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Abstract

Many representatives of freshwater zooplankton produce at some stage in their life cycle resting stages. A variable
portion of the eggs of the previous growing period will hatch at the next occasion while the remaining ones are
added to a persistent egg bank, where they can remain viable for decades or longer. The importance of the study
of resting eggs and egg banks in general for such different disciplines as taxonomy, ecological biogeography,
paleolimnology, nature conservation, evolutionary ecology and community and population ecology is generally
appreciated. The major current and expected future developments in this rapidly expanding field of research are
presented here. The structure and dynamics of the egg bank are determined by the life history characteristics
of the species (or local population), the hatching phenology of their resting stages, and the characteristics of the
habitat. The horizontal distribution of dormant stages is generally patchy, with a greater density in the deeper and/or
windward parts of a pond or lake. In sediment cores, most viable (responsive) eggs occur in the upper centimeters,
although vertical variation related to the history of fish predation or water quality occurs. The accumulation of
resting stages of different species, generations and genotypes with variable regeneration niches results in a mixed
egg bank with greater potential biodiversity than the active community sampled at any one moment. Through the
benthic–pelagic coupling, this dormant reservoir may have considerable impact on the evolutionary potential of the
organisms, the ecological dynamics of the community and the distribution of species. Egg banks can be considered
the archive of the local habitat, since the pattern of changes in species assemblage and genotypes from the past up
to the present reflect changes due to natural or anthropogenic impact that can be used to reconstruct evolutionary
processes or even to restore the local habitat. Overlooking the egg bank as an important component of zooplankton
communities may lead to erroneous interpretations in the analysis of community and population genetic structure.
This review integrates technical and scientific information needed in the study of the structure and function of egg
banks in zooplankton with special focus on the fascinating latest developments in the field.

Introduction

Organisms that permanently inhabit temporarily vari-
able aquatic environments rely on the production of
so-called resting or dormant stages to bridge peri-
ods of unsuitable physical (e.g. drought, low or high
temperatures, low oxygen) or biological (e.g. bad
or limited food, predation, competition) conditions
(Cáceres, 1997; Brendonck et al., 1998a). These struc-
tures remain in a general state of dormancy, defined

as a state of suppressed development (Danks, 1987).
Dormancy is used as a general term regardless of
cues required for induction or termination (Cáceres,
1997a), though the term actually encompasses a wide
spectrum of physiological states (see Hand, 1991)
with quiescence and diapause as the two extremes.
Quiescence is defined as an immediate response to a
limiting factor, while diapause (also often referred to
as the refractory phase) is a state of dormancy where
an arrest of development is internally initiated (Bren-
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donck, 1996). In quiescent stages, metabolism and
development are resumed as soon as conditions are
permissible. Diapausing organisms do not resume de-
velopment, even when conditions are favorable, until
diapause is broken.

After deposition, most resting stages sink to the
bottom, while some remain afloat or are attached to
plants or sediment particles. Depending on the type
of habitat and region, these resting stages withstand
often-extreme conditions of temperature, oxygen, sa-
linity or drought and remain dormant until favorable
conditions are restored after breaking of any diapause.
The conditions that are necessary for the breaking of
diapause and inducing hatching very much depend on
the species and often even vary among populations
within the same species (e.g. Wyngaard, 1988). At
each occasion, generally only part of the resting stages
hatches, the theoretical fraction of which corresponds
with the chance of a successful growth and reproduc-
tion (Cohen, 1966; Brown & Venable, 1986) and the
chance of survival in the diapause state (Ellner, 1985).
In nature, resting stages that do not receive the neces-
sary stimulus to hatch (e.g. when covered by sediment
when photoperiod and light intensity are important
stimuli) will also not hatch even when they are re-
sponsive (i.e. when diapause is broken), which results
in an even greater dormant fraction than theoretically
predicted. When long-term dormancy is the case, the
resting stages can survive for many seasons, accumu-
late with stages produced at different episodes and
gradually form a mixed persistent ‘egg bank’ (Fig. 1).
Resting stages that are not able to survive for long in
a dormant state may form a transient egg bank. When
considering egg banks, one should consider both the
fraction above (e.g. floating or attached) and in the soil
surface. Banks of resting stages occur in most ecosys-
tems of the aquatic environment, and particularly in
variable systems such as shallow lakes and ephemeral
pools (de Stasio, 1989).

