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ABSTRACT: The seasonal occurrence and hatching of benthic eggs of calanoid copepods were studied 
for 1 yr in the surface sediments at 2 sites (a 33 m deep archipelago area and a 42 m deep site in an 
enclosed bay) off the SW coast of Finland, northern Baltic Sea. Eggs were abundant at both sites (up to 
4 and 6 X 106 eggs m-2). At the archipelago site, most eggs belonged to Acartia bifilosa and A. tonsa; at 
the bay site, eggs of Eurytemora affinis and Acartia spp. occurred. At the archipelago site, the egg 
numbers in the surface sediment followed closely the seasonal abundance of the planktonic Acartia 
spp. females. The eggs collected from the sediment were Incubated at temperatures corresponding to 
the in situ bottom temperatures. Hatching of the A. bifilosa eggs occurred throughout the year, but it 
was most intensive in autumn when water stratification broke and the deep water warmed up to 13°C. 
It is suggested that a large number of the A. bifilosa eggs sink to the bottom prior to hatching m shal- 
low coastal areas of the Baltic Sea. Hatching of the benthic eggs occurs throughout the year and the 
rate of naupliar emergence from the sediments depends on benthc condtions and processes (e.g. tem- 
perature, sediment resuspension and bioturbation). At the bay site, where the surface water layer was 
hydrographically separated from the deep water, the coupling between the benthic egg abundance 
and the planktonic populations was not so obvious. The dominant species E. affinis carries its eggs in 
an egg sac unhl hatching, and probably only the diapause eggs, which are produced in autumn, fall to 
the bottom. A. tonsa was abundant in the water column at both study sites in autumn, even outnum- 
bering other Acartia spp. in some samples. The eggs of the species only hatched in autumn, when the 
incubations were conducted at 10 to 13°C. It is probable that A. tonsa spends most of the year as ben- 
thic resting eggs In the northern Baltic Sea. In contrast, A bifilosa and E. affinis occurred in the plank- 
ton in winter at both study sites, though in low concentrations. They thus have 2 possible sources of 
recruitment when conditions are again favourable for population growth in spring: hatching of benthc 
eggs and reproduction by the overwintering population. 
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INTRODUCTION 

The seasonal dynamics of planktonic biota in coastal 
areas is often accompanied by benthic-pelagic cou- 
pling. A variety of planktonic animals (e.g. Reid &John 
1978, Grice & Marcus 1981, Onbe 1985) and algae (e.g. 
Fryxell 1983) spend part of their life cycles as benthic 
resting stages, and many principally benthic organ- 
isms make a seasonal appearance in the plankton 
as larvae (Williams & Collins 1986). The successive 

blooms of primary and secondary producers In coastal 
marine pelagial environments can, thus, often be 
viewed as dynamics of emergence from the bottom 
(Boero 1994). However, seasonality is not the only 
background to benthic-pelagic coupling in Me cycles. 
In shallow areas, the short distance between the 2 
habitats results in coupling when, for instance, eggs 
released by zooplankton reach the bottom before 
hatching (Landry 1978, Uye 1980, Lindley 1992). In 
such areas, the ability of eggs to retain viability in the 
sediments is essential, and Lindley (1992) even argues 
that this ability may have allowed centropagid cope- 
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pods to maintain populations in near-shore environ- 
ments as well as to colonize inland waters. 

Copepod dormancy may be described in similar 
terms to that of insects (Watson & Smallman 1971b, 
Elgmork & Nilssen 1978, Grice & Marcus 1981). 'Qui- 
escence' refers to a state of retarded development as a 
direct response to adverse environmental conditions, 
whilst 'diapause' refers to a genetically controlled state 
of arrested development, triggered by a stimulus pre- 
ceding the onset of environmental adversity (Grice & 
Marcus 1981). In the 'refractory phase' of diapause, 
development does not resume even under favourable 
conditions (Watson & Smallman 1971a). Development 
and hatching in quiescent and post-refractory dia- 
pause eggs may be regulated by seasonally varying 
conditions, such as temperature (e.g. Kasahara et al. 
1975a, Uye et al. 1979, Johnson 1980, Sullivan & 
McManus 1986, Marcus 1989). Hatching is also inhib- 
ited if eggs are buried under sediment (Kasahara et al. 
1975a. Uye et al. 1979, Uye 1980), probably due to the 
low oxygen concentration (Kasahara et al. 1975a, Uye 
& Flerninger 1976, Uye et al. 1979) which typically pre- 
vails under the few topmost mm of sediment (e.g. Revs- 
bech et al. 1980). 

It is plausible that in the Baltic Sea a large fraction of 
copepod eggs sink to the bottom before hatching. The 
sea is very shallow, 57% of its area being shallower 
than 50 m. Long development times of eggs are to be 
expected (cf. McLaren et al. 1969) since the water stays 
cold (<6"C) below a depth of -15 m during most of the 
annual cycle. The Baltic Sea is also a strongly seasonal 
environment, which makes resting egg production a 
worthwhile strategy for zooplankton. However, the 
existence and viability of calanoid resting eggs in 
Baltic sedirnents were only recently demonstrated 
(Viitasalo 1992a, Viitasalo & Katajisto 1994), and their 
role in the seasonal dynamics of Baltic copepods is still 
unknown. 

