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Egg dormancy was studied in calanoid copepods near Hanko Peninsula, SW coast of Finland, northern Bal-
tic Sea. The seasonal variation in benthic egg abundance and hatching success was assessed by extracting
eggs from surface sediments and incubating them at temperatures corresponding to the in situ bottom tem-
peratures. This was compared with the seasonal variation in plankton abundance. The depth distribution of
viable eggs in sediments was determined from core samples. To reveal the factors behind dormancy and af-
fecting survival, eggs produced by field-collected females were incubated under different temperature, light
and oxygen conditions.

The resting eggs of three copepod species, Acartia bifilosa, Eurytemora affinis and Acartia tonsa, were
found in the sediments. Acartia bifilosa and E. affinis are the dominant calanoid species of coastal areas of
the northern Baltic Sea and occur in plankton throughout the year, although their numbers in winter are low.
Acartia tonsa, which has been mostly neglected in earlier studies in the area, was not found in plankton dur-
ing most of the year but attained high abundances in autumn. The resting eggs of these species represented
different types of dormancy: quiescence (facultative dormancy), diapause (obligate dormancy) and an inter-
mediate type.

Acartia bifilosa produces subitaneous, i.e. ready-to-hatch eggs throughout the productive season. Egg
abundance in the surface sediments closely followed the variations in abundance of females in the plankton
and was in turn followed by the abundance of nauplii in the plankton. This suggests that in shallow areas
large fractions of the eggs may sink to the bottom prior to hatching. Some of these continue development
and hatch without undergoing arrest, while others are buried and become dormant under the anoxic condi-
tions prevailing under the sediment surface. The dormancy of the eggs represents the quiescent type: their
development is arrested due to external conditions and is resumed when favourable conditions are restored.
These studies show that the oxygen conditions of the environment regulate the egg dormancy of 4. bifilosa
in the northern Baltic Sea. Temperature affected the development rate, but did not directly affect hatching
success or dormancy of the eggs. The eggs were also able to develop in complete darkness. The nauplii
hatched at very low oxygen concentrations, but under near-anoxic conditions development ceased and was
resumed when the eggs were subsequently incubated in normoxic water. The eggs could retain viability for
several months under anoxia, sometimes for periods as long as a year. This is exceptional for subitaneous
eggs and ensures survival over seasonal time scales.

Eurytemora affinis carries eggs in egg sacs. In summer the eggs produced are subitaneous and hatch in a
few days in the egg sacs. In autumn E. affinis produces diapause eggs that are released from the egg sacs and
sink to the bottom. Diapause eggs are ‘programmed’ to arrest their development, which can only resume af-
ter a certain refractory phase is completed, if conditions are favourable. In my experiments the diapause eggs
of E. affinis began to hatch at low temperatures 3—4 months after spawning, but at elevated temperatures
(13 °C) hatching was further delayed and viability was eventually depressed, unless first chilled (at 2 °C).
The hatching performance of eggs extracted from surface sediments was similar to that of diapause eggs de-
rived from field-caught females, while older eggs from deeper layers hatched readily. Diapause eggs are of-
ten capable of long-term dormancy and form egg banks in the sediments. This also applies to E. affinis eggs:



there was no apparent loss of viability in 5—6 years, and some viable eggs were extracted from even deeper
sediment layers, corresponding to ages more than ten years. Therefore, the eggs can be used as a long-term
survival strategy, in addition to securing recruitment after winter.

Acartia tonsa is a warm-water species and an immigrant to the Baltic Sea. Different from A. bifilosa
and E. affinis, it only occurs in the plankton in late summer and autumn and spends the rest of the year on
the bottom as resting eggs. The egg type produced appears to be intermediate between subitancous and dia-
pause and resembles the so-called ‘delayed-hatching’ egg type. A fixed refractory phase required in diapause
(sensu stricto) was lacking: some eggs hatched soon after spawning, and cumulative hatching occurred for
up to several months. The temperature and time of the year affected the response in 4. fonsa. At higher tem-
peratures (18 and 13 °C) and in summer, there was almost no delay in hatching, and the delay was more pro-
nounced at 6 °C and in autumn. The eggs did not hatch at low temperatures (3 °C). The abundance of viable
eggs in the sediments was small compared with that of the indigenous species, but appears to be sufficient
to support the persistence of local populations of this species. Since the species’ occurrence in the water col-
umn is seasonally restricted, 4. tonsa is dependent on the resting egg strategy for yearly recruitment in the
northern Baltic Sea.

Tarja Katajisto, Finnish Institute of Marine Research, P.O. Box 2, FI-00561 Helsinki, Finland



CONTENTS

INTRODUCTION ...ttt ettt sttt ettt b sttt sbe e sa et neens 7
Plankton in sediments: an overview of the ‘resting egg strategy’...........cevevvereervernenenn 7

Life cycles and resting eggs in calanoid cOpepods ........c.evvveieriieienieiienieie e 8

The Baltic Sea: environment and Zooplankton .............cceeveveriecienieiienieie e 9
OBIECTIVES ..ottt ettt 10
MATERIAL AND METHODS ...ttt ettt 11
STUAY SIEES ..vovvivretieiieteet ettt ettt ete et e ste et e ste e b e ete e b e e st esbeessesbeesseseessesseessesseessesseensesseas 11
Sediment sampling and aNALYSIS ........cceeveriiiieriieieiieieeee et 12
Plankton SAMPIING........coociiiiiriiiieie ettt ettt sre b e sr e beesaesbeesnereens 14

Egg development and dormancy in Acartia DifiloSa.............coceveeieceeeeeceeieeiesiieienenns 14

Egg development and dormancy in ACartia tORSA ...............cceeeveeuieeeneecresreeeesieeveenens 15
Diapause eggs of Eurytemora Qffilnis ........c..cccceeeeveeieeceeseesieeiesieeeesieeeesseesesseessenseens 15
RESULTS AND DISCUSSION.......oiitiitiiiiiitiietttettte ettt 16
Benthic resting eggs of northern Baltic Sea calanoids...........coceviioiniiiniiicniene, 16
ACAFHIA DIfIIOSA. ... 16

