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ABSTRACT: The vert~cal migration of the sardine Sardina p~lchardus W. was investigated in terms of a 
dynamic movement in the wild. The hourly position of the centre of sardine density (the weighted mean 
depth of sardines in the water column) was estimated by means of a dual beam echosounder during the 
daytime. The luminance proflle of the water column was measured hourly over an extended network 
of 154 stations. The diel patterns of the vertical movements of the sardines were examined in relation 
to surface light intensity, bottom depth and ambient light intensity changes at the depth they occupied. 
Light intensity and bottom depth were found to affect the sardine movements. The centre of sardine 
density tended to level out as the light intensity increased and a wide range of 'preferred' light inten- 
sities was observed. An abrupt descending and ascending took place at dawn and dusk, respectively, 
whereas in the intermediate hours the depth of the sardines was rather constant. The importance of 
background light intensity seemed to be greater than measured light intensity. The field measurements 
were fitted to a cosine model to describe the pattern of die1 movements. 
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INTRODUCTION 

The diel vertical migration of clupeids towards the 
surface at dusk, when the schools disperse, and to- 
wards the seabed at dawn, when the schools reform, is 
well known (Woodhead 1966, Blaxter & Hunter 1982). 
Earlier investigations led to the conclusion that light 
played a major role in initiating these vertical migra- 
tions (Woodhead 1966, Blaxter 1970). Furthermore, 
light seemed to be the main stimulus that governed or 
influenced behaviour related to these movements, 
such as feeding, schooling and spawning (Blaxter & 
Parrish 1965, Woodhead 1966). Extensive surveys of 
vertical migration of marine organisms took place after 
the second World War as a result of the introduction 
and wide use of echosounders (Blaxter & Hunter 1982). 
Use of echosounders to plot the movements of schools 
helped to clarify the relationship between these move- 
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ments and the environment (Arnold 1995). A number 
of investigations have shown that the amplitude of 
such movements depends on the physiological state 
(e.g. maturity) and age of the migrating fish, as well as 
on the presence of temperature gradients, specific 
hydrographic conditions and predators (Woodhead 
1966, Blaxter & Hunter 1982). The importance of verti- 
cal migrations has been discussed extensively because 
they affect fisheries (Woodhead 1966, Blaxter 1970, 
Blaxter & Hunter 1982), as well as the estimation of fish 
abundance by means of echosounders. The latter 
effect is due to changes in the target strength, as a 
result of changes in the depth at which physostomous 
fishes are insonified (MacLennan & Simmonds 1992). 

There is a great deal of information about the vertical 
migrations of several species. Numerous laboratory ex- 
periments have dealt with the reactions of fishes to light. 
Considerable research has been focused on herring. 
Schools of herring break up at light intensity <0.1 mc 
(metre candle) and are re-established at 0.1 to 10 mc, 
while herring threshold for feeding is ~ 0 . 1  mc (Table 1). 
Our knowledge concerning the sardine Sardina pil- 
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Table 1. Light intensity thresholds (in rnc) of different clupeid species. PLI: preferred light intensity 

Species Break up of Reestablishment Luminance threshold PLI Source 
schools (mc) of schools (mc) of feeding (mc) (mc) 

Sardina pilchardus 
Sardina pilchardusd 
Clupea harengus 

Clupea harengus 
Clupea harengus 
Clupea harengus 
Clupea harengus 

Clupea harengusd 
Clupea harengusd 0.1-0.05 (May) 

0.5-0.01 (June) 
0.1-0.05 (July) 

Engraulis encrasicolus 0.1- 10 

'Measurements from fleld data 

<0.007 feeding singly 
<0.036 feeding as a group 

<0.01 

<0.1-10 

<0.001-0.01 

0.036-0.007 

0.1-50 (May) 
0.1-10 (June) 
0.1-10 (July) 

Muzinic (1963, 1964) 

25-100 Cushing (1960) 

Blaxter (1964) 

Blaxter (1966) 

Blaxter (1980) 

Batty et al. (1990) 

Blaxter (1964), Blaxter & 
Parrish (1965) 

Blaxter & Holiday (1958) 

1 0  l000 Blaxter & Parrish (1965) 

Blaxter (1970) 

chardus W, is more limited, despite the commercial 
importance of this fish, especially in the Mediterranean 
Sea (Stergiou 1989). Sardines schools are re-established 
at a light intensity 0.5 mc, while the threshold for feeding 
is <0.2 mc (Table 1). In spite of the importance of light, 
field data that directly correlate specific light intensities 
with fish displacement are limited (Blaxter & Parrish 
1965). There are no data available on how light affects 
the sardine's vertical migration movements in the wild. 
The vertical migrations of this fish have not been exam- 
ined as a dynamic reaction to ambient light intensity. 
The available field data usually correlate vertical mi- 
gration with time of day (Cushing 1960, Woodhead 1966, 
Culley 1970) and not with the ambient light intensity. 