The aim of this study was to establish whether there 
is a detectable seasonality in the numbers and hatch- 
ing activity of calanoid eggs in surface sedirnents, and 
how this is reflected in planktonic population dynam- 
ics. The study was carried out in 2 areas differing in 
hydrographical conditions and sedimentary character- 
istics. 

Fig. 1. Study area and sampling sltes on the SW coast of Fin- 
land. M: River Mustionjoh 

33 m), the bulk of the water column is formed by sur- 
face water of the open Baltic proper. Meteorological 
processes are largely responsible for the variations in 
hydrographic conditions. Summer stratification of the 
water column breaks easily. In winter, water tempera- 
ture near the bottom is below 1°C (Niemi 1973, 1975). 
Ice covers the area for variable periods in winter, but 
not necessarily every year. The sediment is biotur- 
bated by an abundant benthic fauna, including the 
amphipod Monoporeia affinis, the isopod Saduria ent- 
omon, the bivalve Macoma baltica (Karjala & Lassig 
1985, Finnish Institute of Marine Research unpubl.), 
and the polychaete Marenzelleria vin'dis (Stigzelius et 
al. 1997). 

The second study site, Sallvik deep, is in the deepest 
MATERIALS AND METHODS part (depth 42 m) of a long sea inlet, Pojo Bay. A layer 

of fresh water, mostly originating from the River Mus- 
Study area. The sampling area is located on the east- tionjoki, flows on top of the more brackish deep water 

ern side of Hanko peninsula, at the entrance to the (4 to 5.5%0). The resulting halocline at -10 m depth 
Gulf of Finland, northern Baltic Sea (Fig. 1). The area effectively prevents mixing of these layers. Renewal of 
represents a transition between open sea water (sur- the deep water mostly depends on the occasional 
face salinity -6%0) and the fresh water of the head of inflows of saline water over a 6 m deep sill, which nor- 
Pojo Bay. At the first study site, Storfjarden (depth mally takes place in winter and spring. Ice cover often 
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persists from December or January until April. In late 
summer and autumn the oxygen concentration of the 
deep water is very low (Niemi 1978), and benthic 
macrofauna is absent. Due to the lack of bioturbation, 
the sedirnents of varying ages do not mix. The brown 
oxygenated layer extends down to 1-2 cm depth, and 
black and grey layers alternate below that (Viitasalo & 

Katajisto 1994). 
In May 1995, 2 extra sites, Langskar (depth 43 m) 

and Storgadden (50 m), were sampled. Both lie to- 
wards the open sea from Storfjarden. 

Plankton sampling and hydrographical measure- 
ments. Zooplankton was sampled at 2 to 6 wk intervals 
between March 1992 and April 1993. The samples 
were taken with a 100 pm mesh net (diameter 60 cm), 
with vertical hauls from 30 m (Storfjarden) and 37 m 
(Sallvik) to the surface. The samples were preserved in 
-4% hexamin buffered formalin. The samples were 
divided 5 to 9 times with a Folsom splitter (Omori & 

Ikeda 1984). For calanoid copepods, the numbers of 
adults (females and males) and the copepodite stages 
(I to V) were counted under a dissecting microscope; 
the naupliar stages were grouped by size into 3 cate- 
gories representing stages I to 11, 111 to IV and V to VI. 
However, the sampling was not quantitative for the 
smallest nauplii (stages I to 11). In these countings, 
Acartia spp. were grouped together, but the females 
were given a closer examination later: 50 specimens 
from most samples were determined to species level 
(A.  bifilosa, A. tonsa, A. longiremis). At 1 to 2 wk inter- 
vals the salinity and temperature profiles were mea- 
sured by Tvarminne Zoological Station with a SIS CTD 
plus 100. 

Sediment sampling and analysis. Sediment was 
sampled at 2 to 4 wk (once 8 wk) intervals between 
March 1992 and Apnl 1993. Five replicate samples of 
the surface sediment (1 to 2 cm thick layer, except dur- 
ing the first sampling at Sallvik, 0 to 1 cm) were taken 
with a Limnos sediment corer (diameter 94 mm; 
described in Kansanen et al. 1991). In May 1995, 1 sed- 
inlent core sample per station was taken at Langskar 
and Storgadden. After sampling the surface with a 
siphon, four 1 cm thick slices were cut from the cores 
from a depth between 0 and 11 cm. All samples were 
kept in a cool box until they were placed in a tem- 
perature-controlled room at 3 * 2°C. Ambient bottom 
water was sampled and filtered (GF/C) to be used for 
processing the samples and for subsequent incuba- 
t ion~ .  