EUrytemora Qffinis..........cccooooiieiiiiiiiieie e 18

ACAFTIA TONSA ..ottt e 21

Intra- and interspecies differences...........coccucivenoiioeniiineiiieeeeesee e 24

Induction and maintenance of dormancy and survival under different conditions........ 27
TOIMPEF AU ...ttt ettt eeee 27

OXYZN CONAILIOMNS ...ttt 28

LEGRT et 30

OBREE JACTOFS ..ottt ettt 30

B DANK ... et 32
Resting eggs and INVASIVE SPECIES ...c..eeverrrertirietieiientieieeteetesteesieseeesiesseesieeseesteeneeneeens 33
SUMMARY ...tttk ettt sttt ettt sttt ettt et b et b ettt ne bt naene 34
ACKNOWLEDGEMENTS ...ttt 35






INTRODUCTION

Plankton in sediments: an overview
of the ‘resting egg strategy’

Traditionally, the aquatic environment is
divided into habitats, and consequently the
organisms are also categorized relative to
the habitats they most conspicuously live
in. Often the environment of the adult stage
is viewed as the ‘proper’ environment of
the species. Many organisms, however, oc-
cupy different habitats at different stages of
their life cycles, or perform repetitive habi-
tat changes, such as diurnal or seasonal ver-
tical migration. For example, many species
categorized as ‘benthos’ spend their lar-
val phase in the pelagial and the ‘plank-
ton’ in turn may find a refuge on the bot-
tom as benthic resting stages. The present
thesis focuses on the benthic resting eggs
of planktonic copepods in the northern Bal-
tic Sea.

Individual organisms often face drastic
changes in their environment. The environ-
ment can become inhospitable for the inhab-
itants over various time scales, from cycles
< 24 h in length to seasonal or annual vari-
ation. In high latitudes, seasonal variation
in light regime and temperature as well as
food availability pose special demands of
flexibility and adaptability for individuals.
The environment may also turn unfavour-
able due to biological interactions, such as
competition or predation. Harsh conditions
can be avoided by migrating to more hospi-
table environments or shutting the environ-
ment ‘outside’ by entering a dormant state
(‘migration in time’). Dormancy occurs in
different taxa, from unicellular organisms
to the animal and plant kingdoms, in terres-
trial and aquatic environments, from small
and temporary to large and permanent bod-
ies of water. It encompasses various states

of metabolic depression, ranging from a
light torpor to a complete arrest in vital
functions (Storey & Storey 1990). Differ-
ent types and phases of dormancy in many
invertebrate taxa, e.g. copepods (Williams-
Howze 1997), sponges (Fell 1995), bran-
chiopods (Brendonck 1996) and rotifers
(Ricci 2001), are often described in terms
similar to those of insects, which are well
documented (e.g. Danks 1987). Essentially
similar physiological processes govern dor-
mancy in insects and copepods (Elgmork &
Nilssen 1978).

The term ‘resting eggs’ can refer to dif-
ferent types of dormancy, ranging from
quiescence (or facultative dormancy) to dia-
pause (or obligate dormancy). In referring
to eggs, a distinction between subitaneous
(ready-to-hatch) and diapause eggs is made
(Grice & Marcus 1981). Quiescence is a di-
rect response of subitaneous eggs to envi-
ronmental conditions that are unfavourable
for development or hatching. Development
may resume as soon as favourable condi-
tions are restored. Diapause, in turn, is a
genetically controlled state of arrested de-
velopment. Diapause eggs are produced by
females in response to cues preceding the
onset of environmental adversity that may
be detrimental to the development of off-
spring. By definition, diapause includes a
‘refractory phase’ during which develop-
ment does not resume even under favour-
able conditions (Watson & Smallman 1971,
Elgmork & Nilssen 1978); some species
also require a period of chilling or warming
before termination of diapause can occur
(Marcus 1980, 1989). The refractory phase
of copepod eggs may last several months
(Marcus 1996), although after completion
of this phase dormancy may continue even
for years if unfavourable conditions prevail
(Watson & Smallman 1971, Grice & Marcus
1981, Hairston & De Stasio 1988, Marcus



et al. 1994). Since postrefractory diapause
eggs and quiescent eggs may show similar
responses to hatching cues, it is not always
possible to distinguish the dormancy type
of eggs collected in the field (Grice & Mar-
cus 1981). Both types may also occur in
one species (e.g. Castro-Longoria & Wil-
liams 1999). In some species diapause and
subitaneous eggs differ morphologically
from each other (e.g. Pertzova 1974, Kasa-
hara & Uye 1979) but in many they do not
(Grice & Marcus 1981). In addition, cope-
pod eggs in shallow coastal areas may also
sink to the bottom prior to hatching and if
conditions at the sediment/water interface
are favourable they may continue develop-
ment (Landry 1978, Uye 1980); thus at the
sediment surface eggs may also be found
that have not necessarily experienced dor-
mancy.

Development and/or hatching may be
retarded in quiescent and postrefractory dia-
pause eggs, due to adverse temperatures or
oxygen deficiency (Kasahara et al. 1975,
Uye et al. 1979, Johnson 1980, Sullivan &
McManus 1986, Marcus 1989) or (although
seldom in copepods) darkness (Landry
1975, Uye & Fleminger 1976, Uye 1980).
Diapause egg production is most often trig-
gered by seasonal cues, such as changes
in photoperiod and/or temperature (Mar-
cus 1980, 1982, Hairston & Kearns 1995,
Chinnery & Williams 2003). However, dia-
pause egg production also occurs as a direct
response to avoidable conditions. Diapause
egg production in the cladoceran Daph-
nia magna and in the copepod Eurytemora
affinis was stimulated by the presence of
predatory fish (Slusarczyk 1995, 1999) and
crowding (Ban & Minoda 1994).

