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Fig. 4 .  Evadne nordmanni. Adult 
females with (a) 3 Stage 3 embryos. 
(b) 3 Stage 4 embryos in their brood 

pouches. 135 X 

the T. The head is differentiating. The first antennae 
can be seen as 2 protrusions anterior to the second 
antennae. The second antennae develop during this 
stage and the mandibles form at the end of the stage. 
No thoracic segments are visible. The mandibular and 
maxillary regions are forming (111 to IV). 

Stage 3 (Fig. 2b & 4a). The embryo has elongated 
further. The first and second antennae are visible. The 
second antennae have bifurcated and at least 1 
thoracic segment can be seen. The number of thoracic 
segments vary from 1 to 4, depending on the stage of 
development. At the end of this stage all 4 segments 
have formed but the legs are not yet seen (V to X). 

Stage 4 (Fig. 2c & 4b). The rudimentary eye has 

appeared. The legs are now visible growing from the 
thoracic segments, are folded on the ventral side of the 
thorax, and have bifurcated. The second antennae 
reach the third thoracic segment and bear setae. The 
carapace has started to form (XI). 

Stage 5 (Fig. 2d & 5a). The caudal furca can now be 
seen. The eye is fully developed, but no pigment is 
present. The embryo has flexed and the thoracic legs 
curve anteriorly as in the adult. The carapace is com- 
plete and the ovaries can be seen (XII). 

Stage 6(Fig. 2e & 5b). The embryo now appears to be 
fully developed and the eye is pigmented. 
Pathenogenetic eggs have passed into the brood pouch 
(XIII). 
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Mathematical description of relative duration of 
developmental stages 

Let a be the total development time, and x b e  the age 
of each individual. We assume that individuals reach- 
ing age a release their offspring and return to age 0, i.e. 
they begin incubating a new brood of embryos, the 
offspring also falling initially into age class 0. This is 
justified because we know that when released by the 
adults, at the time of moulting, the embryos themselves 
already cany blastulae in their own brood pouches 
(Kuttner 191 1, Gieskes 1970, Onbe 1974, Platt 1977). In 
other words the age class of the parthenogenetic 
females can be specified by the age (developmental 
stage) of the embryos it contains. 

Fig. S. Evadne nordmanni. Adult 
females with (a) 1 Stage S embryo. (b) 
2 Stage 6 embryos in their brood 
pouches. Both are fully developed 
and have parthenogenetic eggs in 

their brood pouches. 135 X 

The number of individuals in an age interval (X, X + 
dx) at time t is denoted by n (X, t) dx. The age distribu- 
tion, n(x, t), satisfies a von Foerster type equation 
(Oster 1978); 

3 n(x t )  I= - n(x' - m(xj n(x, t) for 0 < x < a, (1)  
3 t 3 x  

with a particular boundary condition, 

n (0, t )  = (b t  + 1) n (a. t), 

where m(x) = instantaneous mortality at age X ;  bf = 

average number of embryos per female at age a. 
Strictly speaking, the solution of (1) and (2) will not 

approach a stable age distribution for an arbitrary 
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initial distribution. However, if the moulting period 
varies over some small interval including a, a stable 
age distribution will be reached and Eqn (2) is approxi- 
mately correct. We use Eqns (1) and (2) with this 
limited interpretation. 

The final age distribution is 

n (X, t) = fi (X) . exp { r t )  

where 
X 

ri (X) = ri (0) exp ( -  rx - ( m  (X) dx) 
0 

From (3) and (4) with the boundary condition (2), we 
get the rate of increase, r; 

This is a solution of the Euler equation (Lotka 1925) 
a 
$exp { - m )  b(x) l(x) dx = 1 when b (X) = (bf + 1) 
0 X 

6 (X-a), where l (X) = exp { - ( m (X) dx) and 6 ( .) is 
0 

a delta function. The first term of the right hand side of 
Eqn (5) is the instantaneous birth and the second term 
is average mortality over the total development time. 
Substituting (5) into (4), the explicit form of the age 
distribution is 