Each replicate sediment sample was divided into 3 
subsamples. Before division, the samples were soni- 
cated for 1 min (Bransonic Ultrasonic cleaner B-2200 
E3) to break up sediment clots (cf. Marcus 1984a, 
1989). Plastic sample containers were filled to a known 
volun~e (500 or 800 rnl) with GF/C filtered seawater, 

mixed with a magnetic stirrer, and subsamples were 
taken with a 50 m1 syringe (for the first 4 sampling 
occasions a Folsom splitter was used for subsampling). 
The subsanlples for quantitative countings (1/5 or 1/4 
of the whole sample) were washed on a 50 pm sieve 
and preserved in -70% ethanol. The subsamples for 
determining the dry weight of the sediment were dried 
on preweighed glass fibre filters at 60°C for 24 h and 
placed in a desiccator before weighing with an elec- 
tronic toploader (Mettler PE 3600, precision 0.01 g). 
The third set of subsamples was stored at  3°C until the 
next day, when eggs were collected for the hatching 
experiments. 

The eggs were counted from 3 replicate samples. 
They were extracted from the sediment by the sugar 
flotation method (Onbe 1978). The samples were 
washed with tap water on a 50 pm sieve. The material 
remaining on the sieve was washed into a centrifuga- 
tion tube with sugar solution (1000 g sucrose in 
1000 rnl distilled water) and centrifuged at 3000 rpm 
(1300 X g) for 3 min. After the centrifugation the super- 
natant was transferred back to the sieve and the sugar 
was carefully washed away. The eggs were counted in 
a counting chamber under a dissecting nlicroscope. In 
addition, a subsample of the sediment fraction was 
checked for eggs, because in the samples preserved in 
ethanol some eggs tended to remain in the sediment 
during centrifugation. 

Hatching experiments. The eggs for the hatching 
experiments were extracted from the sedirnents in a 
similar way to the preserved samples, except that fil- 
tered seawater was used for washing. Neither sonica- 
tion (Marcus 1984a) nor centrifugation (Onbe 1978) 
should affect the viability of the eggs. Care was taken 
to keep the sanlples as cool as possible during all 
stages of handling. After centrifugation and washing, 
the eggs were collected with a pasteur pipette onto 
96-well microtitration plates (1 egg per well, -50 eggs 
per replicate sample) and incubated in temperature- 
controlled rooms (3 + 2 or 13 + 2°C) or in a cooled 
incubator (lO°C, Termaks), depending on the ambient 
bottom water temperature. In September, when the 
Storfjarden incubations were conducted at 13"C, an 
additional 50 to 100 eggs per sample were incubated 
as temperature controls in 24-well culture plates at 
3°C. The incubations were conducted in the dark as 
light was not expected to have an effect on hatching 
in situ. Lindstrom & Nilsson (1988) could not detect 
any measurable amounts of light near the bottom 
around noon in summer at the Storfjarden and Sallvik 
study sites. 

Hatched nauplii and unhatched eggs were counted 
after 6 d.  Nauplii were identified using an inverted mi- 
croscope, but identification of stage I nauplii was diffi- 
cult and could not be accomplished for all specimens. 
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The analyses were performed with SYSTAT statistical 
package 5.03. 

RESULTS 

Hydrographical conditions 

M A M  J  J A S O N D ~ J  F M A  The temperature development at the study sites in 

B 0 
1992 and 1993 is shown in Fig. 2. Stratification at Stor- 
fjarden was weaker and the temperature fluctuated 
more than at Sallvik, both at the surface and near the 

'0 
E bottom. Mixing of the water column warmed the bot- 

5 tom water up to 13°C in the autumn at Storfjarden. 
a 20 
a, whilst the bottom water at Sallvik remained relatively 
n cool throughout the year. Storfjarden was free from ice 

30 cover in 1992, also prior to the sampling period, and 
was covered only briefly in 1993. The bottom water 

40 salinity was lower (4 to 5.5%0) at Sallvik than at Stor- 
M A M J J A S O N D I J F M A  

1992 1993 
fjarden (5 to 7 %o) (Fig. 3). At the time of the sampling, 
the temperature and salinity near the bottom were 

Fig. 2. Temperature development at (A) Storfjarden and 
(B) Sallvik in March 1992 to April 1993. Horizontal bars 

3.2"C and 6.?%0 at Storgadden and 4.1°C and 5.9%0 at 

denote the approximate duration of ice cover LAngskar. 

In May 1995, an additional experiment was con- 
ducted to determine the hatching rate of the eggs from 
sediments at different temperatures. The eggs were 
extracted from the Langskar and Storgadden sediment 
samples 1 d after sampling as described above. After 2 
more days at 3'C the eggs were picked onto 96-well 
microtitration plates (-3 eggs per well; 3 X 12 wells per 
sample for each temperature, if there were sufficient 
numbers of eggs), which were placed in temperature- 
controlled rooms at 3, 13 and 1B0C, and the remaining 
eggs were counted. The incubations were checked 
daily for hatched nauplii until no more nauplii hatched 
for several days. Hatch~ng of the eggs during the initial 
2 d storage after extraction at 3°C was not considered 
to significantly bias the results; during the picking, few 
nauplii were observed in 2 samples only. These 2 d 
were added to the calculated mean hatching times at 
3°C but not at 13 or 18°C. 