Diapause eggs are often capable of sur-
vival beyond seasonal time scales. The un-
hatched eggs can remain viable for years
or even centuries in the sediments (Mar-

cus et al. 1994, Hairston et al. 1995). They
form an ‘egg bank’, analogous to the seed
banks of plants, that acts as a long-term sur-
vival strategy against unpredictable catas-
trophes or in case reproduction fails during
one or more consecutive years (Hairston &
De Stasio 1988, De Stasio 1989). An egg
bank also maintains genetic variation in a
fluctuating environment (Ellner & Hairston
1994) and thus slows the rate of evolution
(Hairston & De Stasio 1988). A seed pool
can greatly reduce the fitness uncertainty
produced by cyclic or randomly changing
environments, because the years that have
good seed production will have more im-
pact on the genetic composition of the popu-
lation than bad years (Templeton & Levin
1979). The long-term dormancy of the eggs
at the individual level lengthens the repro-
ductive life span of the short-lived female
to resemble that of an iteroparous species
(Hairston & Céceres 1996).

Life cycles and resting eggs
in calanoid copepods

Copepods may be the most numerous multi-
cellular organisms in the world, even out-
numbering insects (Hardy 1956, Mauch-
line 1998). The order Calanoida is mainly
pelagic; 75% of the species are marine and
25% are freshwater (Mauchline 1998). In
the marine pelagic zone it is the most suc-
cessful copepod order (Webb & Weaver
1988). Copepods form an essential part
of the so-called ‘grazing chain’; they feed
omnivorously on algae and small hetero-
trophs (Kleppel 1993) and are important
food for planktivores such as mysids and
fish (e.g. Hansson et al. 1990, Flinkman et
al. 1992). Despite their wide distribution
and great numbers, calanoid copepods show
remarkably little variation in structure and



life history: they have six successive nau-
pliar stages (NI-NVI) that are followed by
six successive copepodite stages (CI-CVI),
the sixth of which are the adults.

Complex life cycles with alternating
sexual and asexual phases, associated with
resting stage production in many other or-
ganisms, including cladocerans (Egloff
et al. 1997) and rotifers (Birky & Gilbert
1971), do not occur in calanoid copepods.
They always reproduce sexually. Most pe-
lagic calanoid species broadcast their eggs
freely into the sea — others carry them in
‘egg sacs’, i.e. attached to the ventral side
of the genital somite until the nauplii hatch
out (Mauchline 1998).

In the Calanoida, dormancy occurs ei-
ther in the embryonic stage (Superfamily
Centropagoidea) or in the copepodid stage
(Superfamily Megacalanoidea). In coastal
and fresh waters, dormancy is expressed by
benthic resting eggs; in the deep oceanic wa-
ters many species overwinter as a dormant
copepodid stage (CIV/V) that descends to
the depths (Williams-Howze 1997). Other
copepods, cyclopoids and harpacticoids,
mainly aestivate as (encysted) copepodites
or adults in sediments (Williams-Howze
1997); embryonic dormancy (resting eggs)
is rare in orders other than Calanoida
(Dahms 1995, Santer 1998). Currently, 46
marine or estuarine (Marcus 1996 and ref-
erences therein, Belmonte & Puce 1994,
Chen & Marcus 1997, Belmonte 1997,
Guerrero & Rodriguez 1998, Newton &
Mitchell 1999) and 28 freshwater (Wil-
liams-Howze 1997 and references therein,
Jersabek & Schabetsberger 1995, Chen &
Folt 1996, Parker et al. 1996, Williams-
Howze et al. 1998, Pasternak & Arashke-
vich 1999, Libman & Threlkeld 1999,
Couch et al. 2001, Knapp et al. 2001, Hall
& Burns 2001, Dharani & Altaff 2004) ca-
lanoid copepod species have been reported

to produce resting eggs. [Since the paper of
Marcus (1996) was published, Acartia bi-
filosa in Chinese waters has been classified
as a different species, 4. hongi, from the
one in Europe (Soh & Suh 2000)]. Diapause
as well as quiescence occurs, although the
type of dormancy has not been determined
in all studies. The studies covered environ-
ments from low to high latitudes but most
studies have been conducted in northern
temperate waters.

The Baltic Sea:
environment and zooplankton

The Baltic Sea is a large semienclosed
brackish water sea with restricted water
exhange with the North Sea via the shal-
low and narrow connection in the Danish
Sound. The water balance is dependent
on the inflow of saline water through the
Kattegat and on precipitation, about 2/3 of
which enters the sea as river runoff from
the large catchment area (Ehlin 1981). As a
result, a vertical and horizontal salinity gra-
dient develops. During summer, thermal
stratification accompanies and strengthens
the vertical salinity stratification. Special
meteorological conditions are needed for
large saline inflows to occur and the deep
water to be replaced. In between the peri-
ods of deep water renewal, stagnant condi-
tions develop in the subbasins and oxygen
depletion occurs in these areas (e.g. Matt-
hdus 1995). Due to increasing eutrophi-
cation, coastal bottoms have also suffered
from oxygen deficiency (Weigelt 1991,
Bonsdorff et al. 1997, Persson & Jonsson
2000, Laine & Kangas 2004). The condi-
tions at the bottoms significantly affect
plankton via the benthic life cycle link.
The biodiversity of the Baltic Sea is low,
which can be attributed to the salinity con-
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ditions (Segerstrdle 1957). The salinity of
the largest part of the surface water in the
Baltic Sea is between 5 and 10 psu (Kullen-
berg 1981), whereas 68 psu is the salinity
range that the lowest number of species can
tolerate (Remane 1934). Abundances are,
however, high. The species assemblage of
the Baltic Sea is a unique mixture of ma-
rine, freshwater and estuarine species (Re-
mane 1934, Segerstrale 1957). The meso-
zooplankton consists mostly of copepods,
cladocerans and rotifers; few benthic in-
vertebrate species have planktonic larvae,
although these may occur in great num-
bers (Hillfors et al. 1981). Only eight ca-
lanoid copepod species regularly occur in
the northern parts of the sea; these include
the marine species Temora longicornis,
Pseudocalanus minutus elongatus, Cen-
tropages hamatus and Acartia longiremis
as well as the estuarine or brackish water
species A. bifilosa, A. tonsa, Eurytemora
affinis and Limnocalanus macrurus (Hall-
fors et al. 1981, Silina 1989). The most nu-
merous, both in numbers and biomass, are
A. bifilosa and E. affinis (Viitasalo 1994).
Most of these species are known to produce
resting eggs in the other seas of Northern
Europe (Lindley 1986, 1990, Ness 1991,
1996, Castro-Longoria & Williams 1999,
Castro-Longoria 2001).

