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ABSTRACT

Egg size of the common sole Solea solea (L.) was studied from ichthyoplankton surveys conducted 
between 1987 and 1991 in seven different areas ranging from the Bristol Channel and western English 
Channel to the German Bight of the North Sea, encompassing central as well as peripheral parts of the 
distribution range of the species. Egg size showed a seasonal decline of 0.00179 mm-d"1. Egg size at 
peak spawning decreased from 1.37 mm in central areas in the south-west to 1.13 mm in peripheral 
areas in the northeast, corresponding to a decrease in egg volume of 44%. The difference in egg size 
between areas coincided with differences in the timing of spawning, but a significant small geograph­
ical difference in egg size remained after removing the seasonal effect. Egg size was largest in the 
southwestern areas and decreased to the northeast. The close relationship between spawning time, 
egg size and egg number (fecundity) suggest that these are three aspects of a common process of 
ovarian development which is influenced by the photoperiod and temperature. Egg size increased 
between fertilization and hatching, suggesting that the mortality process is size-selective with a 
higher mortality rate for smaller eggs. A negative relationship between egg mortality and egg size was 
observed among the seven sole stocks studied and also in a study of literature data on egg mortality 
rate of various species spawning in the North Sea and adjacent areas. The ecological implications of 
these results are discussed.

1. INTRODUCTION

Seasonal pa tte rns in egg size in marine fish are well 
docum ented (Ehrenbaum , 1905, 1909; Bagenal, 
1971). Egg s ize  declines from  w inter to spring and 
increases again during autum n. This seasonal pattern 
is apparent w ith in , as well as am ong, species.

G eographica l patterns in egg s ize  are less well 
docum ented. In the ir classical study, Blaxter & 
Hempel (1963) showed that the mean size of herring 
eggs d iffe red w ide ly  between various areas in the 
North Sea: sm all eggs being produced in northern 
spawning popu lations, large eggs in southern. Flem ­
ing & G ross (1990) showed that egg size in Pacific 
salmon decreased  w ith latitude, but Miller e t al.
(1991) found tha t egg size increased with the north­
ern lim it o f the  la titudinal range in North American flat­
fish. In northw este rn  Pacific flatfish, M inami & Tanaka
(1992) show ed tha t egg size decreased from offshore 
to inshore spaw n ing  species. In the above studies the 
geograph ica l d iffe rences were on ly related to differ­
ences in spaw n ing tim e and there fore did not a llow  us 
to  tes t w he the r d ifferences in egg size occur between 
geograph ica l a reas w h ich are not related to the differ­
ences in the  tim ing  of spawning.

Egg s ize  is v iew ed as having evolved in response 
to  the probab ility  fo r larvae to  find suitable food and to

the m ortality risk due to predation (Svärdson, 1949; 
Rothschild, 1986). The seasonal decline in egg s ize  is 
seen as an adaptation to the change in the size s truc­
ture of the  p lankton to sm aller particles (Hem pel & 
Blaxter, 1967; Jones & Haii, 1974; Ware, 1977; 
M cEvoy & McEvoy, 1991). However, others have 
in terpreted the  seasonal decline as an eco-pheno- 
typic response to increasing water tem peratures w ith ­
out an adaptive significance (Bromley et al., 1986; 
Devauchelle e t al., 1987; Daouglas & Econom u, 
1986).

Variations in egg size may have important eco log i­
cal im plications because it m ay affect the survival of 
eggs and larvae (Knutsen & Tilseth, 1985; Rothschild, 
1986; H inckley, 1990; Pepin, 1991; Heath, 1992; 
M inami & Tanaka, 1992). A lthough the causes of egg 
and larval m ortality are not we ll known, it is generally 
be lieved that predation is a  m ajor cause (M cG urk, 
1986; Houde, 1987; Bailey & Houde, 1989). Support 
fo r the predation hypothesis was given by R ijnsdorp & 
Jaw orski (1990), who showed that egg m orta lity in 
plaice and cod eggs was size-selective. The s ize - 
selective m orta lity led to a higher mortality o f the  
sm a lle r cod eggs as com pared to plaice eggs, and to 
an increase in the  mean egg size between fertilization 
and hatching. The size-selective mortality estim ated 
from  the  d iffe rence in mortality between the species,



256 A.D. RIJNSDORP & B. VINGERHOED

North Sea
55

00000

B ris to l
-Vxr Ch.

49
E nglish  Ch.

west
o 44 2 6 82

Fig. 1. Map of the study area with the geographic names, 
and sampling areas for egg size. The major concentrations 
of sole eggs are indicated according to ICES (1992a).

appeared to be close to the s ize-selective m ortality 
estim ated from  the change in egg size from fertiliza­
tion to hatching in both plaice and cod eggs.

In this paper w e study the  seasonal and geograph i­
cal patterns in egg size in sole by m easuring the 
d iam eter o f eggs sam pled during a series of ichthyo- 
p lankton surveys conducted in the spawning season 
of seven stocks o f sole encom passing both the  centre 
of the  distribution range and peripheral areas. These 
areas are inhabited by d istinct sole stocks, character­
ized by d ifferent levels and patterns of variab ility  in 
recru itm ent (R ijnsdorp e t al., 1992) and fecundity 
(G reer W alker & W ittham es, 1990; Horwood, 1993; 
W ittham es e t al., ms.). Special attention is given to 
the relation between egg size and mortality, by study­
ing changes in egg size between fertilization and 
hatching in separa te  areas, and by review ing the  rela­
tionsh ip  between egg m ortality and egg size from 
several fish species that spawn pelagic eggs in the 
North Sea and adjacent areas.

2. M ATERIAL AND M ETHODS

2.1. PLANKTON SAMPLING

Sole eggs were collected during routine ich thyop lank- 
ton surveys carried  out principally in 1991. In two 
areas som e sam pling was conducted in 1989 and
1990. The surveys were aim ed at estim ating the  total 
egg production of sole in various m anagem ent areas 
fo r assessm ent purposes (Van Beek, 1989; ICES
1991, 1992a). In the  present study, sub-areas w ere  
defined through known differences in the  fecundity- 
size re lationship. The sub-areas d istinguished are 
shown in Fig. 1 and include: 1. G erm an Bight, 2.

Texel, 3. Belgian coast, 4. F lam borough. 5. eastern 
English Channel, 6. western English Channel and 7. 
Bristol Channel.