Statistical procedure. To investigate the possible 
correlations and lag periods between the time series of 
the eggs, nauplii and females of Acartia spp, at Stor- 
fjarden, Pearson correlation coefficients were calcu- 
lated between the mean abundances of eggs in the 
surface sediment and the nauplii and females in the 
water column, with different time lags. The analyses 
were done for the period from March to November 
1992, when the samples were collected at -2 wk inter- 
vals. If the egg and plankton data were not collected 
during the same weeks, the missing data points were 
calculated as an average of the 2 nearest data points. 

Abundance variations in the planktonic populations 
and the benthic eggs of copepods 

Acartia spp. and Eurytemora affinis (Poppe) were 
the most abundant copepods at Storfjarden. Other 
copepods that occurred were the calanoids Temora 
longicornis (Miiller), A. longiremis (Lilljeborg), Limno- 
calanus macrurus Sars, Pseudocalanus minutus elon- 
gatus (Boeck), Centropages hamatus (Lilljeborg), and 
Cyclopoida spp. At Sallvik the calanoids E. affinis, L. 
macrurus, A. bifilosa, A. tonsa and C. hamatus and the 
cyclopoids Thermocyclops oithonoides Sars and Meso- 
cyclops leuckarti Claus were found. The dynamics of 
Acartia spp. and E. affinis is described in more detail 
below. 

Acartia spp, occurred in the plankton throughout the 
year at Storfjarden, although the numbers in winter 

4 4 I l  I 
M A M J J A S O N D J F M A  

Fig. 3. Salinity of the bottom water layer at Storfjarden (STO- 
30 m) and Sallvik (SAL-35 m) in March 1992 to April 1993 
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were very low (Fig. 4A). The overwintering 
stages were mainly nauplii and copepodites. 
Adults peaked for the first time in the middle 
of May. The numbers of nauplii and small 
copepodites peaked for the last time in 
November, but most of them disappeared 
before reaching adulthood. A. bifilosa was 
the most numerous of the Acartia spp., but in 
autumn also A. tonsa females became abun- 
dant. A. longiremis occurred in early spring, 
when the total density was low. 

Eggs were deposited on the bottom 
throughout the productive season. Their 
abundance in the surface sediments at Stor- 
fjarden was lowest in spring (6 X 104 eggs 
m-2 in April 1992) and highest in autumn (up 
to 6 X 106 eggs m-2 in August and in October) 
(Fig. 4B). The variations in abundance were 
largely related to those of planktonic Acartia 
spp. females (Fig. 4A, B): the egg numbers 
followed the numbers of the females with a 
2 to 6 wk lag (r2 with 4 and 6 wk lags -60 %; 
Table 1). The numbers of nauplii in the 
water column, in turn, correlated both with 
the abundance of benthic eggs, with a 0 to 4 
wk lag (r2 with 2 wk lag 57 %), and with the 
abundance of females, with a 4 to 6 wk lag 
(r" with 6 wk lag 67 %). 

At Sallvik the abundance of Acartia spp. 
remained very low throughout the year com- 
pared to Storfjarden (Fig. 5A). A. bifilosa 
dominated the females but the relative 
abundances of A. longiremis in spring and 
A. tonsa in autumn were higher than at Stor- 
fjarden. In winter the abundances were not 
especially low compared to the rest of the 

Acartia spp. 
l o O I  

* A L & L i  
0 MALES 

FEMALES: 

A. tonsa 
A. bifilosa I 

Table 1. Acartia spp. Pearson correlation coefficients (r) 
between the time series of nauplii in the water column, eggs 
in the surface sediment and females in the water column, in 
March to November 1992, with different lag periods. b-2 wk. 
h-4 wk and to-6 wk denote 2,4  and 6 wk lags, respectively. ns: 
not significant; '0.01 c p < 0.05; "0.001 < p < 0.01; "'p < 
0.001. Only a part of the correlation matrix shown. N = 15 for 

each correlation 

M A M J  J A S O N D I J F M A  

Flg. 4. Calanoida spp. (A) Seasonal abundance variations in Acartia spp. 
in the water column at Storfjarden in 1992 and 1993. Note that 'adults' are 
presented in a different scale from the other stages. N: nauplii; C: cope- 
podites. (B) Seasonal abundance (-) of calanoid eggs in the surface sedi- 
ment (1 to 2 cm thick) at Storfjarden in 1992 and 1993, and abundance 
corrected with DW of the sediment sample (-.-); means and standard de- 

viations of 3 replicates 

Benthic eggs, b Nauplii, h 

Benthic eggs, 
Benthic eggs, b-2 wk 
Benthic eggs, b-4 wk 
Benthic eggs, b-6 wk 
Females, 
Females, b-2 wk 
Females, b-4 wk 
Females, b-6 wk 

year. Mainly the nauplii overwintered; in late winter 
the copepodites also increased in abundance. The total 
abundance of Eurytemora affinis remained relatively 
low throughout the year except in September and 
October (Fig. 5B). The nauplii showed 4 distinctive 
peaks, and the copepodites were most abundant in 
autumn. The adults were relatively abundant through- 
out the summer until November. The adults made up 
-50% of the overwintering population and the cope- 
podites outnumbered the nauplii. By the end of April 
the nauplii and early copepodite stages became abun- 
dant. 