The northern Baltic Sea is a strongly sea-
sonal environment. Changes in the amount
of solar radiation drive the seasonal suc-
cession of temperature, salinity and, con-
sequently, water stratification and nutrient
availability for primary producers. In win-
ter, the sea is largely covered with ice, but
the duration and area of the ice cover var-
ies interannually. Since the sea is relatively
shallow (more than half of its area is <50 m
deep), the benthic resting stage strategy is
applicable for many planktonic species. It
is well recognized that cladocerans (Puras-

joki 1945, 1958, Kankaala & Wulff 1981,
Kankaala 1983, Krylov & Panov 1998) and
rotifers (Arndt 1988, 1991) spend a signifi-
cant part of the year on the bottom as rest-
ing eggs, since their occurrence in plankton
is seasonally restricted (Hernroth & Acke-
fors 1979). Recently phytoplankton stud-
ies have also taken the benthic component
into account (e.g. Nehring 1996, Olli 1996,
Kremp 2000a,b).

OBJECTIVES

Copepods show seasonal abundance fluctu-
ations in the northern Baltic Sea but, exclud-
ing Acartia tonsa, do not totally disappear
from the water column in winter. However,
it has long been assumed that benthic rest-
ing eggs are included in their life cycles. In
spring, the abundance of 4. bifilosa nauplii
tends to peak before females, which may
be attributed to recruitment from the bot-
tom (Hernroth & Ackefors 1979, Viitasalo
1992a). The occurrence of viable eggs of
Acartia spp. in sediments was verified by
Viitasalo (1992a). More detailed knowl-
edge on the species assemblage of benthic
eggs and the dynamics of egg deposition to
and recruitment from the bottom has, how-
ever, been lacking.

To reveal the role of benthic eggs in
the life cycles of calanoid copepods in the
northern Baltic Sea the following aspects
were studied and are summarized in this
thesis:

(a) The seasonal dynamics of egg depo-
sition on and recruitment from the bottom
was studied by following the variation in
egg abundance and hatching activity in sur-
face sediments, together with the plank-
tonic abundance, throughout the year at
two sites (I).

(b) The species identity of the benthic



eggs was studied by comparison with eggs
produced by females of different calanoid
species and by indentifying the nauplii
hatching from them to the family level, if
possible.

(c) The survival potential of the eggs in
the sediments, which defines the role that
benthic eggs may play in the life cycles of
the copepods, was studied by determin-
ing the vertical distribution of viable eggs
in sediments, related to the sediment age
(IV, V, this summary), by storing eggs in
sediment in the laboratory and determining
their viability after different time periods
(III), and by addressing how long newly
produced eggs survive under different con-
ditions (III, this summary).
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Figure 1. Map of the study area showing the sam-
pling sites.
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(d) The egg types and factors behind
the dormancy of different species were de-
termined by following the development
of eggs produced by females under vari-
ous conditions (II, III, this summary) and
by observing the hatching pattern of eggs
sampled from sediments at different times
of the year or in different sediment layers
(I, V, this summary).

MATERIAL AND METHODS

Two types of study were conducted. First,
eggs were sought in sediment samples and
incubated to reveal their hatching success
and pattern, as well as to identify the species,
if possible (I, IV, V). Second, eggs produced
by field-collected Acartia bifilosa females
were incubated under different conditions
to reveal the factors behind dormancy (11,
III). In addition to the studies presented in
[-V, some unpublished results of studies on
the egg dormancy of A. fonsa and Euryte-
mora affinis are presented in this summary.

Study sites

These studies were conducted in the
Tvéarminne — Pojo Bay area in the vicin-
ity of Hanko Peninsula, at the entrance to
the Gulf of Finland, northern Baltic Sea.
To the east of the peninsula, a transition oc-
curs from the open sea to an estuary. Sam-
pling was mainly conducted at two sites:
Tvdarminne Storfjard (subsequently re-
ferred to as ‘Storfjidrden’) in the archipel-
ago zone and the Sillvik deep in the estu-
ary. Additional sampling was conducted at
Bjornholm (depth 20 m), between the estu-
ary and Storfjdrden, and Langskér (43 m),
Liangden (50 m) and Storgadden (50 m) in
the open sea area (Fig. 1).
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Storfjirden (max. 33 m) lies in the ar-
chipelago zone between the estuary and the
open sea. The bulk of the water column is
formed by surface water of the open Baltic
proper. Meteorological conditions strongly
influence the hydrography (Niemi 1973,
1975, Héllfors et al. 1983). Thermal strati-
fication normally develops during summer
but easily breaks up, due to upwellings.
The temperature near the bottom is below
2 °C in winter and may increase up to 12—
14 °C in autumn; the salinity usually varies
between 5 and 7 psu. Ice covers the area for
variable periods, typically for 2—3 months,
in winter, but not necessarily every year. In
winter the zooplankton is scarce and com-
posed of copepods, mainly Acartia bifilosa,
in summer cladocerans and rotifers also oc-
cur (Viitasalo 1992b). In addition to 4. bi-
filosa the copepod Eurytemora affinis, the
cladoceran Bosmina longispina maritima
and the rotifer Synchaeta baltica are abun-
dant. The occurrence of permanent ben-
thic infauna indicates that near-bottom ox-
ygen deficiency does not occur (Laine et al.
2003), although the benthos has undergone
drastic changes in recent decades (Seger-
strdle 1933, Karjala & Lassig 1985, Kan-
gas et al. 2001, Laine et al. 2003). How-
ever, the depth of the visibly oxygenated
(brown) sediment surface layer varies from
> 1 cm to only 1-2 mm (IV, Katajisto, pers.
obs.).