P lankton samples were collected w ith a  high speed 
torpedo which is fished in ob lique hauls from the sea 
surface to about 5 m above the  sea bed (ICES, 
1986). Mesh size was 540 ¡im . Egg sam ples were 
fixed in buffered 4%  form aldehyde. Egg d iam eter was 
m easured with an ocular m icrom eter to the  nearest 
0.033 or 0.05 mm. M easurem ents were carried out on 
fixed m aterial at least 6 m onths after fixation. The 
reported egg sizes will be sm aller than the  actual egg 
size due to shrinkage (H islop & Bell, 1987). Through­
out the paper, egg size w ill refer to the diam eter of the 
eggs.

2.2. SIZE-SELECTIVE MORTALITY

All estim ated egg morality rates are expressed as 
instantaneous mortality rates (d~1). If egg m ortality is 
a  linear function of egg size (O): M  = a + b  <£>, and if 
egg size is normally distributed w ith m ean ¡j. and vari­
ance o2 , the change in mean egg size per unit of tim e 
(d) can be described as (Jones, 1958; R ijnsdorp & 
Jaworski, 1990):

d =  b  a2 (eq. 1)

where b equals the difference in m orta lity rate of eggs 
differing by one size unit. In the  present study the 
units of size and tim e are 1 mm and 1 day, respec­
tively.

The change in egg size between fertilization and 
hatching was estimated from the  regression of the 
seasonal mean egg size of the  four developm ental 
stages, defined according to Riley (1974), against 
their mean age. Seasonal mean egg size was calcu­
lated fo llow ing the procedure of R ijnsdorp & Jaworski
(1990) tha t averages the survey mean egg size by 
we ighting over the stage-specific daily production 
over the  com plete spawning season. T he  mean age 
of each developm ental stage was calculated accord­
ing to the  form ulae given in ICES (1992a) based on 
Riley (1974), and using the tem peratures recorded 
during the  surveys at 5-m depth. Stage specific 
m easurem ents were collected for the  1991 surveys in 
areas 1 , 2 , 3  and 5.

2.3. LITERATURE REVIEW

The review  of egg mortality rates and egg size was 
restricted to the North Sea and ad jacent continental 
shelf areas, excluding other ecosystem s such as 
upwelling zones. The analysis w as fu rthe r restricted 
to da ta sets that covered the  tota l spawning period. 
S tudies tha t estimated m ortality rate from  a single 
survey were excluded. For those stud ies tha t d id not 
report egg sizes, mean size was based on literature 
data: p la ice 1.871 mm, cod 1.424 mm (R ijnsdorp &
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TABLE 1
Mean egg diameter (<f>, mm), standard deviation (SD) and number (n) of sole eggs measured, the midpoint of the surveys 
(days after 1 January) and the ambient sea water temperature (°C) measured at 5 m and weighted over the daily oroduction 
of stage 1 eggs. Data are for sole eggs that were fixed in 4% buffered formaldehyde.

year midpoint 
(days after ? January)

O

(mm)

S.D. n temperature

r c )

1 - North Sea: German Bight (IVb east)
1989 118 1.244 0.054 104 6.8
1989 192 1.083 0.058 263 16.7
1990 115 1.196 0.057 286 9.2
1990 171 1.045 0.052 117 14.4
1991 113 1.204 0.058 184 7.7
1991 150 1.107 0.048 358 11.0
1991 169 1.072 0.041 152 11.8

2 - North Sea: Texel (IVb, c)
1991 79 1.275 0.039 8 6.5
1991 108 1.207 0.052 473 8.0
1991 140 1.089 0.064 368 10.3
1991 168 1.077 0.049 55 12.4
1991 192 1.150 0.024 2 15.6

3 - North Sea: Belgian coast (IVc)
1989 110 1.227 0.054 562 8.7
1990 86 1.243 0.054 408 8.7
1990 142 1.143 0.050 282 13.7
1991 106 1.223 0.050 354 9.0
1991 134 1.218 0.055 343 9.8
1991 162 1.136 0.066 59 12.3

4 - North Sea: Flamborough (IVb west)
1991 106 1.311 0.019 O

sj 6.6
1991 135 1.287 0.040 26 9.1
1991 164 1.235 0.058 31 11.4

5 - eastern English Channel (Vlld)
1991 83 1.292 0.060 335 7.8
1991 105 1.271 0.068 634 8.8
1991 139 1.242 0.064 185 10.1
1991 154 1.219 0.077 152 11.3

6 - western English Channel (Vile)
1991 60 1.441 0.062 142

COCO

1991 79 1.421 0.076 48 8.6
1991 111 1.324 0.068 391 9.6

7 - Bristol Channel (VIIf)
1990 70 1.404 0.050 640 9.2
1990 93 1.334 0.056 794 9.2
1990 120 1.301 0.048 142 9.7

Jaw orsk i, 1990) and sprat 1.05 mm (Russell, 1976). 
For so le the egg size at peak spaw ning tim e was 
taken as predicted from  our results (Table 5).

Tem perature has been included in the  analysis

because egg m ortality may be affected by it (Harding 
et al., 1978a; Van der Land, 1991 ; Pepin, 1991 ). Tem­
perature data used are the  am bient tem perature 
experienced by stage-1 eggs. If tem perature data
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Fig. 2. Relationship between the mean egg size (mm) and the midpoint of the sampling 
period.

w ere  not ava ilab le  from the original paper, they were 
estim ated from  the reported age at hatching and the 
re la tionsh ip  betw een developm ental rate and tem per­
ature ava ilab le  in the literature: plaice -  Ryland & 
N icho ls (1975); cod - Thom pson & Riley (1981); sprat 
-M illig a n  (1986).

In the  ana lys is  of egg m ortality (M) the fo llow ing 
m odel was used:

In M  =  O + T  + S  + &  T, (eq. 2)

w here  <3> is egg size, T  is tem perature, S is species 
and S- 7"is the  in teraction of tem perature and species. 
The ra tiona le  fo r choosing the natural logarithm  of 
m orta lity is tha t with this transform ation the model 
becom es m ultip licative .

2.4. STATISTICAL METHODS

A na lys is  o f (co)variance technique was applied to 
s tudy the  e ffect o f various variab les on egg size using

the NAG statistical package GLIM (Baker & Neider, 
1978). The contribution of each covariable was esti­
m ated by backward elim ination. Variance tha t could 
not be ascribed to a s ingle covariable was included 
as m ulticollinearity.