This equation means that the stable age distribution 
is invariant when the mortality varies uniformly with 
age. Especially when the mortality is independent of 
the age, the age distribution is not influenced by the 
magnitude of the mortality; 

ri(x)= r i (O)exp{- ln(b ,+l )$)  = 

ii(O)(b,+l)-"/= (7) 

If the total development time is divided in n stages at 
ages xo = 0, X,, X,, . . ., X,, = a, the probability of 
finding the ith stage is 

and the cumulative probability is 

When the mortality is constant through the develop- 
ment, applying (7) to (g), 

exp {-ln (b,+ 1) . %}I 

Rewriting (10), we obtain a representation of relative 
terminal age of the ith stage, y,, in terms of the cumula- 
tive frequency 0,; 

The relative duration of the ith stage is 

t i  = Yi - Yi-1 (12) 

If is small, we get y, = a, and therefore ti = p,. In 
this case, the frequency in each stage is almost equal to 
the relative duration of the stage because the age 
distribution is nearly uniform. 

Duration of developmental stages 

It is a central assumption of the analysis followed 
here that the relative duration of a particular embry- 
onic stage is correlated with the frequency of occur- 
rence of that stage as seen in embryos examined from a 
large number of adult females. 

Histograms were constructed for the frequency of 
occurrence of embryonic stages in each sample. In 
addition to the 6 stages defined above, 3 other 
categories were used. These were: first, the presence of 
amorphous eggs or embryos (Fig. 6) which presumably 
had failed to develop completely after passing into the 
brood pouch (Bainbridge 1958); second, the presence 
of a resting egg (Fig. 7a); and the third possibility, that 
the adult was a male rather than a female (Fig. 7b). The 

Table 1. Relative occurrence of females with embryos of a 
given stage 

Data Date Stage Total 
X 1 2 3 4 5 6  # 

1 1 2 J u n  21 20 17 31 5 6 100 
2 20Jun  17 13 36 23 9 1 99 
3 26 Jun 27 10 37 16 9 0 99 
4 10 Jul 24 12 21 28 12 0 97 
5 18Ju l  15 7 39 11 25 2 99 
6 24Ju l  21 9 26 33 4 1 94 
7 l Aug 32 9 26 18 13 0 98 
8 8 Aug 56 12 16 9 7 0 100 
9 15Aug 36 8 22 19 11 1 97 

10 21 Aug 40 14 19 18 6 0 97 
11 29Aug 18 9 37 27 4 1 96 
12 5 S e p  68 1 10 13 3 0 95 
13 13 Sep 23 6 18 25 13 0 85 
14 18 Sep 38 5 18 15 18 0 94 
15 26 Sep 22 17 24 13 6 7 89 
16 30 Oct 12 4 17 28 14 24 97 
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frequency distributions of embryonic stages are pre- 
sented in Platt (1977: Fig. 13 to 16). 

The first question that arises is whether or not the 
frequency of occurrence of the stages (Table 1) is 
consistent among the 16 samples. The nonparametric 
Kendall concordance test was made on the frequency 
rankings under the Null Hypothesis that the 16 sets of 
rankings are independent (Siege1 1956). We found 
W = 0.67 with S = 4480, such that the Null 
Hypothesis could be rejected with P < 0.01. Thus the 
frequency of occurrence of stages is consistent from 
sample to sample and pooling of samples is justified. 
Stage 3 is most frequent, followed by Stages 1, 4 ,  5, 2,  
and 6. 

Fig. 6. Evadne nordmanni. Adult 
female with a disintegrating em- 

bryo(~)? in her brood pouch 

Estimation of relative duration of developmental 
stages 

The seasonal change in abundance of Evadne nord- 
manni is shown in Fig. 8, based on samples from St. 
Margaret's Bay taken about every week from May to 
October in 1968 (Platt 1977). The population increases 
until early summer and decreases rather suddenly in 
autumn. From each sample from 1 m depth (12 Jul to 
3 Oct), 100 individuals were inspected and classified 
into 1 of 6 developmental stages, and the number of 
embryos in each individual counted. 