The aim of the present study is to investigate the 
relationship between light intensity and the vertical 
migration of sardines in the wild, by means of hydro- 
acoustic and ambient light intensity measurements. 
The vertical migration of fish in relation to light was 
examined i n  situ in terms of a, dynamic process. A stan- 
dard model of movement, in relation to time of day, 
was constructed for each sub-area of the northern 
Aegean Sea, in summer. The sardines' die1 movements 
were examined in relation to ambient light intensity, 
ch.anges in ambient light intensity, bottom depth and 
auto-correlation factors. 

MATERIALS AND METHODS 

Sampling procedure. Data were collected during 2 
hydroacoustic surveys in the Thermaikos Gulf in June 
1995 and 1996 and in the Thracian Sea in June 1996 

(Fig. 1). The speed of the vessel was 8 nautical miles (n 
mile) per hour (Tsimenides et al. 1995). The acoustic 
system used was a 120 kHz dual-beam echosounder 
(Biosonics). The echoes were analysed using the soft- 
ware ESP V21 (Biosonics 1992). The light intensity pro- 
files of the water column were measured every 5 n 
miles, using a Quantum Scalar Profiling Sensor (QSP- 
200PD) which was attached to a SEA-BIRD CTD unit. 
All light intensity measurements (in ~.IE m-2 S-', 1 FE 
m-2 S-' = 51.2 mc) referred to light wavelengths in the 
range of 400 and 700 nm (the photosynthetically active 
radiation) and were transformed to candles on 1 m2 
(mc) for comparison with other studies. Over the course 
of the 154 stations, the light intensity profile of the 
water column was obtained every hour. The measure- 
ments of the light intensity at each station were aver- 
aged every 10 m and the resulting values were 
assigned to the depth of the midpoint in each depth 
interval. The mean bottom depth was also estimated 
hourly by averaging all the measurements of the 
echosounder over 1 h. 

Acoustic echoes were registered continuously along 
the transects and were integrated over each hour, serv- 
ing as 1 sampling unit. The main species in the area 
were Sardina pilchardus, Engra ulis encrasicholus, Tra- 
churus sp. and Sardinella aurita (Stergiou 1989). The 
sardine echoes were discriminated from those of other 
fishes by the characteristic echogram shape, size and 
back-scattered energy of their schools between 04:OO 
to 22:OO h. All unidentified schools (-8% of the total 
echo) have been excluded from the analysis. The main 
species that could be mistakenly identified as sardine 
was Sardinella aurita during the period of school 
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Fig. 1. Study area in the northern Aegean Sea during the research survey of 1996. Transects and the CTD stations are indicated 

reforming (-6% of the total echo). Since during this 
period all species remain approximately at the same 
mean depth, no significant bias was introduced due to 
mistaken identification. Information on fish schools 
was obtained by means of 10 identification hauls in 
1995 and 28 in 1996 (Table 2). A pelagic trawl with a 10 
mm cod-end and a vertical opening of 20 m was used 
in both surveys. A netsonde (Furuno CN-21) was 
attached to the headline of the net to identify the spe- 
cific schools fished. Trawling was carried out at a 
speed of 3 to 4 knots. 

The vertical distribution of the sardine was de- 
termined hourly by integration of sardine acoustic 
backscattering strength for every 10 m depth interval, 
from 5 m below the surface down to 95 m. For each 
sampling unit the weighted mean depth (WMD, or the 
centre of sardine density) was determined. The WMD 
of the sardine was calculated by weighting each depth 
with the corresponding concentration of fish (Heath et 
al. 1988): 

WMD = k 

5 S,  
,=l  

where S, = the sardine integrated acoustic cross section 
at depth i and D, = depth of fish in the water column, 
n = number of depth intervals. The WMD was assigned 
to the mid-point of an hour and was considered as the 
value of each sampling unit. The light intensity at the 

WMD (LIMD) was determined from the corresponding 
measurements in the water column. 