3. RESULTS

3.1. EGG SIZE

Data on mean egg size are presented in Table 1 and 
encom pass the total spawning period for areas 1 - 6 
in 1991 and for area 7 in 1990. For area 1 and area 3, 
additional data are given from sam ples taken in 1989 
and 1990. Egg size gradually declined from  m axim um  
values around 1.45 mm in late February to around 
1.05 mm in June (Fig. 2).

The seasonal decline in egg size coincided w ith a 
sh ift in the spawning period between the areas indi­
cated by the  arrows in Fig. 2. The tim e of peak 
spaw ning was determ ined by fitting a parabolic

1 6

1 5
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1 3 
1 2 

1 1 
1 0 
9 
8 

7 
6
5

30 60 90 120 150

Day number since 1 January

180 2 1 0

Fig. 3. Seasonal changes in water temperature (°C) at 5 m depth observed during the 
ichthyoplankton surveys.
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TABLE 2
Results of the ANOVA of mean egg diameter (O) as function 
of the day number (D), area (A) and temperature (T) accord­
ing to the GLM model: O = a + $D + A + yT+  ß'A.D, weighted 
over the number of eggs measured in each sample. The mul- 
ticollinearity term shows the part of the explained variance 
that can not be ascribed to either A or D.

covariable sum of 
squares

degrees
of

freedom

mean
square

F P

D 12.235 1 12.235 76.66 <0.01
A 15.207 6 2.535 15.88 <0.01
multicollinearity 41.765
error 3.671 23 0.160
T 0.301 1 0.301 2.35 NS
A.D 1.483 6 0.247 1.93 NS
error 2.046 16 0.128
total 72.879 30

regression through log-transform ed daily production 
values of s tage 1 eggs as given in ICES (1992a) and 
Norwood (1993). Peak spawning shifted by two mo 
from southw est to northeast, respectively, from  late 
M arch in areas 6 and 7 to late May in areas 1 and 4. 
The other areas were intermediate. The earlier 
spawning in the  southwestern areas coincided with 
h igher w inter tem peratures (Fig. 3).

To disentang le the  seasonal, geographica l and 
tem pera ture  effects on egg size, an analysis o f covar­
iance was carried out tha t employed a  generalized 
linear model (GLM) of mean egg size (O) as a func­
tion o f day num ber (D), area (A ) and tem perature (7). 
A rea was entered as a categorial variab le with seven 
levels cod ing for the  areas distinguished in the 
present study. Because not all mean egg size m eas­
urem ents were equa lly precise, the num ber of eggs 
m easured w as used as a weighting factor. Ana lysis of 
the  GLM  model:

1> = a  + ßD + A + y  7" + ß'A ■ D

TABLE 3
Parameter estimates of the GLM model of mean egg size (<t>) 
as function of the day number (D) and area (A) according to 
the GLM model: 0  = a + bD  + A.

TABLE 4
Results of the ANOVA of mean egg diameter (<D) as function 
of the day number (D), area (A) and sampling year (YR) ac­
cording to the GLM model: 0  = a + b D  + A + YR, weighted 
over the number of eggs measured in each sample. Data for 
area 1 and 3 for the years 1989, 1990 and 1991.

covariable sum of 
squares

degree of 
freedom

mean
square

F P

D 6.572 1 6.572 39.3 <0.01
YR 0.615 2 0.312 1.87 NS
A 0.251 1 0.251 1.50 NS
multicollinearity 4.628
error 1.338 8 0.167
total 13.404 12

<t> (mm) SE

showed tha t day num ber (D) and area (A) were signif­
icant, but tem perature and the interaction of area and 
day were not (Table 2). The model, including only sig­
nificant variables, expla ined 95%  of the variance in 
m ean egg size, of which 17% and 21%  could be 
ascribed to D  and A, respective ly. A substantia l part 
of the variance (57%) could not be ascribed to a s in­
gle covariate due to the  m ulticollinearity o f A and D. 
The non-significant interaction term A .D indicated that 
the seasonal decline in egg size did not d iffe r signifi­
cantly between areas. The com m on slope showed 
that egg size declined by 0.00179 mm-d"1 
(SE=0.00020; Table 3). The sign ificant contribution of 
area im plied that mean egg size, corrected for the 
decline through the season, d iffered am ong areas. 
Am ong area differences in egg size corrected for the 
seasonal decline indicated a m axim al d ifferences of 
0 .135 mm between area 1 and area 6. The corrected 
egg size declined from the southw est (areas 6 and 7) 
to the northeast (area 1). A strik ing d ifference in egg 
s ize of 0.13 mm existed between area 1 in the  east­
ern North Sea and area 4 in the  western North Sea, 
although the SE for area 4  is rather w ide com pared to 
the SE o f o ther areas due to the  sm all sam ple sizes 
(Table 3).

For areas 1 and 3, egg size m easurem ents were 
available for three years a llow ing the analysis of dif-

TABLE 5
Estimated time of peak spawning (days after 1 January) and 
the associated mean egg diameter (<t>) in mm calculated from

b -0.00179 0.00020 area time o f peak spawning egg diameter (d?)

areas: mean mean SE
1 -0.0637 0.0136 1 148 1.132 0.012
2 zero aliased 2 131 1.226 0.013
3 -0.0423 0.0113 3 118 1.207 0.009
4 0.0661 0.0448 4 151 1.257 0.052
5 0.0020 0.0127 5 111 1.264 0.011
6 0.0715 0.0170 6 91 1.369 0.017
7 0.0528 0.0137 7 86 1.360 0.012
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Fig. 4. Relationship between instantaneous egg mortality rate (M; d '1) and egg diameter 
(mm) estimated from the ichtyoplankton surveys in 1991.

ferences in egg size between years. The available 
da ta for 1989 and 1990 did no t com prise the  full 
spaw ning period. ANOVA of these data did not ind i­
cate a significant difference in m ean egg size am ong 
the th ree  years, nor between the  tw o areas (Table 4).