All the individuals had embryos and therefore could 
be classified into the 6 stages, except for a small 

Table 2. The number of embryos per individual for each stage 
- 

Week Date Stage 

1 2 3 4 5 6 

1 12 Jun 10.10 f 5.41 8.10 f 2.47 9.41 f 3.27 9.52 k 1.21 10.00 f 0.89 9.17 + 2.27 
2 20 Jun 10.24 f 3.08 8.46 f 2.21 8.28 f 3.49 8.35 + 2.16 8.56 f 3.65 4.00 
3 26 Jun 9.22 f 2.42 8.70 f 1.55 8.30 f 1.47 9.13 k 2.09 7.67 f 1.94 - 
4 10 Jul 4 . 5 4 f  1.50 4 . 1 7 f 0 . 8 0  3 .95k0 .84  3.18k0.97 3.25 f 0.92 - 
5 18 Jul 4.07 f 1.24 3.14 f 1.25 2.85 f 1.08 2.18 f 0.94 2.04 f 0.66 1.50 f 0.50 
6 24 Jul 3.95 + 0.95 2.33 f 0.47 2.81 f 1.04 2.48 f 0.99 1.75 f 0.43 1.00 
7 l A u g  4 . 3 8 2 0 . 9 6  3 . 2 2 f 0 . 7 9  3 .4220 .84  2 . 7 8 f 0 . 8 5  2.92 + 1.07 - 
8 8 A u g  3.7120.94 3 . 0 8 f 0 . 8 6  2 . 3 8 f 1 . 0 5  2.1150.87 1.86 f 0.64 - 
9 15 Aug 3.44 f 1.01 2.63 f 0.86 2.45 f 0.89 2.63 f 1.09 2.55 f 0.78 3.00 

10 21 Aug 4.05 f 0.86 3.79 f 1.01 3.26 k 0.96 2.94 f 0.78 2.17 f 0.69 - 
11 29Aug 4 .56f1 .12  3 .33f0 .47  2.83k0.94 2.78f0.79 3.00 k 0.71 2.00 
12 5 Sep 4.41 f 0.88 4.00 3.70 f 0.78 3.31 f 0.61 3.67 f 1.25 - 
13 13 Sep 4.09 f 0.88 2.67 f 0.69 2.61 f 0.76 2.08 f 0.74 1.92 f 0.47 - 
14 18 Sep 4.26 f 0.64 5.00 f 1.17 3.33 f 0.88 2.53 f 0.81 2.61 f 0.68 - 
15 26 Sep 2.91 f 0.95 1.94 f 0.64 2.08 k 0.57 1.31 f 0.46 1.00 f 0 1.00 2 0 
16 3 Oci 4.33 f 0.62 3.25 f 0.43 3.00 2 0.59 2.04 f 0.57 1.79 f 0.77 1.29 4 0.45 
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Fig. 7.  Evadne nordmanni. (a) 
Adult female with a developing 
resting (sexual) egg. (b) Adult 

male 

number of males, those having resting eggs, and those 
having amorphous eggs. The frequency of the 6 
developmental stages and the average number of 
embryos per female in such stage are given in Table 1 
and Table 2, respectively. 

The following analysis is based on the average fre- 
quency of occurrence from 10 July to 18 September; 
the abundance of animals in this period is uniformly 
high, and the number of early stage embryos relatively 
constant. Since the frequency of occurrence of the 6th 
stage was very small in almost all samples, we pooled 
the 5th and 6th stages into a composite stage. 

The average frequency in each stage and the 
cumulative frequency are shown in Table 3. The 
embryo number at age a, bf, in Eqn (ll), was given by 

the average number of embryos per female in the 5/6th 
stage in the same period from 10 July to 18 September 
(Table 2). The calculated value is 2.4. We have 
assumed here that the average frequency distribution 
represents the stage distribution deduced from a stable 
age distribution with the parameter value, bf, which is 
the average number of embryos in the final stage. 

From Eqn (11) and (12), the relative terminal age, y,, 
and the relative duration, t,, of each age are calculated 
and shown in Table 3. 

In the fresh water cladoceran Daphnia, the relative 
duration of developmental stages of the embryos is 
surprisingly constant in many different species (Threl- 
keld 1979a), though the absolute duration depends on 
temperature (Bottrell 1974, Bottrell et al. 1976). We 
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number of embryos in the 1st stage, b,, and in the 5/6th 
stage, b,, ,, are shown in Fig. 9. 