No clear seasonal trend was manifested in the Sa11- 
vik egg abundances (Fig. 5C). High abundances were 
attained in summer and again in late autumn, maxi- 
mum 4 X 106 eggs m-2 in the 1 to 2 cm thick surface 
layer. The decline in abundance in September coin- 
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tided with the decline in the sediment dry 
weight, which was due to an accumulation 
of newly sedimented, loose material. Corre- 
spondingly, no simultaneous decline oc- 
curred in the egg numbers corrected for sed- 
iment dry weight. 

Hatching of the benthic eggs 

Nauplii of Acartia spp, and Eurytemora 
affinis hatched from the benthic eggs. Nau- 
plii that could not be identified are also 
assumed to belong to one of these taxa, since 
no other species has been observed to hatch 
from the benthic eggs in the study area in 
any later studies either. 

There were 2 more or less distinguishable 
egg types among the benthic eggs: eggs with 
red or violet pigmentation (diameter 78 to 
86 pm) and whitish eggs (diameter 80 to 
91 pm, sometimes with a light blue or green 
appearance) which were often covered with 
attached material. The occurrence of inter- 
mediate egg colours and the overlap in size 
made classification difficult. Later compar- 
isons of these egg types with eggs produced 
by Acartia bifilosa, A. tonsa and Eurytemora 
affinis suggest that the 'red' eggs belonged 
to A. bifilosa and the 'white' eggs to A. tonsa 
andlor E. affinis. At Storfjarden the benthic 
eggs were mostly of the 'red' type until 
the end of September, when both types co- 
occurred. After that, these types were in- 
cubated separately. At Sallvik no such dis- 
tinction into separate types was made. 
Unfortunately, the red colour disappeared 
from the eggs in the preserved samples and 
the egg types were not distinguished in the 
abundance data. 

0 At Storfjarden Acartia spp. nauplii hatched 

8 8 from the benthic eggs (the 'red' type, A. 
bifilosa) throughout the year (Fig. 6A).  In 

6 
E 

March to August 1992. 18 to 49% of the eggs 
w- 

%l 
m' hatched in 6 d at 3°C. When the deep water z 4 

X temperature increased up to 13°C in Septem- 

2 
m ber, the incubation temperature was corre- 

a 
2 g  

a spondingly raised. This resulted in a clearly 
larger (83 to 92%) proportion of the eggs 

M A M J J A S O N D I J F M A  hatching in 6 d. In simultaneous control incu- 
1992 1993 bations at 3OC in September only 20 to 30 % 

of the eggs hatched. After that, until April 
Fig. 5. Calanoida spp. Seasonal abundance variations in (A) Acartia spp. 
and ( B )  Eurytemora affinis in the water column and (C) calanoid eggs in 1993, the incubations were again performed 

the surface sediment I1 to 2 cm thick; I*) 0 to 1 cm1 at Sallvik in 1992 and at 3"C, with hatching Percentages ranging 
1993. Other notation as in ~ 1 ~ :  3 from 13 to 27 % 
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affinis were among the hatchlings from the 
'white' eggs. 

80 At Sallvik the bottoni water temperature 
remained low and the incubations were run 
at 3°C throughout the study period (Fig. 6B). 
Hatching percentages were lower than for 

40 eggs from Storfjiirden, and in November 

S and December none of the eggs hatched in 
cn 
C 

6 d. Of the hatchlings. 20% were Acartia spp. 
.- 
c 
0 

and 40% Euryternora affinis (the rest were 
5 O O 5 not identified). The highest percentage was 
I attained on the first sampling occasion, when 

40 only 0 to 1 cm was sampled, which may have 
accounted for the result. 