Egg size at the tim e of peak spawning was ca lcu­
lated from  the regression param eters of Table 3 and

TABLE 6
Seasonal mean diameter (O, in mm) of sole eggs in 1991 for 
each developmental stage 1-4, standard deviation (SD), 
number of eggs measured (n) and the mean age (in days) at 
the ambient water temperature. The seasonal mean egg dia­
meter was weighted over the stage-specific daily production 
values for each survey.

stage O (mm) SD (mm) n age (days)

1 - North Sea: German Bight
1 1.102 0.0478 332 1.0
2 1.103 0.0443 171 2.4
3 1.106 0.0447 142 4.0
4 1.112 0.0395 49 6.1
2 - North Sea: Texel
1 1.136 0.0583 394 1.2
2 1.133 0.0632 230 2.8
3 1.151 0.0488 212 4.8
4 1.172 0.0490 60 7.3
3 - North Sea: Belgian
1 1.209 0.0566 273 1.2
2 1.207 0.0509 226 2.9
3 1.219 0.0500 200 4.9
4 1.234 0.0495 57 7.5
5 - eastern English Channel
1 1.267 0.0669 826 1.2
2 1.261 0.0637 247 2.9
3 1.259 0.0665 187 4.9
4 1.280 0.0685 46 7.4

is given in Table 5. This egg size reflected the size of 
the average egg produced by the particular sole 
stock.

3.2. SIZE-SELECTIVE MORTALITY

The relationships between egg size and daily m ortal­
ity rate (M, d~1) was explored by regressing M  against 
egg size at peak spawning (Fig. 4). M  was estimated 
from the regression of the  estim ated daily egg pro­
duction by developm ental stage against the  m idpoint 
of each developm ental s tage and was obtained from 
ICES (1992a). The linear regression in Fig. 4 was not 
significant at the 5%  level (r =0.51, n=7, p< 0 .10). The 
main outlier from the suggested linear relationship 
was the high m ortality rate estim ated for area 4. For 
this area both the mean egg size and m ortality esti­
mate were rather im precise due to a relatively small 
sample size and the  incom plete coverage of the shal­
low inshore areas where the  highest production of 
eggs was expected (Riley, 1974). Excluding the data 
for area 4 im proved the corre lation (^= 0 .8 2 , n=6, 
p<0.05), and suggested tha t the  daily instantaneous 
mortality rate (d~r ) declines by 1.2 per mm increase in 
egg size.

In Table 6 the seasonal mean egg size is presented 
for the four developm ental stages. Because the  egg 
size declined in time, the  mean size was calculated 
as a weighted average over the stage specific  daily 
production values for each survey. Table 6 suggested 
that between fertilization and hatching egg size 
increased in areas 1, 2 and 3, but not in area 5. 
Regression analysis of m ean egg sizes against age 
for each separa te area ind ica ted that the  change in 
egg size during incubation differed significantly from 
zero in only one area (1). However, the analysis of the 
total data se t showed that the  increase in egg size 
between fertilization and hatching was sign ificant and
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TABLE 7
Results of the ANOVA of mean egg diameter (®) as function 
of the age and area according to the GLM model: O = a + b 
Age + Area + Area-Age, weighted over the number of eggs 
measured in each sample. Data for area 1,2 ,3 and 5 for the 
/ear 1991.

zo variable sum of 
squares

degrees 
of freedom

mean
square

F P

Age 0.060 1 0.060 5.80 <0.05
Area 15.045 3 5.015 484.9 <0.01
Age-Area 0.0532 3 0.0177 2.35 NS
error 0.0605 8 0.0076
total 15.167 15

that the  s lope of the regressions did not differ signifi­
can tly  am ong areas (Table 7: non-significant interac­
tion term  Area-Age). The common regression slope 
for these  areas was estimated at 0.00233 mm-d"1 (SE 
= 0 .00096). T he  significant Area  effect indicated that 
the  instantaneous mortality rate differed significantly 
am ong the areas.

From  the  observed change (a) and the  variance 
(a2) in egg size, the  size-selective m ortality (b) could 
be estim ated according to eq. (1). The variance in 
egg size w as calcula ted for each area as the  average 
variance w e igh ted over the number m easured. Esti­
m ates o f the  size-selective m ortality (£>) ranged 
between 0.53 and 1.02 per mm increase in egg size 
(Table 8) and are plotted in Fig. 5. These estim ates of 
s ize -se lec tive  m ortality are slightly low er than the 
va lue of 1.2 pe r mm increase in egg size obtained 
from the analys is  of population mortality and popula­
tion egg s ize  in the  seven sole stocks (Fig. 4).

3.3. LITERATURE REVIEW

Ana lys is  of lite rature data on the relationship of elog 
egg m orta lity  (InA4) vs egg size (<J>) and tem perature

0 .8 0

0 .6 0

f  0 .4 0toC
o
E

S 0.20

0.00

TABLE 8
Size selective mortality component estimated according to 
two approaches: A: from the mean change in egg diameter 
per day (d) between fertilization and hatching and the vari­
ance (o2) In egg diameter according to d = b a2 for areas 1, 
2 and 3, and 5. B: from the regression of M against mean 
egg diameter in the 6 areas studied in 1991 from Fig. 4.

d

(mm-cf1)
o2

(mm2)

b

(mm'1-cf1)
appraoch A:
area 1 0.00233 0.00228 1.02
area 2 0.00233 0.00340 0.69
area 3 0.00233 0.00320 0.73
area 5 0.00233 0.00440 0.53

approach B 1.2

(T) com prised data sets of sole, plaice, cod and sprat 
(Table 9). LnA4 showed a positive relationship with 
tem perature (Fig. 6a), but a negative relationship with 
egg size (Fig. 6b). These relationships, however, did 
not suggest which of the factors are actually involved, 
because both egg size and temperature are related to 
the  tim e of year. A study of the residual In A4, calcu­
lated as the observed m inus the predicted lnA4 from 
the regression of In A4 against egg size, showed that 
egg m ortality was lower than expected at tem pera­
tures below 6°C (Fig. 6c). The residual In A4, calcu­
lated from the regression of lnA4 against tem perature, 
plotted against egg s¡ze (Fig. 6d) showed a relatively 
low er m ortality rate fo r the larger eggs of plaice. In 
th is figure the mortality rates of cod appeared to be 
re lative ly high for the ir size. Analysis of covariance of 
the GLM  model:

In M  = a + M> + c T  + S  + (S- 7)

Are a  #1

X ~ - X  o = s

X  A re a  #2

Area  #3

Area  #5

1.1 1 .1 5 1 . 2 1 .2 5 1 .3

Egg diameter (mm)