Next, we estimate the prenatal mortality by the least 
squares method, as the slope of the logarithmic regres- 
sion of the number of embryos on the mid-time points 

Table 3. Average frequency of occurrence and relative dura- 
tion of each stage 

0 '  MAY JUN JuL AuG sEP om 
MONTHS 

Fig. 8. Evadne nordmanni. Abundance: seasonal variation in 
1968, St. Margarets Bay, Nova Scotia 

1 2 3 4 5,6 

p, 0.35 0.09 0.24 0.20 0.12 
Qi 0.35 0.44 0.68 0.88 1.00 
yi 0.23 0.30 0.54 0.81 1 .OO 
ti 0.23 0.07 0.24 0.27 0.19 
4 0.12 0.27 0.42 0.67 0.90 

where 
i 

@ = pi 
]=l 

@, is cumulative probability of occurrence up to the ith 
stage - 1 

b, = 2.41, yi = - In (1-0.707 Qi) 
1.23 

where bf is the average number of embryos per 
female at age a 

5 Yi - Yi-l 
ti = relative duration of the ith stage 
ti = ( Y , - ~  + yi)/2 
p, = probability of finding the fth stage 
yi = relative terminal age of the ith stage 

have therefore assumed that the relative duration is 
also constant through seasons also in the marine 
cladoceran Evadne. 

The estimated values of the relative duration will be 
only approximate, but they are good enough as tents- Table 4. Vital statistics of adult cladoceran populations by 

tive estimates for analysing the prenatal mortality of weeks (see also Fig. 8) 

the embryos. 

Change in number of embryos 

In Table 2, we can see a characteristic pattern of 
change in the number of embryos through develop- 
mental stages. In the 3 samples from 12 to 26 June, the 
average number of embryos in all stages is uniformly 
high, while in the rest of the samples (10 July to 
3 October), the embryo number in the first stage is 
much smaller than that of the earlier samples and there 
is a general tendency for number to decrease with 
increasing age. 

The standard deviation of the embryo numbers is so 
small (ranges of the embryo numbers in first and last 
stages do not overlap in most of the samples) that the 
decrease of the average number of embryos could not 
be interpreted as resulting from a higher embryonic 
mortality in those individuals with a higher number of 
Stage 1 embryos. Therefore, we can conclude with 
confidence that there is a finite prenatal mortality of 
embryos themselves. The seasonal changes in the 

Data # Date W ri P 

1 12 Jun 2677 0.052 -0.16 
2 20 Jun 4055 -0.290 0.25 
3 26 Jun 717 0.245 0.14 
4 1OJul 22055 0.058 0.62 
5 18Jul  35120 0.055 0.86 
6 24 Jul 48782 -0.005 0.87 
7 l Aug 47040 -0.092 0.64 
8 8 Aug 24785 -0.264 1.08 
9 15Aug 3894 0.133 0.43 

10 21 Aug 8637 0.000 0.65 
11 29 Aug 8667 0.076 0.73 
12 5 Sep 14770 -0.041 0.46 
13 13 Sep 10637 -0.185 1.03 
14 18 Sep 4220 0.029 0.75 
15 26 Sep 5335 -0.288 1.25 
16 3 Oct 712 -0.218 1.60 

10 Oct 155 

r =  1 1 n N 3  
D N, 

r = rate of increase (d-l) 
D = number of days between successive samples 
N, = number in the ith sample (m-3) 
p = embryo mortality (d-l) 
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Fig. S. Evadne Seasonal changes in embryo Fig. 11 .  Evadne nordrnanni. Number of embryos in Stage 1 as 

number, early and late stages function of prenatal mortality. Periods A, B. C are early, 
middle and late season as  defined in text. Numbers 1 to 16 

refer to weekly samples 

of the developmental stages. This method is based on 
the assumption that the mortality is constant with age. 
The estimated mortality, p, is the value per generation, 
and it is the product of the mortality per unit time and 
the development time, a. 

