalfe 1996).

Relevance to stock assessment
Many forms of stock assessment, including the virtual population analyses routinely applied in fisheries
management, draw on information gathered by surveys to tune data on stock numbers-at-age. Surveys
are assumed to give unbiased estimates of the portion
of the stock available to the survey, but with large variation due to the relatively small sample size (Aglen et
al. 1999). The results of the present study clearly
demonstrate systematic spatial and temporal variation
in the vertical activity patterns of plaice. The plaice
were vertically active mainly at night, with a predominantly diurnal pattern, and are not therefore uniformly
accessible to survey by trawling (Harden Jones 1974,
Walsh 1991, Aglen et al. 1999).
The English ground-fish survey of the North Sea is
carried out during August/September each year using
beam-trawling gear. We already know from studies
using data storage tags that female plaice become
active and start to migrate southwards from mid to late
September (Hunter et al. 2004a). It is probable, therefore, that a varying fraction of the stock is not available
to the survey due to nocturnal swimming. This effect
could be even greater for male plaice, which arrive at
the spawning grounds prior to females (Rijnsdorp
1989), and must therefore begin their migrations earlier. Furthermore, the summer eastern English Channel survey is carried out during daylight hours only. As
our results suggest that plaice rarely leave the seabed
during summer, a 24 h summer survey could considerably reduce costs and time, or extend the scope of the
survey, which is aimed principally at plaice and sole.
The vertical activity of the fish may lead to a lack of
complete coverage within survey areas, a situation that
could produce faulty trends in survey indices. As further evidence for the potential significance of this effect, Bolle et al. (2001) calculated that conventional
tagging studies in the southern North Sea could significantly underestimate the true distances migrated by
plaice (as calculated from studies with electronic tags).
This difference was partially attributed to plaice being
less accessible to capture by trawling vessels during the

migratory period. Assuming that the accessibility of
plaice to capture by beam trawl is greatest when the
fish are located on the seabed, then our results suggest
that daytime trawls between May and August would
provide the most accurate survey results.
The outcome of surveys can further be affected
where the spatial dynamics of fish stocks are incompletely understood. Changes in the geographical distribution of a stock relative to the survey area could
lead to higher or lower survey indices (Harden Jones
1974). Changes in geographical distribution can be
caused by changes in migratory patterns or by changes
when commercial fleets are fishing more heavily in
some areas (local depletion), or both (e.g. Dinmore et
al. 2003). In addition to providing information on vertical activity, data storage tags can provide fisheriesindependent data (Hunter et al. 2003a) on the spatial
dynamics of fish stocks and the behavioural mechanisms which give rise to them.
In designing future surveys and deciding how to
interpret their findings, it is suggested that the behaviour of fishes will need to be adequately accounted for
in the calculation of survey indices of abundance (ICES
2002). The results of the present study illustrate how
this information can be provided. Future studies of
spatial and temporal variation in the vertical activity
patterns of plaice need to focus on the behaviour of
male fish, and behaviour in the northern and central
North Sea, where alternative migration strategies may
be predicted to result in very different vertical activity
patterns (Hunter et al. 2004a).
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