20 The eggs isolated from the 2 extra sediment 
cores in 1995 (Storgadden & Langskar) were 

o mainly of the 'red' type (Acartia bifilosa) (Fig. 7) 
and these 'red' eggs were used almost exclu- 

1992 1993 sively in the incubations. Among the total of 
-700 hatchlings, only 6 were Eurytemora affi- 

Fig 6.  Calanoida spp. Hatching of eggs sorted from the surface sedi- nis nauplii; the rest were Acartia spp. The 
ment (1 to 2 cm thick) at (A) Storfjarden ('red' eggs, Acartia bifilosa) and hatching percentage was high for the surface 
(B) Sallvik in 1992 and 1993. Means and standard deviations of 5 repli- eggs and declined with depth, at  Storgadden 
cates, -50 eggs each. Stacked bars in (B):  proportion of Acartia spp. 
(black), Euryternora affinis (grey) and umdentlfied nauplii (white) more than at LAngskar. On the other 
among hatchlings. (0) Hatching percentage 0%. Incubation tempera- hand, the eggs were more abundant at Stor- 
ture and ambient bottom water temperature indicated wlth continuous gadden at all depths than at LBngskar. The 

and dotted lines, respectively mean development time (in days) varied be- 
tween 7.6 % 1.2 (+SD) and 9.8 * 1.5 at 3"C, be- 

The 'white' eggs from Storfjarden had a much lower tween 1.6 + 0.7 and 2.5 2 0.8 at  13"C, and between 1.3 + 
hatching percentage than the 'red' eggs, 2 to 10% at 0.4 and 1.7 + 0.8 at 18°C (Fig. 8). Treatments with fewer 
210°C (September to October) and 0 % at 3°C (No- than 20 hatched eggs were omitted from these statistics. 
vember to April). Of the 48 hatched nauplii, 29 were The final hatching percentage was not dependent on 
identified as Acartia spp. and 6 as Euryternora affinis temperature. 
(the rest were not identified). After the last incubation 
in the spring of 1993 the plates were kept for another 
6 d at 13"C, during which time most of the eggs, both DISCUSSION 
'red' and 'white', hatched. Both Acartia spp. and E. 

Benthic-pelagic coupling 

Sediment 
A B 

depth 0 -m 

(cm) 2 -- -- 
4 -1 
6 - 

8 - 
10 - 
12 

Our data suggests that benthic-pelagic co.upling is 
important in the life cycle of Acartia spp. on the shal- 
low coasts of the Baltic Sea. A large proportion of the 

0.0 0.5 0.0 0.5 1.0 1.5 2.0 2.5 was in turn followed by the naupliar abundance in the 
6 2 Eggs xlO /m water column. The wide range in the lag periods was 

probably caused by the fact that development is slower 
Fig. 7. Calanoida spp. Egg abundance estimates at O.1,4,7 and in cold water in spring than in warmer temperatures in 
10 cm sedunent depths at (A) Langskar and (B) Storgadden in 
May 1995. The '0 cm' are for thin surface layers, si- Summer' In egg production and as 
phoned from the top of the cores, and are thus not comparable well as the egg stage duration In the sediment may 

to the other abundances, representing 1 cm thick layers vary seasonally and between species. 

eggs spawned by females seemed to reach the bottom 
prior to hatching, indicated by the correlations be- 
tween the numbers of Acartia spp. females, benthic 
eggs and Acartia spp. nauplii at Storfjarden (Table 1). 
Egg abundance in the sediment clearly followed the 
variation in abundance of the planktonic females and 

- 

- I 'red' eggs 
"white' eggs 

I I I I I 
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Fig. 8. Calanoida spp. Cumulative hatching of eggs from dif- 
ferent sediment depths at (A) Lbngskar and (B) Storgadden 
incubated at different temperatures. Dotted line (LAngskar 7 

to 8 cm): N = 34; others N 274 

Other studies have made similar observations com- 
paring the seasonal variation in egg abundance in the 
sediment and in plankton populations (Kasahara et al. 
1975b, Uye 1982). Sinking of Acartia clausi eggs to the 
bottom prior to hatching in shallow areas was proposed 
by Landry (1978) and Uye (1980). Hatching from the 
bottom was also suggested by Ueda (1987), who ob- 
served that the first naupliar stages of A. hudsonica and 
A. omorii were always concentrated near the bottom, ir- 
respective of the egg distribution in the water column. 
Sinking to the bottom prior to hatching has not been 
proposed earlier for the copepods of the Baltic Sea. 

Estimates of the sinking velocity of marine calanoid 
eggs vary between 13 and 72 m d-' (Landry 1978, Uye 
1980, Marcus & Fuller 1986, ffirarboe et al. 1988, Miller 
& Marcus 1994). Thus, in less than 2.5 d the eggs 
would reach the bottom in areas shallower than 30 m 
even if released into the water near the surface. The 
egg development time was determined at several tem- 
peratures for Acartia b~filosa in July 1995: after being 
laid, the eggs hatched in 3 d at 212OC (Katajisto 

Sediment O 
depth 1-2 
(cm) 4-5 

7-8 
10-11 

unpubl. data). These are comparable temperatures to 
the summer surface temperatures at Storfjarden (from 
June to September), but for most of the summer this 
warm layer is restricted to the upper 5 to 15 m (Niemi 
1975, this study). Therefore, most eggs may sink to the 
bottom prior to hatching. However, turbulence and 
water currents may keep the eggs in the water column 
for a longer time than can be predicted solely from the 
sinking speed (Miller & Marcus 1994). 