Prolonged dormancy of animal resting stages is
analogous to seed dormancy (Hairston & Cáceres,
1996). Although the molecular and physiological
nature of dormancy may be different among taxa, the
consequences of resting stages in the life cycle and the
ecological implications of an egg/seed bank are con-
vergent. This is illustrated by the fruitful application
and testing of general models on optimal reproduc-
tion and germination, species coexistence, and bet-
hedging strategies in diverse animal taxa, even though
these models of dormancy were initially developed for
plants (Brendonck et al., 1998a).

Figure 1. Diagram illustrating the formation of an idealized persist-
ent egg bank during subsequent seasons (or growing periods) in the
case of a habitat drying out periodically. At the left side populations
are active in the growing period (here illustrated as the wet phase).
At the right side populations are only present in a dormant state
(e.g. here in the dry phase of the habitat). Dispersed resting eggs or
active organisms found the population. At the start of each growing
season (or hydrocycle in the case of habitats with several inund-
ation/drought cycles in one season), part of the egg bank hatches
while the dormant eggs are added to the egg bank. This ultimately
results in a mixed egg bank with generation overlap.

Resting stages are formed by representatives of
most freshwater zooplankton taxa, and can be very
abundant in the sediment (review in Hairston, 1996),
where they can survive for decades or longer (Hair-
ston et al., 1995). Delayed hatching of part of the egg
bank, extending the average generation time of the
organisms, has been observed in several species, and
results in the generation of an egg bank with strong
generation overlap (Ellner & Hairston, 1994). In a
fluctuating environment, this process can theoretically
lead to the generation of an egg bank with a high ge-
netic (Ellner & Hairston, 1994; Hedrick, 1995) and
species diversity (Chesson & Warner, 1981; Warner &
Chesson, 1985) through a mechanism termed the ‘stor-
age effect’ (Chesson, 1983). Resting egg banks thus
constitute an ecological and evolutionary reservoir that
impacts population, community, and ecosystem pro-
cesses and that offers an invaluable recent tool for the
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study of ecological biogeography, biodiversity, evolu-
tionary ecology, paleolimnology, and community and
population ecology.

Since the last general contribution to the study of
diapause in crustaceans and non-crustaceans (Bren-
donck et al., 1998a), the field of diapause research has
advanced considerably. Especially the recent incorpor-
ation of molecular ecology has resulted in important
insights in the evolutionary and ecological function of
diapause. With this contribution we, therefore, aim
at reviewing the state of the art and recent develop-
ments in the study of resting stages and egg banks in
freshwater zooplankton from temporary pools, ponds
and shallow lakes and their application in ecological
and evolutionary research. We also summarize differ-
ent techniques to stimulate the further incorporation
of egg bank studies in the analysis of patterns of com-
munity and population genetic structure. Finally, some
current and potential future applications making use
of egg banks to study population and community pro-
cesses and to reconstruct fluxes in species density and
composition or variation in genetic structure in rela-
tion to environmental changes are summarized. Al-
though large branchiopods (anostracans, notostracans,
‘conchostracans’) are not always considered plank-
tonic (large size and active swimmers) they will be
included in the present review as egg banks are a dom-
inant feature in their life history and as the observed
patterns and processes may help to understand the gen-
eral importance and consequences of egg banks in a
wide variety of aquatic habitats.

Types and characteristics of resting stages in
freshwater zooplankton

A brief historical review of the discovery and descrip-
tion of dormant stages in crustacean zooplankton is
given in Fryer (1996). In most species, the detection
of the dormant structure came many years after species
description. The dorsal black spot of the ephippium in
daphnids, for example, was long considered a disease
before it was recognized as the characteristic dormant
structure (Fryer, 1996).

Not all zooplankton make dormant eggs and not
all dormant stages have the ability to survive for long
in the egg bank (Hairston, 1996). The types of rest-
ing stages in freshwater zooplankton are reviewed
in Wiggins et al. (1980), Fryer (1996) and Cáceres
(1997a) for most groups, in Gilbert (1974) for the roti-
fers, in Hairston & Cáceres (1996) for the crustaceans

and in Brendonck (1996) for the large branchiopods.
Dormant stages are embryonic in the monogonont ro-
tifers, Branchiopoda and most calanoid Copepoda;
larval (copepodite stages) in the cyclopoid; and adult
in some harpacticoid copepods and in the partheno-
genetic bdelloid rotifers. It is not clear if all these types
of dormant stages are manifestations of a homologous
(monophyletic) process or independent adaptations to
cope with similar problems and consequently poly-
phyletic in origin (Hairston & Cáceres, 1996). The
degree of dormancy also varies among groups, ran-
ging from the intense diapause of some branchiopod,
rotifer and copepod eggs at one end of the spectrum
to larval and adult stages of some copepods with only
a reduced metabolism, at the other end. In this latter
state of so-called ‘active diapause’, the organisms may
remain motile, and even feed, but at lower intensities
than in the normal active individuals.