Data analysis. The analysis was performed for each 
of 2 sub-areas: the Thermaikos Gulf and the Thracian 
Sea, which have different bottom depths. Specifically, 
in the Thermaikos Gulf, bottom depths <l00 m pre- 
dominate, whereas in the Thracian Sea bottom depths 
>l00 m are common. In each sub-area, cross-correla- 
tion analysis was used to determine and compare the 
periodicity and phase differences of variations in WMD 
and the mean light intensity in the first 10 m (LI) in the 
water column (Heath et al. 1988). The results of cross- 
correlation analysis were used to estimate the lag in 
the fish response to light changes. Furthermore, step- 
wise multiple regression analysis (Wonnacott & Won- 
nacott 1981) was performed to examine the influence 
of light and bottom depth on the vertical movement of 
sardines. The Durbin-Watson test was used to check 
autocorrelation in regression models. Durbin-Watson 
tests the hypothesis of no autoregression (r = 0) against 
the hypothesis r > 0, where r is the coefficient of corre- 
lation between errors E, and E , - , .  Test values lower than 
2 at a significance level of 0.05 indicated positive auto- 
correlation (Kmenta 1986). 

The WMD values were further analysed by means of 
time-series techniques. The residuals of multiple 
regression analysis were used to produce a stationary 
time series. We used the Box-Jenkins ARIMA model 
process of order (p, d, q), which has the general 
expression: ARIMA (p, d, g): (l  - cp,B - cplB2 - . . .  
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Table 2 Catrh compos~tlon of the hauls Depth mean depth of the haul T m e  starting tlrne of the haul, Lat starhng la t~tude of the 
haul Long stdrting longitude of the haul. Other the percentages of the haul catch for each species, Total catch the total catch In g 

Depth 
(m) 

1995 
50.5 
4 3 
53.5 
4 0 
25 
25 
25 
30 
44 
20 

1996 
3 8 
26.5 
55  
4 5 
19.5 
30 
80 
4 4 
30 
27 
31.5 
20 
28 
30 
27 
22 
38  
25 
34 
21 
3 0 
4 3 
20 5 
4 4 
4 4 
62 
74 
3 5 

Time 
(h) 

Lat 
(NI 

40" 01' 
40" 13.5' 
3g043 8' 
40" 17.9' 
40" 15.6' 
40" 15.5' 
40" 11.5' 
40" 12.5' 
39" 55.6' 
39" 49.5' 

40" 33.7' 
40" 35.5' 
40" 50  5' 
40" 43.3' 
40" 37.4 '  
40" 23.3' 
40°21 7 '  
40" 26 3 '  
40" 26.7' 
40" 30 4' 
40" 33.6' 
40°48' 
40" 48 5 '  
40" 34 7 '  
40" 38 1' 
40" 32.3' 
40" 40.4' 
40" 39'  
40" 07.7' 
39O45.6' 
39O38.1' 
3g041'  
39" 42.5' 
40" 19.9' 
40°02.1 '  
40" 10.4' 
39" 50.5' 
39" 48.3' 

Long 
(E) 

Sardlna 
pilchdrdus 

56.25 
75.99 

2.25 
93.11 
96.63 

8.02 
12.22 
9.4 1 

74.21 
5 77 

11.76 
1.23 

87.82 
100.00 

0.00 
0.00 

100.00 
0.00 

20.00 
94.81 

0.00 
99.84 
95 81  
85.11 
95 10 
94 56  
28 84 
47.37 
99.46 

0.00 
85.71 

0.68 
2.27 

75.03 
76.92 
69  06 
91.50 

0.00 

- cppBP) ( l  - B ) ~  Y,  = ( l  - 0 , B -  02B2 - . . .  - OyBq)a, (Won- 
nacott & Wonnacott 1.981), where p is the order of the 
auto-regressive parameter; d is the difference order; q 
is the order of the moving average parameters; B 1s the 
back-shlft operator; BJY,  = Y,_ , ;  cp,,  q2,  ... are auto- 
regressive parameters; a( is random noise at time t ;  g , ,  
02,  . . .  are moving average parameters; and Y, is the 
observation at time t (Gutierrez & Morales-Nin 1986). 
After thls, we performed a second stepwise multiple 
regression analysis to examine all the known factors 
that could influence sardine vertical migration pat- 
terns, e .g  auto-correlation factors, light intensity and 
bottom depth. These factors were used as independent 
variables and the WMD as the dependent variable 