In the estuary, Pojo Bay, a vertical sal-
inity gradient prevails between the outflow-
ing oligohaline surface water (0-3 psu) and
more saline deep water (Niemi 1973, 1978,
Stipa 1999). The halocline at ~10-m depths
effectively prevents mixing of these lay-
ers. Renewal of the deep water is mostly
dependent on occasional inflows of saline
water over a 6-m-deep sill; major inflows
normally occur in winter and spring. The
temperature near the bottom is under 1 °C

in winter and rises usually to 4-5 °C in sum-
mer; the salinity ranges from 4 to 5.5 psu.
The ice cover often persists from December
or January until April. Due to stagnant con-
ditions in summer, the deep water becomes
very poor in oxygen (Niemi 1978, Stipa
1999), and the macrofauna is missing in the
42-m-deep study site, Sdllvik. Due to the
lack of bioturbation, the sediment is charac-
terized by a noticeable lamination (IV).
The zooplankton community at Séllvik is
a mixture of limnic and brackish water spe-
cies (Levander 1915, Halme 1958, Koski
et al. 1999). The large calanoid Limnocala-
nus macrurus occurs almost throughout the
year; other more or less frequently occur-
ring calanoids include E. affinis and A. bi-
filosa. Cyclopoids are abundant and of the
cladocerans Daphnia cucullata is the most
numerous (Koski et al. 1999).

Sediment sampling and analysis

The sediment cores were taken and sliced
with a Limnos sediment corer (diameter
94 mm; described by Kansanen etal. (1991);
I, IV, V). During the seasonal study only the
surface (1-2 cm) was sampled; otherwise
the sediment layers were extruded from the
cores down to 10-25 cm, and all or some
of the 1-cm layers were further processed
in the laboratory (Fig. 2). The eggs were
extracted from the sediments by centrifu-
gation in a sugar solution (Onbé 1978) after
sonication of the samples (Marcus 1984a,
1989). The egg counts were performed ei-
ther from ethanol-preserved samples (I) or
unpreserved samples (I, IV). The eggs were
mostly incubated in 96-well culture plates
for about one week or for so long that the
hatching ceased (Table 1). The incuba-
tions were conducted soon after sampling
() or after storage of sediment at 3—5 °C
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Figure 2. Sediment layers sampled in the studies.
Sites: see Table 1.
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(Table 1). The incubations were conducted
in the dark, because light was not expected
to affect hatching at the sediment surface:
measurable amounts of light were not de-
tected near the bottom at the study sites
(Lindstrom & Nilsson 1988). The egg spe-
cies could not be identified in all the experi-
ments. The nauplii were identified to fam-
ily level when possible, using an inverted
microscope.

Since the eggs were extracted from
sediments and then incubated to observe
hatching, the results cannot be interpreted
to represent the actual hatching rate in the
field where only those eggs that are on the
sediment surface probably get a chance to
hatch. Therefore, I did not attempt to con-
vert the egg numbers and hatching activity
in the seasonal study to actual emergence
rates of nauplii from sediments (I). How-
ever, the results show how egg deposition
to and naupliar recruitment from the sedi-
ments fluctuate seasonally.

The long-term viability of the eggs was
assessed by comparing the depth distribu-
tion of viable eggs with the sedimentation

Table 1. Sediment sampling: sites, timing and incubation of copepod eggs extracted from the sediments.
A. Limnos cores. B. Ockelman sledge. Studies: Ea = Eurytemora affinis, At = Acartia tonsa. Sites: St =
Storfjarden, Sa = Sallvik, La = Langskar, Stg = Storgadden

Study Site Time of year Abundance counts inc. T °C inc. d
A I(a) St, Sa throughout yes ‘in situ’ 6
I(b) La, Stg May yes 3,13,18 814
v St, Sa May yes® 13,16,19 5-7M
v Sa Nov estimates only 12 5-14®
Ea Sa Nov yes 3,13 <270
At St May yes (3),8,13,18 <77
B 1III St Oct no 13-15 5-15®

Storage prior to incubations (and counts)

(12082 days (St) and 155-218 days (Si)

@33-39 days
®up to 6 years
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rate in Sallvik, as estimated using several
methods. These included distribution of
radionuclide *’Cs in a sediment core de-
termined to a depth of 24 cm (IV, V) and
the lead concentration, which indicated the
consumption intensity of lead-containing
automobile fuels as analysed from sediment
samples taken to a depth of 40 cm (IV). In
addition a crust-freeze sampler (Renberg
1981), which freezes an undisturbed sedi-
ment core, was used to visually analyse and
count the varves of the sediment (IV). For
direct evaluation of egg longevity the sedi-
ment, collected from Storfjdrden in Octo-
ber 1993 with an Ockelmann sledge, was
stored at 3—5 °C for up to 6 years (III). Dur-
ing the storage, the viability of the calanoid
eggs was checked at irregular intervals by
incubating eggs extracted from the sedi-
ments at 13—15 °C.

Plankton sampling

To relate the seasonal abundance fluctua-
tions of the eggs in sediments to the popu-
lation dynamics of the copepods in the wa-
ter column, the zooplankton was sampled
at 2—6-week intervals between March 1992
and April 1993 from Storfjdrden and Séllvik
(I). The samples were taken with a 100-um
mesh net and preserved in ~4% hexamin-
buffered formalin prior to analysis. The
numbers of adults, copepodites (stages I—
V) and nauplii (three size categories) were
counted under a dissecting microscope.

Egg development and dormancy
in Acartia bifilosa

Eggs produced by field-collected Acartia
bifilosa females were incubated under dif-
ferent conditions to reveal the nature of the

eggs produced as well as to study the in-
duction of dormancy and survival of the
eggs (II, III). The females were caught in
Storfjdrden (II, III), Bjornholm (II) and
Liangden (III) in summer (II, IIT) and au-
tumn (II).