Fig. 5. Relationship between instantaneous egg mortality rate (M; d '1) and egg diameter 
(mm) in four sub-stocks of sole. The lines show the size selective mortality component 
estimated from the Increase in egg size during incubation from Table 8.
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TABLE 9
Summary of data on egg diameter (<&), daily egg mortality rates (M) and temperature (T) for fish species with pelagic eggs 
spawning in the North Sea, English Channel and Bristol Channel.

egg diameter (mm) M (d ']) T(°C) area source

Solea solea (L.)
1.132 0.724 10.4 1 - German Bight ICES, 1992a
1.132 0.745 11.3
1.132 0.500 8.7
1.132 0.601 9.4
1.132 0.539 11.1
1.226 0.337 8.8 2 - Texel
1.226 0.560 9.4
1.226 0.295 8.5
1.226 0.328 9.2
1.226 0.385 9.6
1.207 0.547 10.5 3 - Belgian coast
1.207 0.607 10.6
1.207 0.304 9.5
1.207 0.375 9.9
1.207 0.317 9.4
1.257 0.592 9.7 4 - Flamborough
1.264 0.367 9.4 5 -V l l d
1.369 0.213 9.4 6 - Vile
1.360 0.203 9.2 7 - Bristol Channel Horwood, 1993

Pleuronectes platessa L.
1.871 0.068 4.6 SE North Sea Heessen & Rijnsdorp, 1989
1.871 0.165 7.9
1.871 0.096 7.1 SE North Sea Van der Land et al., 1990
1.871 0.039 5.0 Southern Bight Harding et al., 1978a
1.871 0.135 7.6
1.871 0.084 8.9
1.871 0.063 6.6
1.871 0.055 8.3
1.871 0.090 8.3
1.871 0.074 7.4
1.871 0.017 3.8
1.871 0.071 7.3
1.871 0.074 7.7
1.871 0.119 8.6
1.871 0.128 10.6 English Channel Harding et al., 1978a
1.871 0.040 5.9 Flamborough Harding et al., 1978b

Gadus morhua L.
1.424 0.027 5.2 Southern Bight Daan, 1981
1.424 0.411 5.9
1.424 0.277 6.1
1.424 0.245 7.0
1.424 0.297 7.4
1.424 0.141 4.0 Southern Bight Heessen & Rijnsdorp, 1989
1.424 0.215 6.5
1.424 0.205 7.1 Southern Bight Van der Land et a i, 1990
1.424 0.140 5.9 Flamborough Harding et al., 1978b

Sprattus sprattus L.
1.050 0.420 11.5 SE North Sea Van der Land, 1990
1.050 0.544 9.0 Vile Milligan, 1986
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Fig. 6. Relationship between the elog instantaneous egg mortality rate and a. temperature and b. egg size, and the relation­
ship between the residual egg mortality rate after correcting for c. temperature against egg size and d. egg size against tem­
perature. Data from Table 9 refer to sole [M), plaice (□), cod (❖) and sprat (0).

w here  S  is a  categorial variab le coding for species 
and S ■ T  is the  interaction between tem perature and 
species, showed tha t neither the in teraction S ■ T  nor 
S exp la ined a sign ificant part of the  variance in InM, 
bu t both <£ and T  w ere highly significant (Table 10). 
The  param eter estim ates of the model indicated tha t 
egg m orta lity decreased with increasing O and 
increased with increasing T (Table 11).

4. DISCUSSION

4.1. SEASONAL AND GEOGRAPHICAL 
DIFFERENCES IN EGG SIZE

T he seasonal decline in egg size observed w ith in , as 
w e ll as between, the  geographical areas confirm s the 
fie ld  da ta reported by Ehrenbaum  (1905, 1909) and 
H iem stra  (1962), and experim ental data o f Houghton 
e t al. (1985) and Devauchelle e t al. (1987). Various 
factors have been suggested to contribute to the  sea­

sonal decline in egg size. A  tem perature effect on egg 
size was suggested for pilchard (Southward & Demir 
1974), whiting (Hislop, 1975), turbot (B rom ley e t a i  
1986) and so le (Devauchelle e t al., 1987). 
Devauchelle e t al. (1987) com pared changes in egg 
size in two experim ents. In the  firs t experim ent sole 
were kept under the natural photoperiod and an 
increase in tem perature. In the second experim ent 
egg size was determ ined of sole spaw ning in late 
sum m er and autum n under an artificial photoperiod 
and a constant high tem perature . In the  second 
experim ent egg size did not change during spawning, 
whereas in the first experim ent egg size decreased 
during spawning. In contrast, M cEvoy & M cEvoy
(1991) observed tha t egg size decreased during the 
spawning season in turbot tha t were kept a t a con­
stant tem perature. These results suggest tha t an 
increase in tem perature m ay enhance a decrease in 
egg size, but cannot fu lly expla in the  decrease 
observed in the  field. Another contribu ting factor may
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TABLE 10
Results of the ANOVA of the natural logarithm of egg mortal­
ity rate (In M) as a function of egg diameter (<t>), temperature 
(7), fish species (S) according to the GLM model: In M  = a + 
b 0  + T +  S + S.Tfor four fish species. See text for sources 
of data.

covariable sum of 
squares

degrees
of

freedom

mean
square

F P

0 12.244 1 12.244 64.68 P<0.01
T 3.646 1 3.646 19.26 P<0.01
multicollinearity 16.866
error 8.140 43 0.189
S 0.340 3 0.113 0.63 NS
S.T 0.527 3 0.176 0.97 NS
error 6.677 37 0.180
total 40.896 45

be the decrease in egg size over the  successive 
batches of individual fish (Kjesbu, 1988; K jesbu e t a i ,  
1992; M cEvoy & M cEvoy, 1991). A lthough Kjesbu et 
al. (1992) showed that this decrease w as related to 
the  declin ing reserves for vitellogenesis as spawning 
progresses, it is not directly clear why a fish should 
not support a sm aller number of oocytes to grow  to 
the  'norm al' size, because this is expected to 
enhance fitness. T he  decrease may be re lated to the 
sh ift in the  age and size composition of spawning fish. 
In severa l species it has been shown that older 
fem ales start spawning earlier in the season than 
younger fem ales (Simpson, 1959; Eltink, 1987; 
R ijnsdorp, 1989), and that egg size increases with the 
age or s ize  of the  m other (Hislop et al., 1978; Hislop, 
1988; K jesbu, 1988, 1989). Data presented by Hislop 
& Bell (1987) showed a negative relationship 
between percen tage shrinkage and egg size. Egg 
size of species w ith the  largest eggs show ed a per- 
centua lly la rger decrease than in eggs of species with 
sm alle r eggs. Hence, if preservation equa lly affected 
the  eggs of sole, the  reported seasonal decline  and 
geograph ica l d iffe rences will have been underesti­
m ated. H ow ever, the  shrinkage reported by H islop & 
Bell (1987) referred to unfertilized eggs and m ay have 
overestim ated the  shrinkage of fertilized eggs sug­
gested in the  present study. Van der W ateren et al. 
(1990) show ed a decrease in egg size after fixation of 
fertilized eggs of p la ice of less than 0.5%  com pared 
to  the  3%  shrinkage after fixation of unfertilized eggs 
reported by H islop & Bell (1987).