Engraulis Trachurus sp 
encrasicholus 

Other 

- 

0 00 
1.13 
0.00 
0.00 
0 00 
0.00 
3.55 
0.00 

25.79 
6.4 1 

0.00 
0.00 
6 41 
0.00 
0.00 
0 00 
0 00 

100 
0 00 
2.89 
0.00 
0.05 
0.00 
0.00 
0.25 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0 00 
0 00 
0 00 
0 00 
0.00 
0.00 
0.00 

Total 
catch 

3200 
3540 
1890 
5370 

12160 
9350 
7040 
2550 
1539 
1560 

1700 
1620 
1560 
600 
400 

5550 
1800 
1600 
1250 

30800 
1160 

93950 
38160 

3560 
27550 
15060 
8670 
1380 
7460 

31200 
1400 

11810 
1320 

14820 
1300 
4170 

18820 
21460 

To examine the sardines' response to light changes 
more thoroughly the following calculations were per- 
formed: (1) the WMD and LIMD were averaged for 
every hour of the 24 h period in the Thracian Sea 
(where the bottom effect was small), (2) the mean 
hourly change in the light intensity (ILI) was esti- 
mated by subtracting the LIMD from the light intensity 
at the same depth 1 h later. The ALI was examined in 
relation to changes in the WMD. 

Moreover, we estimated the light intensity level at 
which the sardines tended to be concentrated (the 
'preferred' light intensity: PLI) using LIMD values of 
sampling units that conformed with the following cri- 
teria: (1) measurements between 07:OO and 19:00 h 
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(where no significant changes in WMD had been ob- 
served), and (2) measurements without bottom effect 
(WMDs that were at least 20 m above the bottom). Fur- 
thermore, an area light intensity was estimated using 
the LIMD during the period between 07:OO and 19:OO h 
for each area and for each sampling period. The esti- 
mations were compared using analysis of variance and 
tested for homogeneity using the Bartlett test. All sta- 
tistical inferences were based on the p 50 .05  signifi- 
cance level. 

Diurnal curve of sardine vertical migration. The 
idealised curve of the sardine vertical migrations, as 
well as the time of their theoretical maximum depth, 
was estimated using cosine analysis. Specifically, we 
fitted WMD to a cosine model (Nelson et al. 1979): 

WMD = CO + C .  cos(ot + d) ,  

where o is the angular frequency (25r/24); t is the time 
of day; C is the maximum deviation of the theoretical 
curve from the level CO; and the acrophase d is the 
hour of maximum positive deviation from the curve 
(Kuhn et al. 1986). The acrophase value was used to 
estimate the time of maximum depth. The curves of the 
WMD were separately examined in the 2 sub-areas: in 
the Thermaikos Gulf (where depths <l00 m predomi- 
nate) and the Thracian Sea (where depths >l00 m are 
common). 

RESULTS 

The cross-correlation analysis between WMD and L1 
(mean light intensity of first the 10 m in the water col- 
umn) showed an estimated lag of 1 h in the Thracian 
Sea and a zero lag in the Thermaikos Gulf in 1995; no 
significant correlation between WMD and L1 was 
found in the Thermaikos Gulf in 1996 (Fig. 2). The rela- 
tionships between WMD and LI ,_ ,  ( t  = h) were multi- 
plicative (Table 3A). The results of stepwise multiple 
regression analysis among WMDs used as the depen- 
dent variable and LI ,_ , ,  BD (bottom depth) used as the 
independent variables, gave low values for the Durbin- 
Watson test (Table 3B).  The latter revealed the exis- 
tence of autocorrelation (Zar 1985) among the values of 
WMD. The difference between the 2 surveys for the 
Thermaikos Gulf seems to be due to the timing of 
sampling. The greatest bottom depths were insonified 
during daylight in 1995, whereas in 1996 the greatest 
bottom depths were insonified at twilight and during 
nighttime. As greater depth was insonified in the Ther- 
maikos Gulf in 1995, during high light intensity, a 
small influence of light intensity was observed. 