The effect of temperature on develop-
ment and hatching was studied by incubat-
ing the eggs in filtered seawater (FSW) in
96-well culture plates at different temper-
atures between 1.5 and 18 °C (II). Hatch-
ing was checked once or twice per day until
no more nauplii appeared. The incubations
were mostly conducted in darkness (except
for the short exposals to light during the ex-
perimental procedure). The eggs were also
incubated in a 16h:8h light:dark cycle and
in total darkness from production until the
final checking of hatching success (II).

The effect of low oxygen concentra-
tions on the viability and induction of dor-
mancy was studied in two types of experi-
ments (III). In short-term experiments the
eggs were incubated under hypoxic condi-
tions (0-0.4 ml O, 1'") for 8 or 10 days at 13
or 10 °C, respectively, while in long-term
experiments the eggs were incubated for up
to 441 days under near-anoxic conditions at
4-13 °C (IIT). The anoxic and hypoxic con-
ditions were created and measured using
the gas chromatographic method developed
by Lutz et al. (1992). After the hypoxic in-
cubation and at 1-week to 5-month inter-
vals during the anoxic incubations, the oxy-
gen concentration in usually three replicate
vials was measured with a Hewlett Packard
5890 Series II gas chromatograph (Jaak-
kola & Simojoki 1998) and the number of
eggs and hatched nauplii checked. The re-
maining eggs were subsequently incubated
in normoxic FSW in 96-well culture plates
at 10 or 13 °C to reveal hatching of viable
eggs. All the incubations were conducted in
the dark.



Egg development and dormancy
in Acartia tonsa

Egg development in Acartia tonsa was
studied in autumn 1998, from August, when
the females first appeared in the plankton,
until October. The animals were caught at
Storfjdrden with vertical hauls from depths
of 25-30-m to the surface with a 200-pum
cod-end net, suspended with ambient sea-
water in large buckets and taken to the lab-
oratory. Water was taken at 10-20-m depths
and filtered (GF/F) for the experiments.
The females were transferred to 2-1 Erlen-
meyer flasks (about 50 females each), fed
with a mixture of cultured algae (Brachio-
monas submarina and Pseudopedinella
elastica) and acclimated for ~1 day at 13
or 15 °C before egg production for the ex-
periments. The eggs were collected after 5—
12-h production periods and incubated at 3,
6, 13 and 18 °C in 96-well culture plates
(one egg per well, 3 x ~30 eggs per tempera-
ture). Hatching of nauplii was checked at
1-14-day intervals until the remaining un-
hatched eggs were seemingly unviable.
Acartia tonsa does not occur in the wa-
ter column during winter and spring (I), and
to reveal its recruitment potential from the
benthic egg pool in summer, sediment was
collected from Storfjarden in May 1997 and
1998 with a Limnos corer (three cores each
year). The loose surface (app. 0.5 cm) was
taken with a siphon and 1-cm slices were cut
with the device of the corer (1997 to 1.5-cm
depths, 1998 to 2.5-cm depths, Fig. 2). Wa-
ter from 30-m depths was filtered (GF/F)
and used for handling the samples and in
the experiments. The eggs were extracted
with the sugar solution — centrifugation
method (3 min at 1000 g) (Onbé 1978,
Marcus 1984a, 1989). They were counted
under a stereomicroscope and incubated in
96-well plates at 8 and 13 °C (1997) and
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at 3, 8 and 18 °C (1998). In both experi-
ments with eggs produced in the laboratory
and those collected from the sediment, the
plates were transferred to 18 °C in case no
nauplii hatched at lower temperatures.

Diapause eggs of Eurytemora affinis

Diapause egg production of Eurytemora af-
finis was studied in autumn 1996. The eggs
produced by females and collected from
sediments were incubated and the hatching
patterns observed. The females for the ex-
periments were caught in October in Sill-
vik deep, Pojo Bay, with a 100-um net with
a vertical haul from about 25 m to the sur-
face. In the laboratory, the females were
collected in 2-1 Erlenmeyer flasks with
FSW (~50 females and 5 males each) and
allowed to stand at 13 °C. The copepods
were fed with Brachiomonas (200-300
cells/ml). Females that developed egg sacs
during the next five days were placed in-
dividually in plastic jars with 30 ml FSW.
When they had released the eggs, the fe-
males were removed, the water in the jars
changed and the eggs further incubated at 2,
3 and 13 °C. For the egg incubations, FSW
from above the bottom was used. Individual
clutches were incubated separately (except
for one combined ‘clutch’ of 21 eggs from
five females). To check the possible need
for chilling, three clutches at a time at one-
month intervals, were moved back to 13 °C
from 2 °C. After 1-3 months from the start,
the clutches were checked for hatched nau-
plii at 5—16-day intervals. This was contin-
ued for ~1.5 years, or until all unhatched
eggs in the jars were unviable.

To compare the results obtained by incu-
bating eggs produced by females in the lab-
oratory with the situation in the field, sedi-
ment was sampled for about one month after
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collecting the females. Three cores were
taken from the Sillvik deep with a Limnos
corer and cut in 1-cm slices to a 6-cm depth
(Fig. 2). The eggs were extracted from the
sediments by centrifugation in a sugar so-
lution (Onbé 1978) after sonication of the
samples (Marcus 1984a, 1989). They were
counted and incubated in 96-well culture
plates (one egg per well) at 3 and 13 °C for
so long that hatching ceased. Hatching of
the eggs was checked mostly at one-week
intervals.