At Sallvik the situation was different from that at 
Storfjarden. Acartia spp. were not very abundant and 
the data do not show a similar coupling between the 
planktonic and the benthic populations. All planktonic 
stages peaked on the same sampling dates, which indi- 
cates that the occurrence of the population may more 
likely be due to drifting with water bodies than to the 
development of the stages at the site. Eurytemora affi- 
nis differs from Acartia spp, in being able to prevent 
'accidental' sedimentation of eggs by carrying them in 
an egg sac until hatching. 

+ - + U  
- & & &  
4% + U 

+ 
-f 

Hatching of different egg types 

The eggs of Acartia bifilosa ('red' eggs) were found in 
sedirnents at Storfjarden throughout the year, and they 
hatched when incubated at ambient temperatures. This 
suggests that their dormancy is of the 'quiescent' type 
(cf. Grice & Marcus 1981). In addition to the northern 
Baltic Sea, resting eggs of A. bifilosa have only been 
reported from Jiazhou Bay, China, with no reference to 
their type of dormancy (Zhong & Xlao 1992). 

The development rate of copepod eggs is closely 
temperature related (e.g. McLaren et al. 1969). Low 
temperature may also induce and maintain dormancy 
in the subitaneous eggs of some species (Johnson 
1980). The eggs of Acartia bifilosa hatched equally 
well at all temperatures within the range found in the 
field (1.5 to 18°C). only the development rate varied 
according to temperature (Katajisto unpubl. data, this 
study). At 13"C, the eggs hatched in 3 to 4 d, so the 6 d 
incubations were long enough to reveal the 'final 
hatching' of the eggs. In contrast, at 3OC, incubations 
for 12 to 14 d would be needed to accomplish the same. 
The seasonally varying hatching observed in this study 
thus refers not to the 'state' or viabdity of the eggs, but 
rather to the rate of the nauplii emergence from the 
sediment surface during different times of the year. 

We suggest that the hatching of Acartia bifilosa nau- 
plii from the sediment surface occurs more or less con- 
tinuously throughout the year. The magnitude of emer- 
gence is dependent on the bottom temperature, which 
affects the development rate of the eggs, and on the 
size of the benthic egg pool close to the sedirnent- 
water interface, where the eggs are subject to hatching 



Katalisto et al. Calanoid eggs in Baltic sedlrnents 141 

or resuspension. If environmental conditions are suit- 
able in the water column, the nauplii will survive and 
give rise to a new generation. Unsynchronized emer- 
gence from the bottom enables species to 'sample' dif- 
ferent environmental conditions of the year (Johnson 
1980, De Stasio 1990). At Storfjarden the benthic eggs 
hatched most intensively in autumn, when the water 
column was mixed to the bottom and warming of the 
deep water accelerated egg development. Resuspen- 
sion of sediments may also have occurred during the 
mixing event. In an analysis of a long term data series 
from 1973 to 1984 a correlation between naupliar 
abundance in autumn and deep water temperature 
was detected (Viitasalo et  al. 1994). This supports the 
conclusion that recruitment to a planktonic population 
at least seasonally depends on the processes affecting 
hatching from benthic eggs. In the autumn of 1992, 
most of the nauplu died before reaching the later 
stages but a small fraction survived, overwintered and 
may have developed into adults early in the spring. 

At Storfjarden the 'white' eggs (Acartia tonsa and E u -  
rytemora affinis) hatched at much lower rates than the 
'red' ones. In Narragansett Bay (Rhode Island, USA) 
eggs of A, tonsa remain dormant at low temperatures 
(16°C) and hatching is suppressed at intermediate tem- 
peratures (9 to 15°C) (Zdlioux & Gonzalez 1972, Sulli- 
van & McManus 1986). Such a dormancy pattern would 
explain the 'white' egg hatching results at Storfjarden, 
assuming that most of the eggs belonged to A. tonsa. In 
the southern Baltic Sea, Arndt & Schnese (1986) state 
(without showing the data) that A. tonsa hatch from 
resting eggs at >1O0C. As A. tonsa females were only 
observed in the autumn, the species may spend most of 
the year as.benthic resting eggs, which hatch when the 
bottom water warms up in late summer. However, A.  
tonsa was also abundant at Sallvik, where the bottom 
water temperature did not rise above 6°C during the 
study year. As the peak abundance of Acartia spp. 
adults in autumn was not preceded by high juvenile 
abundances, the hatching of the benthic eggs and the 
development of the population may have taken place in 
the shallower surroundings of the Sallvik deep. On the 
other hand, strategies of dormancy within species may 
vary a great deal geographically (Marcus 198413, Uye 
1985); in CaMornia, A. tonsa eggs were able to hatch at 
5°C (Uye & Fleminger 1976). 