The estimated ARIMA model revealed that the val- 
ues of WMD were autocorrelated with lag = 1 h 
(Table 4) ,  e.g. each value of WMD was related to the 

lag (hours) 

Fig. 2. Sardina pilchardus. Cross-correlation function be- 
tween weighted mean depth and light intensity in the first 
10 m. ( A )  Thracian Sea; (B) Thermaikos Gulf in 1995; (C) 
Thermaikos Gulf in 1996. Dashed lines: signif~cance level of 
correlation (p < 0.05). Vertical lines correspond to time lag 
zero; the left sides correspond to negative time lags (correla- 
tion of current values of light with previous values of depth) 
and the nght sides to positive time lags (correlation of current 

values of light with future values of depth) 
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Table 3. Sardjna pilchardus. Simple and multiple regression analysis by area and sampling period. WMD: weighted mean depth 
or the centre of density; LI: mean light density of the first 10 m in the water column in pE m'' S"; BD: bottom depth in m; t :  time 

in h; R': coefficient of determination; F: value of F-test. 'Significance at the p < 0.05 level 

Area Regression model R2 F Durbin-Watson 
test 

(A) Simple regression 
Thracian Sea WMD, = 3.64 X LI,. 0.366 21.37' 0.508' 
Thermaikos Gulf 1995 WMD, = 3.64 X 0.354 17.54 ' 0.849' 
Thermaikos Gulf 1996 WMD, = 3.73 X L I ~ - O , ~ * ~  0.070 0.04 0.845' 

(B) Multiple regression (without autocorrelation factor) 
Thracian Sea WMD, = 30.93 X LI,-10.082 + 0.06 X BD, 0.523 21.30' 0.679' 
Thermaikos Gulf 1995 WMD, = 41.17 X L1F.O" + 0.11 X BD, 0.502 17.15' 1.055' 
Thermaikos Gulf 1996 WMD, = 29.47+0.16 X BD, 0.230 16.27 ' 1.088' 

(C) Multiple regression (with autocorrelation factor) 
Thracian Sea WMD, = 13.47 X L I , ~ ~ ~ - ~ ~ ~  + 0.76 X WMDI-l 0.774 16.38 ' 1.804 
Thermaikos Gulf 1995 WMD, = 20.55 + 0.59 X WMDkI 0.347 14.28' 2.363 
Thermaikos Gulf 1996 WMD, = 20.27 + 0.55 X WMD,_l 0.343 23.48' 2.061 

Table 4. Sardina pilchardus. ARIMA models of WMD. Y = WMD in second half, the ALI decreased at a constant rate 
m; t = time in h; a, = is random noise at time t; ARIMA model = (p. (lzig, 3B). ~ ~ ~ t h ~ ~ ~ ~ ~ ~ ,  the LIMD was also used to 
d, g), where p is the order of the auto-regressive parameter, d is the 
difference order and q is the order of the moving average parame- 

calculate the luminance in the horizontal direction 

ters. Estimated standard error (*) is shown. 'Significance at the p < and luminance in the direc- 
0.05 level tion. According to Whitney (1969) luminance in 

Area Adjusted ARIMA ARIMA equation 
model (p ,  d ,  g )  

Thracian Sea ( l , O , O ) .  Y ,  - 0.77 X = 11.88 + a,  
* 0.09 

Therrnaikos Gulf ( l ,  0,O) Y, - 0.63 X = 18.10 + a ,  
1995 k0.16 
Thermaikos Gulf (l, 0,O) Y, - 0.63 X Y,-l = 14.91 + a ,  
1996 + 0.10 

the horizontal direction and in the vertically 
downward direction is approximately 1/10 and 
1/50 of the vertically upward direction, respec- 
tively (Fig. 3C). Since the absorption of light with 
depth is exponential, small changes in depth 
resulted in much greater changes in LIMD (the 
light intensity at the mean depth of sardines). This 
effect was clearer after 10:OO h (a dip in the light 
intensity curve) since after this time light intensity 
in the surface was more stable and the sardines 
was found deeper in the water column (Fig. 3A). 

previous one. The second stepwise multiple regression Analysis of variance between PLI and area light 
analysis among WMDs used as the dependent variable intensity showed that light intensity at the WMD in the 
and L1,-,, BD, and WMD,-* used as the independent Thermaikos Gulf (shallow area) was higher than that 
variables showed best fit to the data with no autocorre- in the Thracian Sea (deep area) at a significance level 
lation among the values of WMD (Durbin-Watson test of p < 0.05. The mean values of LIMD during twilight 
value = 2). In these relationships the variable WMD,_,  together with PLI values are presented in Table 5. Our 
incorporated the bottom depth effect (Table 3C) .  Fur- field measurements, for the reforming or breaking up 
thermore, the results of regression analysis (with auto- of schools were slightly higher during twilight than the 
correlation factors) revealed that only in the Thracian thresholds estimated in the laboratory. Furthermore, a 
Sea (deep waters) did Light intensity make a significant wide range of PLI was estimated (Table 5), implying 
contribution to the explained variance (-45%). The that sardines probably did not adjust their depth 
absence of the L1 variable from the Thermaikos Gulf according to the vertically upward luminance, but 
models was probably due to the bottom effect. Conse- rather according to the horizontal or the vertically 
quently, only data from the Thracian Sea were used for downward (background) luminance (Fig. 3C). 
further analysis. The time of deepest WMD was estimated from 