The  observed geographical differences in egg size 
w ere  la rge ly  due to  the  seasonal decline in egg size, 
although d iffe rences w ere  still apparent a fte r correc­
tion for th e  tim e of spawning. It is unlikely tha t the  dif­
ferences in tem perature  have contribu ted to 
d iffe rences in egg s ize  between areas because the 
analys is  o f va riance  did not show a sign ificant tem ­
pera ture  effect. However, there is som e evidence that 
the  age com position  of the  spawning popu lation dif­

fered between the areas. In 1991 the spawning popu­
lation in the North S ea  was dom inated by the 4-year- 
old females of the  1987 year class which was 4-5 
times average size (ICES, 1992b), in contrast to the 
English Channel, w here  the  spawning population was 
com posed of o lder age groups. This year class has 
recruited to the spawning population as 3-year-o ld in 
the Channel and southern North Sea, but as 4-year- 
old in the southeastern North Sea (unpubl. data 
RIVO). If first year spawners produce sm aller eggs 
than repeat spawners, the  differences in the age 
com position of the spawning population may have 
contributed to the re lative ly sm aller egg size in north­
eastern areas.

A lso, system atic b ias cannot be ruled out because 
measurem ents were carried out by various people at 
two laboratories, and because the differences in egg 
size (<0.13 mm) are small com pared to the  unit of 
m easurem ent (0.033 mm - 0.05 mm).

The differences in egg size between geographic 
areas was small a fte r correction for spawning tim e 
(<0.135 mm). However, because the spawning tim e 
differed by up to 60 d between the southwestern 
areas and the north(eastern) areas, the differences in 
egg size at peak spawning were much larger. Mean 
egg size at peak spawning decreased from 1.37 mm 
in the  southwestern areas to 1.13 mm in the north­
east, corresponding to  a decrease in egg volum e of 
44%. This decrease in egg volum e appears to be 
related to an increase in re lative fecundity (W ittham es 
et al., in prep.). Relative fecundity estim ates for va ri­
ous areas are sum m arized in Table 12. G iven the 
observed mean egg size at peak spawning (Table 5) 
and assum ing that egg w eight shows a positive rela­
tion with egg size, the  reproductive investm ent in 
term s of dry w eight was estim ated. Because no data 
on the size/weight re lationship of sole eggs were 
available, a re lationship for gadoids was used as a 
first approxim ation (eq. 14 of H islop & Bell, 1987). 
The gadoid re lationship refers to eggs w ithou t oil 
g lobules. Although th is relationship may be inaccu­
rate w ith regard to the elevation, it is thought to pro­
vide a reasonable estim ate of the slope of the 
relationship for sole. Estim ated as such, the  repro­
ductive  investm ent expressed in g dry w e igh t per g 
w et body w eight appears to be much less d ifferent 
between the areas than the relative fecundity (Table

TABLE 11
Parameter estimates of the GLM model of the natural loga­
rithm of egg mortality rate (In M )asa  function of egg diameter 
(O) and temperature (T): In M = a + b O + cT. The analysis 
corresponds to the one in Table 10 including only the signifi­
cant covariables.

parameter estimate SE
a -0.075 0.611
b -2.016 0.251
c 0.173 0.039
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Fig. 7. Relationship between the time of peak egg production and latitude (data from ICES 
1992a; Arbault et al., 1986). For area code see text.

12). The ca lcu la tions further suggest that the repro­
ductive investm ent is slightly higher in the areas in 
the northeast (North Sea areas 1 to 4) than in the 
sou thw este rn areas (6 and 7). A study of the d iffe r­
ences in dry w e igh t of eggs in sole is necessary to 
test the  suggested geographic pattern in reproductive 
investm ent. S ince H islop & Bell (1987) showed that 
preserva tion  affects the dry w e ight of eggs, this w ork 
should be carried out on fresh material.

T he  observed geographica l pattern in egg size and 
fecund ity  are in tim ately related to the tim ing of 
spaw ning, w h ich appears to be strongly corre lated 
w ith la titude (Fig. 7). The tim ing of spawning, how ­
ever, is not ven / rigid and substantia l differences 
occur between years, especially in northeastern 
areas cha racte rized  by a large amplitude in the 
annual tem pera tu re  cycle. Thus, in the North Sea, 
spaw n ing was advanced after a mild w inter and 
de layed a fte r a co ld w inter (ICES, 1965, 1992a; Van

der Land, 1991). In the western areas tha t are under 
d irect in fluence of the Atlantic Ocean w inter tem pera­
tures are m ore stable (Horwood, 1993).

An im portant question is whether the d iffe rences in 
spawning time, egg size and egg num bers are genet­
ically determ ined or a phenotypic response to  d iffe r­
ent environm enta l conditions. No in form ation is 
ava ilable about the genetic relationships between the 
various spawning groups. However, tagg ing experi­
ments suggest that there m ust be som e m ixing 
between neighbouring subgroups, which m ake the 
existence of genetically d istinct subpopu lations rather 
unlikely (ICES, 1965, 1989; R ijnsdorp e t al., 1992). 
This inference is supported by the  weak genetic dif­
ferentiation in turbot Scophthalm us m axim us  and brill 
Scophthalm us rhombus, two flatfish species w ith 
reproductive ecologies sim ilar to that of sole, studied 
by a llozym e variation over a w ide d istribu tion range 
including the M editerranean and northw est A tlantic