The history of Acartia tonsa in the northern Baltic Sea 
is somewhat obscure. The species immigrated into Eu- 
ropean waters in the early 1900s and it has become a 
permanent and abundant inhabitant of many estuarine 
habitats (Brylinski 1981). It was reported from the Gulf 
of Finland in 1935 (Srnirnov 1935), but it has only occa- 
sionally occurred in plankton samples in the coastal 
northern Baltic Sea. However, A. tonsa was recently re- 
ported to occur in great numbers in the eastern Gulf of 

Finland, where its abundance in the deep-water areas 
in autumn may reach 40 to 50% of the total copepod 
abundance (Silina 1991). In mesozooplankton monitor- 
ing samples from Storfjarden in 1966 to 1984, A. tonsa 
was rare (Viitasalo 199213). There are no reports on zoo- 
plankton communities from Sallvik since that of Halme 
(1958), who did not distinguish between Acartia spp. 
The situation in 1992 seems to hold for later years too: 
A. tonsa females have been abundant in Storfjarden 
and Sallvik also In later autumns (Katajisto pers. obs.). 

Eurytemora affinis has been shown to produce dia- 
pause eggs in a lake in Japan (Ban & Minoda 1991). 
Thus far, only indirect evidence of diapause egg pro- 
duction by E. affinis exists from the Baltic Sea (Kata- 
jisto 1996). This could explain why no eggs hatched in 
the incubations from Sallvik in November and Decem- 
ber. Towards the end of the year the sediment would 
be expected to be packed with diapause eggs if they 
were a means of overwintering. Also, the rise in ben- 
thic egg abundance in November could be due to 
deposition of the diapause eggs. 

Egg burial 

The study sites differ in several characteristics, 
which may have a significant effect on the benthlc 
eggs. The higher sedimentation rate (A.-S. Heiskanen, 
Finnish Environment Agency, unpubl. data) and lower 
deep water temperature (leading to slower develop- 
ment) at Sallvik increase the probability of burial as 
compared with Storfjarden. After burial, the eggs may 
be transported back to the sed~rnent surface if the sed- 
iment is bioturbated by benthic fauna (Marcus 1984a, 
Marcus & Schrmdt-Gengenbach 1986). Bioturbation 
mixes the sediment deeper than physical forces (e.g.  
Sanford 1992) and it also makes the sedment  more 
susceptible to resuspension (Rhoads & Young 1970). 
Although benthic animals may also be responsible for 
burying the eggs, the net effect of bioturbative particle 
transport in sediments is thought to be upwards 
(Hilkansson & Jansson 1983). Thus, at Sallvik the eggs 
have a high probability of burial and a low probabhty 
of returning to the sediment surface to hatch because 
the macrofauna is absent. On the other hand, at Stor- 
fjarden egg burial should be slower, and mixing of the 
sediments by the bottom dwelling fauna would pro- 
vide a means of getting the buried eggs back to the 
surface. However, the predatory effects of the benthic 
fauna might overrun the positive effects of bioturba- 
tion. Copepod eggs may survive passage through poly- 
chaete guts (Marcus 1984a, Marcus & Schmidt-Gen- 
genbach 1986), but Monoporeia affinis, for example, is 
not able to ingest copepod egg sized particles without 
crushing them (Ankar 1977, Elmgren et  al. 1986). 
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The different egg abundance and viability profiles at 
Storgadden and Lgngskar in 1995 also reflect the dif- 
ferences between the sites. The Storgadden sediment 
was black and apparently anoxic, possibly resulting in 
a rapid decrease in viability with depth, whilst at 
Ldngskar the sediment type was brown clay. The re- 
duced final hatching percentage of eggs in the deeper 
sediment layers may reflect a loss of viability over time, 
or it may simply be caused by a proportional increase 
in the originally unviable eggs in the sediments as the 
viable egg pool becomes smaller due to hatching. 
However, these results are only applicable to the eggs 
of Acartia bifilosa, since they were the dominant egg 
type in the sediments and in the incubations. Though 
the 'white' (A, tonsa and Eurytemora affinis) eggs do 
not contribute significantly to the total egg pool in the 
sediments, they may represent a larger fraction of 
viable eggs. E, affinis has been shown to remain viable 
for a decade in the seemingly anoxic sediments of Sall- 
vik (Katajisto 1996). 

Conclusion 

We suggest that benthic resting stages play a signif- 
icant role in the life cycles of the 3 most important 
copepod species in the northern Baltic coastal areas. 
Acartia brfilosa spawns freely in the water and, 
depending on the hydrographical conditions, a num- 
ber of the eggs fall to the bottom. Some eggs hatch 
throughout the year either right from the sediment sur- 
face or after being resuspended to the water column. 
A.  tonsa forms high population densities in Iate sum- 
mer or autumn and it probably spends most of the year 
as benthic resting eggs, which hatch in late summer 
when bottom water warms up. Eurytemora affinis 
carries its eggs in an egg sac, thus reducing their 
probability of sinking to the bottom. It probably also 
produces diapause eggs that help to initiate the popu- 
lation again in spring. A. bifilosa and E. affinis occur in 
the plankton throughout the winter in low numbers. 
They thus have 2 possible sources of recruitment when 
conditions are again favourable for population growth 
in spring: hatching of benthic eggs and reproduction 
by the overwintering population. 
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