The WMD in relation to the corresponding ambient cosine analysis to be after midday (approx. 12:37 to 
light intensity (LIMD) is presented in Fig. 3A. The ALI 12:45 h) in the Thracian Sea (Fig. 4 )  and in the Ther- 
(hourly changes of light intensity at WMD) remained maikos Gulf in 1995, whereas no significant cosine 
more or less constant in the first half of the day. In the relationship to describe the die1 sardine depth curve 
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was found for the Thermaikos Gulf in 
1996 (Table 6). The amplitude of the 
vertical displacement of the sardines 
was greater in deeper than in shal- 
lower water. 

DISCUSSION 

Clupeids undergo diurnal vertical 
migrations which are triggered by 
light (Blaxter & Parrish 1965, Wood- 
head 1966, Blaxter 1970). As regards 
vertical migration, particular attention 
has been given to the behaviour of 
clupeids because of their wide distrib- 
ution, their commercial inlportance 
and the often well-defined nature of 
their movements (Woodhead 1966). In 
terms of vertical migration and behav- 
iour under different experimental 
light conditions, herring and sardines 
are the most intensively studied 
fishes. Nevertheless, field studies of 
the vertical migrations and the behav- 
iour of these species in relation to light 
intensity are Limited. 

The present study revealed that the 
main factors affecting the vertical 
migration of sardines in the field were 
light intensity and bottom depth. 
Specifically, sardines tended to regu- 
late their position in the water column 
according to the ambient light inten- 
sity when they were not restricted by 
the sea bed. In this case the fish 
responded to changes in the surface 
light intensity with a lag of 1 h. Obvi- 
ously, the sampling unit (1 h) limited 
the precision of our lag estimations. 
Weston & Andrews (1990), using sonar 
observation over a period of 5 yr, 
examined the timing of the breaking 
up and reforming of sardine schools. 
They found a difference in response at 
dawn and dusk. Specifically, they 
found that the sardines' response lags 

.h' Sunset 

-p- 

- .  

l...... W( m)--- 

O+. 
I : : . - ,  r ,-W- 

I - - - m -  - WMD (m) +ALI (mc)! 

1 W .  l 'L- 
" - P- . -. - 1.. 

Time (hours) 
. - -  p - -  p - - -  

- - - - LlMD (mc) upward d~rectlon LlMD (mc) hor~zontal d~rectlon 
l- LlMD (mc) downward d~rect~on 
- 

Fig. 3. Sardina pilchardus. (A)  WMD and its corresponding light intensity at the WMD (LIMD) in the Thracian Sea. Sunrise and 
sunset indicated by arrows. (B) WMD in the Thracian Sea with the corresponding hourly changes in ambient light intensity (ALI). 
The confidence intervals of the WMD are fitted. Positive values of ALI indicate increase in light intensity during the first part of 
the day, while negative values indicate decrease in light intensity during the second part of the day. (C) Mean hourly LIMD with 
confidence intervals of estimation in the Thracian Sea. The LIMD calculated horizontally and vertically downward are also indi- 
cated for comparison. Horizontal luminance was calculated as 1/10 of the vertically upward luminance, while the downward 

luminance was calculated as 1/50 of the upward luminance (Weston & Andrews 1990) 



36 \tar Ecol Prog Ser 178: 29-38, 1999 

Table 5. Sardina pilchardus. Estimated preferred light inten- 
sity (PLI), as well as light intensity at the mean depth of sar- 
dines (LIMD), with standard error during twilight. PLI in mc 
estimated for all areas and sampling periods; minimum and 
maximum PLI values also given. Minimum values given for 
twilight are an approximation to the light intensity thresholds. 
Sunrise during the sampling ranged from 05 00 to 05:04 h, 

and sunset was from 19:45 to 19.50 h 

Time (h) Thracian Thermaikos Thermaikos 
Sea Gulf 1995 Gulf 1996 

LIMD 
04:OO-05:OO 

Average value 1.43 r 0.1 1.50 s 0.3 1.31 i 0.2 
Range 1.01 - 2.40 0.94 - 1.99 0.93 - 1.69 