RESULTS AND DISCUSSION

Benthic resting eggs
of northern Baltic Sea calanoids

Eggs of three copepod species were found
in sediments in these studies. These included
the two dominant species of the coastal zoo-
plankton, Acartia bifilosa and Eurytemora
affinis, and A. tonsa, which was abundant
in autumn (I). Eggs of the less abundant
species, Centropages hamatus and Temora
longicornis, have been found in sediments
in other sea areas, e.g. in the North Sea
(Lindley 1986, 1990), and the former also
in the southern Baltic Sea (Madhupratap
et al. 1996). However, I never observed
eggs of these species. Many studies have
shown that the eggs of C. hamatus have
conspicuous spines (Pertzova 1974, Mar-
cus 1989, Madhupratap et al. 1996, Chen
& Marcus 1997), and it is unlikely that they
should have gone unnoticed in the sedi-
ment samples. It may be that their occur-
rence in the Baltic Sea is restricted to the
southern parts. The eggs of T. longicornis
have not been found in other studies in
Baltic Sea sediments, either in the south-
ern Baltic Sea (Madhupratap et al. 1996) or
the Bothnian Sea (Albertsson & Leonards-

son 2000, 2001). In the Baltic Sea 7. longi-
cornis is more abundant in the open sea than
in coastal areas (Viitasalo 1992b, Viitasalo
et al. 1995), which may restrict the applica-
bility of the benthic resting egg strategy.

Acartia bifilosa

On an annual time scale, Acartia bifilosa
is the most abundant species of the pelagic
mesozooplankton community in the north-
ern Baltic Sea (Viitasalo 1994). In the sedi-
ments of the study area (excluding Pojo
Bay) it was also the most abundant repre-
sentative in the inactive fraction, namely
the benthic egg pool (I, IV). The high abun-
dance of eggs in the sediment reflects the
abundance of the species in the water col-
umn. The populations begin to build up in
April or May, and several abundance peaks
may be observed until the numbers decline
in October or November (Viitasalo 1992a,
Viitasalo et al. 1995). The females occur
from April to November and probably pro-
duce eggs during most of this time — eggs
were deposited on the bottom throughout
the period that females were observed in
the plankton (I). In the southern Baltic Sea
A. bifilosa females maintain egg produc-
tion, though at a low level, in winter when
the water temperature is < 2 °C (Schmidt et
al. 1998).

Acartia bifilosa produces only one type
of egg in the study area, i.e. subitaneous
eggs. The egg development rate is depend-
ent on temperature; the eggs hatched in
2-16 days at 18-1.5 °C, respectively (II).
Since the warmest temperatures mostly oc-
cur for short periods and are restricted to
the upper 5-10 m, development most often
requires more than two days. Therefore, it
is realistic to assume that a large part of the
eggs reaches the bottom prior to hatching



on the shallow coasts of the Baltic Sea. In
two days the eggs would sink at least an es-
timated 26 m, applying the sinking speeds
reported for the eggs of marine calanoid
copepods (Landry 1978, Uye 1980, Marcus
& Fuller 1986, Kierboe et al. 1988, Miller
& Marcus 1994, Wang et al. 2005), although
turbulence and water currents may slow
the sinking speed (Miller & Marcus 1994).
Sinking to the bottom was reflected in the
variations in abundance of the planktonic
and benthic populations of Acartia spp. at
Storfjarden in 1992-1993. Egg abundance
in the sediment clearly followed the abun-
dance of the planktonic females and was in
turn followed by the naupliar abundance in
the water column (I).

Assuming that eggs mostly sink to the
bottom prior to hatching, the recruitment
of A. bifilosa is linked with benthic condi-
tions. Low temperature or darkness did not
hinder development (II), but under anoxic
conditions the eggs became quiescent (II).
When the sediment surface is oxygenated,
the eggs continue development and hatch.
However, depending on the sedimentation
rate and the physical and biological mixing
of the sediment, some of the eggs will be
buried and become dormant due to oxygen
depletion that prevails beneath a thin sur-
face layer in organically rich coastal sedi-
ments (Revsbech et al. 1980). The eggs may
be translocated or resuspended in the water
column (Marcus & Taulbee 1992), while
vertical translocation in the sediment, both
upwards and downwards, further occurs
due to bioturbation by benthic fauna (Mar-
cus & Schmidt-Gengenbach 1986, Kearns
et al. 1996). The eggs can remain viable
for periods of from several months to more
than a year (III) and wait for an opportunity
to be returned to the sediment surface. Dur-
ing most of the year the temperature in the
bottom layer is low, thus lengthening the
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development time and increasing the prob-
ability that some of the eggs will be buried.
Hatching probably occurs from the sedi-
ment throughout the year. The intensity of
hatching is dependent on the egg pool on
the sediment surface and on the tempera-
ture, which determines the speed of devel-
opment. There is evidence that the recruit-
ment to a planktonic population is at least
seasonally dependent on the processes af-
fecting hatching from benthic eggs: a cor-
relation between naupliar abundance and
deep-water temperature in autumn was de-
tected in an analysis of a long-term data se-
ries (Viitasalo et al. 1994).

Since some of the eggs become dormant
for variable periods on the bottom, the time
between laying and hatching varies more in
eggs that sink to the bottom prior to hatch-
ing than in eggs that hatch already in the
water column. This lengthens the reproduc-
tive life span of the females. A population
may also maintain a more constant peren-
nial population by ‘time-released’ hatch-
ing from the sediments (Uye 1980, 1985).
This should level down the effects of possi-
ble egg production peaks. However, peaks
could be observed in A. bifilosa naupliar
abundance (I). In addition to the changes
in egg production that lead to differences in
the egg pool on the bottom, these peaks can
be derived from changes in the benthic con-
ditions that accelerate hatching (in autumn)
or perhaps changes in the pelagic condi-
tions that affect survival of the hatched
nauplii (in spring).

The abundance of Acartia nauplii often
peaks in autumn (Viitasalo 1992a, I), when
the water column can be mixed to the bot-
tom and the accompanying warming of the
deep water accelerates egg development.
Resuspension of sediments may also oc-
cur during these mixing events and further
enhance recruitment from the bottom. Very
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few of these autumnal recruits will ever
reach the reproductive stage: in 1992, the
abundance of the nauplii crashed and did
not end up as a substantial increase in cope-
podite abundance (I). On the other hand,
this peak was the seed of the small over-
wintering population.