The seasonal change in the mortality, p, is shown in 
Fig. 10 and Table 4. The mortality has a tendency to 
increase as the season advances. We divided all sam- 
ples into 3 seasonal groups. The first 3 samples (Group 
A) show lower mortality than any of other samples, the 
last 2 samples (Group C) show higher mortality than 
the others, and in the rest of the samples (Group B) the 
mortality is intermediate, but the magnitude fluctu- 
ates. In this division, Group A corresponds to high 
values of b,, and Group B and C to low values of b,. 
Referring to Fig. 8, we can see that Group A occurs in 
the population-increasing season and Group C in the 
population-decreasing season. In the season of Group 
B, the population fluctuates about a high average 
level. 

We calculated correlations between the prenatal 
mortality, p, and the number of embryos in the first 
stage, b,, and between 1 and the number of embryos in 
the last stage, b5, 6 (Fig. 11 & 12). 

In Group B, there is no significant correlation 
between p and b, (e = -0.12, p > 0.25) but there is a 

significant correlation between p and b5, 6 (Q = -0.76, 
p < 0.005). Considering that the standard deviation of 
b, (0.34) is considerably smaller than that of b5, 6 (0.61) 
in this Group (F = 2.98, p < 0.05), we can characterise 
the fluctuation by saying that b, is relatively constant 
and that it is the fluctuation of p that brings about the 
fluctuation of b5, 

Fig. 13 shows the correlation between p and the 
average rate of increase 7 of the population from 
1 sampling to the next defined by 

where Ni is the abundance in the ith sample (see Fig. 8 
and Table 4) and D is the number of days between the 
successive samplings. 

There is a negative correlation between p and 7, 
except for 1 unusual sample in Group A for which N3 
takes an extraordinarily small value. Even in Group B, 
there is a significant correlation (Q = -0.70, p < 0.01), 
which means that the prenatal mortality plays an 
important role in the fluctuation pattern of this species. 
We suggest that a temporal fluctuation of some 
environmental conditions caused the change in the 

: & 4 i; ; i 4 ~ l ; l i l i l ~ , i l ;  
0 
2 A B 

WEEKS 
Y 

Fig. 10. Evadne nordrnanni. Seasonal changes in prenatal 
mortality 

MORTALITY p ,  PER G E N E R A T I O N  

Fig. 12.  Evadne nordrnanni. Number of embryos in final stage 
as function of prenatal mortality. Periods A, B, C, and num- 

bers 1 to 16 as  in  Fig. 11  
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M3RTALqTY p, PEQ GENERATION 

Fig. 13. Evadne nordmanni. Intrinsic rate of population 
increase as a function of prenatal mortality. A, B, and C as in 

Fig. l 1  

prenatal mortality. The subsequent fluctuation of 
fecundity caused the change in the population rate of 
increase. 

DISCUSSION 

Evadne nordmanni occurs from late spring to 
autumn in temperate seas, e.g. the Clyde Sea (Bain- 
bridge 1958), the North Atlantic and North Sea 
(Gieskes 1971), and the Scotian Shelf (Platt 1977); but 
its season occurs before summer in warmer seas, e.g. 
Mediterranean (Thiriot & Vives 1969, Thiriot 1972) and 
the Seto Inland Sea in Japan (Onbe 1974), after which 
it is succeeded by other cladoceran species. E. nord- 
manni seems to be adapted to rather cold water tem- 
peratures. 

It is evident that the number of embryos in the initial 
stage is under some control, either intrinsic or environ- 
mental, because the differences between the numbers 
in Group A and Groups B and C are pronounced. We 
consider it to be a response of the organisms to sea- 
sonal changes in environmental conditions such as 
temperature and food. One might expect a smaller 
number of embryos to be produced when conditions 
were less favourable: under such conditions, also, an  
overall reduction of development rate has been sug- 
gested for freshwater cladocera by Romanovsky (1984). 

Seasonal changes in embryo number per individual 
have been described for marine cladocerans (Della 
Croce & Bettanin 1964-65, Bainbridge 1958, Pavlova 
1959), and for freshwater cladocerans (Hall 1964, 
Green 1966, Johnsen 1983). The patterns are generally 
similar with higher numbers in the beginning period. 
Bainbridge (1958) reported on the embryo number of 
Evadne nordmanni classified in 2 developmental 
stages, early-stage and late-stage. There seems to be 
evidence for prenatal mortality in his data. 