05:OO-06:OO 
Average value 1.94 + 0.4 5.63 r 1.6 16.38 i 15.3 
Range 1.32 - 2.66 3.31 - 7.40 1.56 - 41.31 

21  00-22.00 
Average value 1.26 r 0.3 1.68 r 0.3 1.04 r 1.0 
Range 0.94 - 1.93 1.04 - 2.01 0.94 - 1.84 

PLI 
Average value 538.52 r 11.6 
Range 63.8 - 1510.7 

30 min at  dusk and 4 5  min at dawn behind the respec- 
tive light intensity values. Consequently, the shoals 
dispersed quite rapidly, whereas fish spread over an 
area may need some time to find each other and con- 
gregate into a school (Weston & Andrews 1990). Fur- 
thermore, cosine analysis of our data revealed that sar- 
dines reached maximum depth 37 to 45 min after 
midday (maximum light intensity). 

The hourly position of sardines was autocorrelated in 
the 3 models. When the autocorrelation factor was 
used in the models, it incorporated the bottom effect. 
The autoregressive factor expressed the rate of sardine 
movement in the water column. It is known that sar- 
dines move offshore during the daytime and inshore 
during the night (Skrivanic & Zavodnik 1973). The 
relationships we describe confirm this phenomenon. 
Sardines migrated vertically faster when there was 
only a small or no bottom effect (Thracian Sea) than 
when they were moving to deeper water along the bot- 
tom slope (Thermaikos Gulf). In conclusion, the models 
did not differ from each other from an ecological point 
of view: only the different strength of the factors 
involved affected sardine movements. 

A significant percentage of variance remains unex- 
plained. In addition to bottom depth and light intensity, 
several other factors determine the depth position of 
sardines in the water column that have not been taken 
into account in the present study. Among them the 
most important are individual fish size (Protasov 1970), 
the presence of other species and schools (Masse et al. 
1996) and the presence of predators (Masse et al. 

1996). It appears that the factors that affect sardine 
position, other than light and bottom depth, tend to 
decrease the depth of the centre of density (Woodhead 
1966). 

We used the Thracian Sea measurements for further 
analysis of sardine movement, as only in the Thracian 
Sea (deeper water) did L1 explain a high percentage 
(-45%) of the total variance (Table 3C). The multi- 
plicative relationship between L1 and WMD revealed 
that the centre of sardine density tended to level out as 
the corresponding ambient L1 increased. The same 
was observed in the mean hourly WMD (Fig. 3B). We 
distinguished 3 phases of sardine movements during 
the daytime: (1) descending at dawn, (2) holding 
depths and (3) ascending at dusk. The centre of sar- 
dine density descended between 04:OO and 07:OO h 
and ascended between 19:00 and 22:OO h. In between 
dawn and dusk, sardines remained at about the same 
depth, with only a small adjustment of their position to 
the ambient light intensity. 

Descending, ascending and holding at  depth seem 
to be regulated by different mechanisms. Specifically, 
2 patterns of change in ambient light intensity (ALI) 
were observed during the daytime. In the first part of 
the day there was a rather constant increase in LI. Dur- 
ing the last part of the day there was a gradual 
decrease in ambient LI. Sardine depth increased in the 
first hours of the day and tended to stabilise when 
ambient L1 had increased from 52 to 166 mc. The 
reverse was observed during ascension, the sardines 
began to ascend when the ambient light decreased 
from 84 to 51 mc. It seems that a threshold between 84 
and 51 mc triggered the end of the abrupt descent and 
the beginning of the return of the sardines to the sur- 

Thracian Sea 
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Fig. 4. Sardina pilchardus WMD values in the Thracian Sea 
(observed values) and the corresponding cosine curve (pre- 

dicted values) 
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Table 6 Sardina pilchardus. Cosine analysis of Wh4D in m; t = time in h; R2 = coefficient of determination; F = value of F-test. 
'Sign~ficance at  the p < 0.05 level 

Area Cosine model R' F 

Thracian Sea WMD = 51.55 - 25.29 cos[(2rr/24)t + 12.371 0.707 28.11' 
k0.29 k0.54 k0.102 

Thermaikos Gulf 1995 WMD = 47 20 - 7.08 cos[(2x/24)t + 12.451 0.271 10.15' 
& O  20 k0.34 20.25 

The rma~kos  Gulf 1996 WMD = 40 62 - 1.76 cos[(2n/24)t t 8.521 0.013 0.36 
r 0  18 k0.35 r2 .24 

face. Muzinic (1964) reported that the sudden change 
of white light from 10 to 100 mc induced an immediate 
descesion of sardines under experimental conditions. 
This value seems to be high for a threshold in the field. 
We estimated that ambient LI at  the depth of the sar- 
dines increased at a rate of 100 to 200 mc h-'. Further- 
more, this change activated descension only during the 
first hours of the day, whereas later in the day similar 
changes did not induce significant changes in sardine 
depth. 