In spring, a naupliar peak can be ob-
served clearly before the adults grow in
abundance (Hernroth & Ackefors 1979,
Viitasalo 1992a, I); the timing of this peak
often roughly corresponds to melting of the
ice cover (Viitasalo et al. 1994). Although
this peak most probably is a result of hatch-
ing of the benthic resting eggs, there is no
indication that any special event or sea-
sonal condition would promote an abrupt
and synchronized hatching from the bottom
(I). The eggs do not need a light cue for
hatching (II); an increase in the tempera-
ture that could speed up development and
hatching will not occur before late spring
or even early summer. Seasonal oxygen
depletion occurs in some coastal environ-
ments, but probably not to such an extent
that it would explain the observed spring
peaks. It is possible that nauplii hatch from
the bottom throughout the winter, but they
are only observed when conditions in the
water column promote survival and growth
to the older stages. The food conditions be-
low the ice appear favourable for nauplii
early in the season, while the copepodites
apparently suffer from insufficient food re-
sources in winter, judging by the decrease in
their storage lipids (Werner & Auel 2004).

The possible advantage of this contin-
uous emergence from the bottom is that a
species can ‘sample’ different environmen-
tal conditions of the year (De Stasio 1990).
This would be particularly useful in envi-
ronments where the timing of seasonal vari-
ation is unpredictable and favourable envi-
ronmental conditions are not accompanied

by a detectable cue for hatching in the sedi-
ment. In the Baltic Sea the ice conditions
vary on a yearly basis, accompanying dif-
ferences in the onset and volume of the
spring phytoplankton bloom (e.g. Niemi
1975). However, in such a strategy repro-
ductive losses are necessarily high and it
cannot always be concluded that the pat-
terns observed are ‘adaptations’ or ‘strat-
egies’. For example, it was suggested that
mistiming of hatching of the resting eggs
of the cladoceran Bosmina longispina mari-
tima influences the large annual variations
in productivity of this species in the Bal-
tic Sea (Kankaala 1983). Resting eggs were
observed hatching in late spring, but the
high planktonic densities of the cladoceran
could not be established before autumn
when the conditions were suitable for the
species. Continuous hatching from sedi-
ments is probably more profitable for 4. bi-
filosa, which can maintain high population
densities for a large part of the year.

Eurytemora affinis

Eurytemora affinis is the second most abun-
dant copepod in the northern Baltic Sea
(e.g. Hernroth & Ackefors 1979, Viitasalo
1992b). It is also the dominant copepod
species in the brackish and estuarine wa-
ters of Northwestern Europe, or even of the
Northern Hemisphere (Mauchline 1998,
Lee 1999, Gasparini et al. 1999). In con-
trast to the other parts of Europe, where the
maximum abundance is often observed in
spring at relatively low temperatures (e.g.
Castel 1993, Escaravage & Soetaert 1995),
in the northern Baltic Sea E. affinis peaks
after 4. bifilosa, is abundant in summer and
declines in late autumn (e.g. Hernroth &
Ackefors 1979, Viitasalo et al. 1995).
Several facts suggest that E. affinis pro-
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Figure 3. Cumulative hatching of Eurytemora affinis diapause eggs at different temperatures. The lower
x-axis starts from October 11, which was the sampling date of the females. The arrow shows the sampling
date of the sediments. The sediment-egg incubations are drawn to start from this point so that the ‘calendar

timing’ of all the curves is similar.

duces diapause eggs in the northern Bal-
tic Sea. Its eggs were found numerously
in the sediments, especially in Séllvik (I,
V). Eurytemora affinis carries an egg sac
in which the eggs develop until hatching.
Thus, accidental sinking to the bottom is
prevented for subitaneous eggs, and those
found on the bottom are more probably dia-
pause eggs. Long-term viability is a trait
more often associated with diapause than
subitaneous eggs (Grice & Marcus 1981):
E. affinis eggs maintained high viability for
at least 68 years in sediments (III, V). In
addition, eggs taken from the surface sedi-

ments (= newly sedimented) in autumn did
not hatch after a short incubation (I, V),
whereas older eggs from the deeper layers
hatched readily (V).

The production of diapause eggs was
verified in experiments with eggs pro-
duced by field-collected females in Octo-
ber. The diapause eggs were released from
the egg sacs within several (0-8) days. The
first nauplii hatched at 2-3 °C after 34
months, after which gradual hatching oc-
curred from each individual clutch for up to
three months (Fig. 3). The refractory phase
took about five months at 2 and 3 °C, de-
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termined as the time when the cumulative
hatching had attained 50% of final success.
To achieve substantial hatching success at
a warm temperature (13 °C), a chilling (at
2 °C) for ~3 months was required. If not
chilled or chilled for a shorter time, hatch-
ing began later and continued longer (more
than a year), resulting in poorer success. In
all different 13 °C incubations (except for
the group chilled for 114 days), there was
at least one clutch with no hatching during
the 1.5-year experiment.

The hatching pattern of the eggs sampled
from the surface sediments in November
was strikingly similar to that of the eggs
produced by the females in the laboratory,
which confirmed that diapause egg pro-
duction had occurred at the study site. Af-
ter the refractory phase, which was over
nearly concurrently in both eggs derived
from the sediment and those from the fe-
males, the cumulative hatching percent-
age rose to high values at 3 °C while it rose
slowly and attained only modest values at
13 °C (Fig. 3), quite similar to the eggs
produced by females in the laboratory. In
contrast, eggs that originated from deeper
sediment layers were deposited during pre-
vious years and had already completed the
refractory phase and hatched without delay
(Fig. 3). The chilling requirement was also
met in the sediments: there was no delay or
reduction in final hatching success at 13 °C.
The majority of the eggs in the surface sed-
iments were probably produced at approxi-
mately the same time that the experiments
with females were conducted. In prelimi-
nary experiments conducted in early Octo-
ber, a smaller fraction of the clutches pro-
duced were diapause eggs, also suggesting
that a shift to diapause egg production oc-
curs in October. However, the length of the
refractory phase may vary, depending on
t