The decrease in the number of embryos through 
developmental stages could be interpreted as an adap- 

tive strategy to unpredictable fluctuations in the 
environmental conditions. It would be an advantage- 
ous strategy if, starting with a certain number of 
embryos, the adults could decrease the number if and 
when conditions deteriorated. It would be further 
advantageous if the nutrients of aborted embryos could 
be utilised by the remaining embryos. In Podon and 
Evadne spp., the eggs are nourished by the mother 
through the fluid bathing the embryos in the closed 
brood pouch via glandular cells in its wall (Gieskes 
1970). This provides a possible mechanism for the 
resorption of nutrients from an aborted embryo by its 
siblings. The possibility of abortion in Daphnia spp. 
was suggested by Threlkeld (1979b). In this case, the 
organism seems to abort all the embryos at the time of 
moult when either the temperature or food supply is 
unfavourable. In the heterostylous perennial plant 
C~yptantha flava, not all embryos mature, the rest 
being aborted. The number matured depends partly on 
resources available (Casper 1984). It was pointed out 
by Casper & Wiens (1981) that the development system 
in C. flava has the potential to permit selective abor- 
tion of young ovules based on some assessment of 
embryo quality. 

Since Edmondson first published his model for 
estimating birth rate, F =  l l a  (Edmondson 1960), 
where F = frequency of the eggs that are going to 
hatch within 24 h and a = egg development time, 
many workers have suggested modifications to it, tak- 
ing into consideration egg mortality and population 
growth rate (Edmondson 1968, 1972, Paloheimo 1974, 
Threlkeld 1979a, Taylor & Slatkin 1981). These modifi- 
cations are based on the assumption of a stable age 
distribution, including an implicit parameter r. 

In our model for a marine cladoceran, the population 
growth rate, r, was given explicitly in Eqn (5), and 

1+1  
J- n (a, t) b, d t  

where b,, and bf = the average embryo number per 
adult at the age 0 and the age a, respectively; p' = the 
embryo mortality per day in a living adult. Under the 
assumption of a constant adult mortality m (X) = m, 
application of (3),  (4) and (5) for (14) gives an explicit 
form; 

where p = In (b, + 1)la. 
When Irl = lp-ml << l and I(P + p')I << 1, Eqn (15) 

reduces to the original form, F = l la .  Although we 
estimated b, and the embryo mortality per generation 
(p = p ' . a ) ,  we do not know a and m and therefore 
cannot estimate E 
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Johnson (1983) explored a more direct method for 

estimation of F, which does  not require  t h e  assumption 

of a s table  age distribution. It does,  however ,  require  

that  w e  k n o w  t h e  absolute  duration of t h e  develop-  

mental  s tages.  If we could confirm the  relative duration 

of s tages a n d  the  dependence  of the  total development  

t ime o n  temperature,  t h e  method  would be applicable  

also to our  data. 
W e  have  shown b y  mathematical  analysis  that  t h e  

relative duration of embryonic s tages c a n  b e  inferred 

from the  frequency distribution of s tages observed i n  
l a rge  samples,  a n d  that  the  decrease i n  embryo 

n u m b e r  p e r  s tage c a n  be used  as t h e  basis  of a calcula- 

tion of prenatal  mortality. This  mortality has to b e  

expressed on  a 'per  generat ion '  basis  instead of i n  

absolute t ime units because a t  the  moment  we d o  not 

know t h e  total development  t ime  (presumably a func- 

tion of temperature)  in absolute  units.  One c a n  expect  
this information to become avai lable  if a n d  w h e n  

techniques improve for handl ing  marine cladocera in  

t h e  laboratory. Meanwhi le ,  absolute  rates could b e  

est imated using d a t a  publ ished for freshwater forms. 
The prenatal  mortality, as calculated here ,  i s  appreci- 
a b l e  a n d  appears  to  p lay  a significant role in  control- 

l ing t h e  abundance  of this organism i n  Nova Scotia 
waters. 
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