There was a wide range of PLI during the daytime. 
The same has also been reported by Blaxter & Parrish 
(1965) for herring. According to their results, although 
the PLI varied (10 to 1000 mc), herring showed no con- 
sistent tendency to be deeper on bright days or in 
clearer water. They found no evidence that actual day- 
time depth of the herring depended on light intensity. 
Cushing (1960) reported 25 to 100 mc as a 'preferred' 
range of light intensity for the sardine in the English 
Channel during summer. These values, which were 
calculated using surface luminance, were much higher 
than our estimate. The range estimated by Cushing 
(1960) corresponds to our minimum measurements and 
to the PLI in the horizontal plane (Fig. 3 C ) .  

It seems that the background luminance is the most 
important factor for sardine vertical migrations. During 
the early hours of the day there was a sudden increase 
in light over the dark background of the sea, which 
activated negative phototactic behaviour resulting in 
the fish descending. Subsequently, when the light 
became diffuse and the background light intensity 
high, sardines did not change their depth significantly. 
An equal change in the ambient light intensity resulted 
in much smaller changes in sardine position compared 
to those during the first hours of the day. The contrast 
between fish and ambient light intensity could be a cri- 
terion for fish reflugence adjusting their depth. Specif- 
ically, fish tend to adlust their depth so as minimise 
their contrast with the background; that is, minimising 
the ratio (F- B ) / B ,  where F and B are the brightness of 
the fish and the background respectively (Blaxter 
1980). However, what sardines really see and what 

causes them to regulate their depth is questionable. 
Probably, in their attempts to match the background 
space light level they are relying more on horizontal or 
upwelling light intensity than the downwelling light 
that we measured (Blaxter & Parrish 1965, Whitney 
1969). If this is so, the PLI will be much lower (Fig. 3C). 
The relationship between the amount of light required 
for image perception and ambient luminance is depen- 
dent upon the scattering properties of the water and is 
independent of light intensity, so that, above a critical 
visual threshold, underwater visibility can be expected 
to be almost constant over a wide range of intensities 
(Sokolov 1961). 

At dusk the decrease in light activated the reverse 
effect, i.e. positive phototactic behaviour. Specifically, 
although light intensity decreased (the background 
became darker) fish ascended only when the ambient 
light decreased to less than 84 mc. During this time 
interval, the background became darker and the light 
less diffuse. When the background became dark 
enough and the sunlight more localised, positive pho- 
totaxis was activated and the fish ascended. Their pos- 
itive phototaxis at dusk was associated with feeding 
behaviour (Vucetic 1961). Fishing with light at night 
takes advantage of this behaviour. During the night, 
sardines tend to concentrate in the vicinity of isolated 
light sources. Verheijen (1955) noted that this behav- 
iour was not caused by the light itself but by the dark- 
ness of the environment. It is well known that the dif- 
fuse light from the moon makes fishing with light 
ineffective. 

The field measurements during twilight were always 
higher than the thresholds estimated in the laboratory. 
Specifically, all the mean values during twilight at sea 
were higher than those estimated in the laboratory for 
the breakup or reformation of sardine schools. Assum- 
ing that high light intensity levels restrain feeding 
(Muzinic 1963, 1964), the sardines began feeding after 
21:OO h in the summer. Possibly, the more frequent the 
measurements of light intensity, the more accurate the 
determination of light thresholds in the field will be. 
Our hourly measurements during twilight did not pro- 
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vide t h e  desired precision. Continuous measurement  
of light intensity is necessary to  est imate field thresh-  
olds (Blaxter & Parrish 1965). Field conditions tha t  
influence fish behaviour a r e  a g rea t  dea l  more  compli- 
ca ted  t h a n  w a s  once  thought ,  a n d  extensive, large-  
scale  s tudies  a r e  required to improve our understand-  
ing  of fish behaviour  in  the  wild. 
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