TABLE 12
Relative fecundity (eggs-g~1), egg volume (mm3) and reproductive investment (g dry weight of eggs per g wet body weight) 
of mature females sole in various areas. Egg volume was calculated from the mean egg diameter at time of peak spawning 
from Table 5. Reproductive investment was estimated as the relative fecundity times the egg dry weight predicted from the 
relationship observed in gadoid egg (eq. 14 of Hislop & Bell, 1987). Data sources of relative fecundity are: 1. Greer Walker 
& Whitthames (1990); 2. Horwood & Greer Walker (1990); 3. Deniel (1981); 4. Roosenboom (1985); 5. ICES (1991); 6. 
ICES (1992a).

area
code

area description relative fecundity 
(eggs-g1)

egg volume 
(mm?)

reproductive investment 
eggs g dry-g wet bo d y1

data source

1 North Sea: German Bight 893 0.760 0.0553 4+5
4 North Sea: Flamborough 701 1.040 0.0591 1
5 eastern English Channel 687 1.057 0.0588 1+6
6 western English Channel 456 1.343 0.0494 3
7 Bristol Channel 416 1.317 0.0442 2
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coasts from  Morocco to the North Sea and the Katte­
gat (B lanquer e ta !., 1992).

If genetic differences am ong areas are unlikely, 
w ha t environm ental factors m ay have contributed to 
observed geographic and seasonal pattern in egg 
size? Com parison of the environm enta l conditions 
am ong the areas suggests tha t tem perature condi­
tions during w inter and spring may be im portant. The 
areas in the west are under a  strong influence of the 
Atlantic Ocean reducing the seasonal fluctuation in 
tem perature as com pared to  the areas in the east. 
Hence, in the  western Channel (area 6) and Bristol 
Channel (area 7) the  w inter tem perature generally 
does not fall below 9°C, whereas in the  German Bight 
(area 1) the w inter tem perature may drop to values of 
3°C and may even decrease further. The other areas 
are in term ediate (Lee & Ramster, 1981 ). These differ­
ences in tem perature regimes may affect the rate of 
ovarian developm ent and oocyte growth and so may 
affect final oocyte size.

The tim ing o f ovarian developm ent and of spawn­
ing seem s to be under the control of the  photoperiod 
(Devauchelle e t al., 1987). T he  close relationship 
between spawning tim e and la titude (Fig. 7) supports 
the  im portance of photoperiod, although tem perature 
may advance or delay the spawning up to 4-5 weeks 
as observed in various areas in the North Sea in 1990 
(ICES, 1992a).

The close relationship between spawning tim e, egg 
size and egg num ber (fecundity) suggests that these 
are three aspects o f a common process of ovarian 
developm ent, which is influenced by the  photoperiod 
and tem perature. If the  observed patterns are a phe­
notypic response to photoperiod and tem perature, the 
decrease in egg size from southwest to northeast is 
related to the  later start of v ite llogenesis at higher lati­
tudes and to a reduced oocyte growth at lower w inter 
tem peratures in m ore northern and eastern waters. A 
com parative study of the  h isto logy of ovarian devel­
opm ent could yield im portant in form ation to test the 
above hypothesis.

4.2. ADAPTIVE SIGNIFICANCE OF EGG SIZE, EGG 
NUMBER AND TIMING OF SPAWNING

Spawning tim e in m arine fish has been generally 
adapted to  the  availability of su itab le  food for larval 
stages (Cushing, 1967; Bagenal, 1971; Rothschild, 
1986; W are, 1975, 1977; Brander, 1994). The sea­
sonal decrease in egg size appears to  be related to 
the decline in the  s ize spectrum  of Zooplankton, 
which form s the main food for pe lagic fish larvae 
(W are, 1977; M cEvoy & M cEvoy, 1991), although 
these hypotheses have not been sub jected to a criti­
cal test.

In the  English Channel and southern North Sea 
sm all sole larvae feed prim arily on lam ellibranch lar­
vae and Pseudocalanus  nauplii, w hereas larger indi­
v idua ls feed on po lychaete larvae (Last, 1978). If the

above hypotheses are correct, a decrease in size of 
these food item s during the  season can be expected. 
Further w e can in fer from  the observed significant dif­
ferences in egg size after correction fo r the  seasonal 
effect tha t sole larvae w ill show  a d ifference in food 
choice between areas. In southwestern areas larvae 
may prefer the la rger po lychaete larvae, whereas in 
the northeastern areas they may prefer lamellibranch 
larvae and Pseudocalanus  nauplii. These prediction 
may easily be tested from  fie ld  observation in the var­
ious areas.

4.3. EGG SIZE AND DEVELOPMENTAL RATE

The observed d ifferences in sole egg size raises the 
question whether the  developm ental rate of eggs is 
related to egg size. Such a relationship is clearly 
established am ong species (eq. 8 in Pepin, 1991). 
Although in terspecific re lationships do not necessarily 
apply within a species (Cham bers, pers. com m .), it is 
relevant to explore its possib le e ffect on the estimated 
mortality rates of eggs. Egg m ortality is generally esti­
mated by linear regression of the  e!og da ily egg pro­
duction values against the mean age or m idpoint of 
each developm ental stage (Gunderson, 1993). 
Developmental tim e affects both the estim ation of 
stage-specific da ily production and the mean age at 
each developm ental stage. Assum ing that the rela­
tionship described in Pepin (1991) does apply to sole, 
the hatching tim e of eggs fo r the  geographic area with 
the largest eggs (area 6 -  1.37 mm) will be about 9% 
longer than that of eggs in the area with the sm allest 
eggs (area 1 -  1.13 mm). S im ulation o f the  effect of 
applying an incorrect developm ental rate shows that 
an overestim ation of developm ental rate causes an 
equal underestim ation o f the  m ortality rate and vice 
versa. The bias in egg m ortality rate due to applica­
tion of an incorrect developm ental rate, therefore, is 
opposite to the  observed relationship between egg 
mortality and egg size. Hence, the  observed negative 
relationships between egg m ortality and egg size 
cannot be an artefact from  a possib le relationship 
between developm ental rate and egg size.

4.4. ECOLOGICAL IMPLICATIONS OF DIFFERENCES 
IN EGG SIZE

Estimation of the size-se lective m ortality com ponent 
from the increase in egg size between fertilization and 
hatching assum es tha t the  s ize of individual eggs do 
not change during incubation although no evidence 
for this assum ption is ava ilable fo r sole eggs. Van der 
W ateren e t al. (1990) showed tha t egg size of pre­
served plaice eggs decreased slightly between fertili­
zation and hatching, which is the  opposite  of the 
change observed in the  sea. Hence, the  observed 
increase in egg size is unlikely to be an arte fact due 
to preservation.

The correspondence between the  size-selective
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TABLE 13
Stage duration (D in days) of sole eggs as a function of tem­
perature (T in  °C): In D = a + b T (modified from Riley, 1974; 
Horwood, 1993). Time to hatching can be calculated from D
= Ostage 1 + ^stage 2 + ^stage 3 + ^stage 4.

a b

stage 1 2.0193 -0.1227
stage 2 1.4941 -0.1530
stage 3 2.5075 -0.1509
stage 4 1.4106 -0.0687

m ortality estim ated from the change in egg size and 
the regression of the  population m ortality and popula­
tion egg s ize  suggests that egg mortality in sole is 
governed by a com m on size-selective process that 
operates between February and July over an area 
ranging from  the western English Channel (area 6) 
and Bristol Channel (area 7) in the  southwest to the 
G erm an B ight (area 1) in the northeast. It is not sur­
prising tha t exceptions to this general pattern (area 5) 
will occur because variations in the  size spectrum  of 
predators m ay locally lead to differences in the size 
se lective mortality.

The in ference o f a common size-selective process 
affecting egg m ortality is further supported by the s ig­
nificant negative relationship between m ortality and 
egg size as observed in the analysis of the 46 data 
sets of fou r species. The observation that egg m ortal­
ity increases w ith tem perature is in agreem ent with 
the analys is  of Pepin (1991) and is in line w ith the 
general hypothesis that egg m ortality is m ainly gov­
erned by predation, because an increase in tem pera­
ture w ill lead to an increase in the daily rate of food 
consum ption  of predators (Bailey & Houde, 1989; 
Pepin, 1991). The alternative egg mortality agent, viz.

em bryonic deform ations (Rothschild, 1986; Bailey & 
Houde, 1989), is less like ly  to  be a function of tem per­
ature.

In contrast to our study, Pepin (1991) was unable to 
find a significant relationship between m ortality and 
egg size, possibly due to several factors. First, the 
data set he analysed encom passed various types of 
marine ecosystem s fo r which different relationships 
may apply. Second, h is analysis included various 
anchovy stocks that are characterized by ova l­
shaped eggs. Third, m ortality estim ates were 
included tha t were based on a single survey which 
may have enhanced the  variance in the estim ated 
mortality rates. Therefore, we conclude tha t in the 
North Sea and adjacent areas, egg mortality rate is 
negatively related to egg size.

The ecological im plications of the observed rela­
tionship between egg m orta lity rate and egg size and 
tem perature will depend on the  tem perature depend­
ence of the developm ental ra te  of eggs and on the 
trade-off between egg s ize  and egg num bers. The 
cum ulative effects o f egg m ortality as a function of 
egg size and tem perature were explored in a sim ula­
tion of the survival probability

(P)- P = Fexp(-M D ),

where F is  the relative fecundity, M  is the rate of egg 
mortality and D  is the stage duration. M is a function 
of egg size (<E>) and tem perature (7):

M  = exp(a + b Q  + c  T)

with param eter estim ates given in Table 11. The 
stage duration of sole eggs is a function of tem pera­
ture (7);
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Fig. 8. Ecological consequences of a trade-off between egg size and egg number under 
different temperature regimes. The lines show the relative number of larvae that will hatch 
from eggs as a function of egg size and temperature assuming the relationships between 
egg mortality and egg size and temperature given in Table 11.
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In D = a  + b T

(R iley, 1974; Horwood, 1993; Table 13).
In our analysis we explicitly assum ed a  trade-off 

between egg numbers and egg s ize  by including a 
term  for re la tive fecundity which was defined as F  = 
O '3. Survival probability increased w ith egg size, but 
decreased w ith tem perature (Fig. 8). This simulation 
suggested tha t, based on the  m ortality during the  egg 
phase, it would be advantageous for sole to produce 
la rger eggs than they do. If egg size is adaptive, this 
im plies tha t the d isadvantage of sm aller eggs should 
be com pensated for during the  larval phase by an 
increased survival. This deduction is jus t the opposite 
of the  pattern found by Pepin (1991), who also 
showed th a t initial energy investm ent into each egg 
had very little  influence on the stage-specific  survival 
fo r pe lagic early life history stages of m arine fish. 
However, as Pepin (1991) based his analysis on dif­
ferences between species, his conclusion may not be 
d irectly  applicable to a com parison of substocks from 
d iffe rent parts of the ir d istribution range.

T he  above considerations are concerned with gen­
eral species-specific patterns. If the  com bination of 
spawning tim e, egg size and egg num ber is adaptive, 
and, as argued above, the differences in spawning 
tim e, egg size and egg num ber between areas are 
phenotyp ic, w e may wonder w hether the  com bination 
is equally adaptive over the whole of the  distribution 
range of the  species. It can be expected tha t the com ­
bination of tra its has evolved in response of the  con­
ditions in the  centre of the d istribution range of the 
species. Following this reasoning w e m ight expect 
tha t in periphera l parts of the  range, such as in area 1 
and area 4, the survival of the  pelagic phase m ight be 
low er than in m ore central areas such as area 6 and 
area 7. This w ould im ply tha t per un it o f reproductive 
investm ent the  reproductive success would be lower 
in the  periphera l areas. It is interesting tha t the  repro­
ductive  effic iency in the North Sea (total o f areas 1 - 
4) w as indeed lower than In areas 5, 6 and 7 
(R ijnsdorp e t al., 1992). However, because the esti­
m ates of reproductive efficiency were based on 
results o f v irtua l population analysis and thus are sen­
s itive to the  assum ption of natural mortality, this 
aspect rem ains uncertain. Neverthe less, the pattern 
is in agreem ent with the pattern in reproductive 
investm ent, estim ated by the  product of relative 
fecund ity  and egg dry weight, which suggested that 
the  so le  s tocks in the peripheral parts of the  range 
have a  higher reproductive investm ent (Table 12). 
A long the sam e lines there m ay be a re lationship 
between the bette r adapted la rger eggs in the  central 
parts o f the  range and the low er variab ility  in recruit­
ment. However, in a review o f 86 stocks com prising of 
21 species, Pepin & M yers (1991 ) were unab le to  find 
a re la tionship between recru itm ent variab ility and the 
s ize of eggs and larvae.
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