Resting stages of zooplankton occur in different
shapes and sizes (Fig. 2) and in many species they
have an outer protective cover which is especially
well-developed in the most primitive branchiopods
(Fryer, 1996). The shape and external sculpturing or
ornamentation are to some extent useful for identi-
fication at a higher taxonomic level or even at the
species level, a feature that is especially well explored
in anostracans (Mura & Thiéry, 1986; Brendonck &
Coomans, 1994a, b; Thiéry et al., 1995), in some
conchostracans (Belk, 1989; Martin & Belk, 1989),
cladocerans (Kokkinn & Williams, 1987; Korínek et
al., 1997) and rotifers (Wurdak et al., 1978; Gilbert &
Wurdak, 1978; Gilbert et al., 1979; Munuswamy et al.,
1996). This character potentially allows researchers to
estimate diversity in aquatic habitats solely by analyz-
ing the sediment for specific forms of resting stages.
This is a very useful method in aquatic habitats that
dry out periodically or for species with only a limited
presence in the water column. The structure and size
of the eggshell may to some extent also determine the
buoyancy of the resting stages after production (e.g.
by the formation of a float).

In large branchiopods, egg shapes are usually
(sub-)spherical, but tetrahedral, disc-like, and cyl-
indrical egg shapes do occur (Fig. 2). After deposition,
eggs usually sink to the bottom where they build up
the egg bank. After the ephemeral pools refill, part of
the eggs float (Brendonck et al., 1998b, Brendonck
& Riddoch, 2000a). The large and spherical eggs of
notostracans are often glued to sediment particles or
plant leaves (Linder, 1952; Fryer, 1996). The dormant
copepodite or adult stages in cyclopoid and harpactic-
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Figure 2. Illustration of the diversity of resting stages that may be
encountered in the sediment of lakes, ponds and pools. In some
groups the outer sculpturing may help in taxon identification. (A)
Resting eggs of large branchiopods (range: 200–400 µm): (B) Types
of spherical resting eggs in calanoid copepods (range: 80–200 µm)
(pictures from Viitasalo & Katajisto, 1994): (C) Ephippia of anomo-
pod cladocerans holding one (as in Bosmina sp.) or two (as in
Daphnia) resting eggs (range: 400–500 µm) (pictures from Viitas-
alo & Katajisto, 1994): (D) Types of monogonont rotifer resting
eggs (range: 80–200 µm) (pictures from Viitasalo & Katajisto,
1994).

oid copepods, respectively, are often but not always
encased in a kind of transparent gelatinous cyst, some-
times with an outer layer of mud particles (Fryer &
Smyly, 1954; Smyly, 1961, 1967; Elgmork, 1962). In
calanoid copepods, resting eggs are spherical (Fig. 2)
and sink freely to the bottom after deposition (Viitas-
alo & Katajisto, 1994). Santella & Ianora (1990) and
Belmonte & Puce (1994) observed striking differences
in the morphology of diapause and subitaneous eggs
in some marine calanoids. In the cladocerans, the best
known resting stages occur in the Anomopoda with the
daphnids having the most specialized resting stages.
Here, one or two resting eggs are encapsulated by the
carapace valves or parts thereof and form the compos-
ite structure known as an ephippium. This ephippium
is shed at molting (Fig. 2). Ephippia of Daphnia

may become attached to floating debris or vegetation,
though most sink to the bottom after a brief floating
phase (Carvalho & Wolf, 1989). Chydorids and mac-
rothricids have more primitive ephippia that are often
firmly glued to suitable objects. In the open-water
Haplopoda and Onychopoda, the usually spherical and
naked resting eggs are shed freely and sink to the bot-
tom. Only the eggs of Polyphemus pediculus are sticky
and are often attached to vegetation (Fryer, 1996). In
the Ctenopoda, eggs are generally epherical or ellips-
oid and may have a smooth, protuberanced or spiny
surface (Korovchinsky & Boikova, 1996). Eggs are
usually shed freely but in some species (Sida crys-
tallina, Pseudosida variabilis and some species of
Diaphanosoma) the outer envelope is sticky and eggs
may become attached to vegetation or other objects
(Fryer, 1996; Korovchinsky & Boikova, 1996). In ro-
tifers, the production of dormant eggs occurs in most
of the monogononts, where the yolk-filled embryo is
surrounded by a thick, multilayered shell (King, 1972;
Gilbert, 1974, 1995). In this group, eggs are spherical
(Fig. 2) and sink freely to the substrate after depos-
ition. Floating rotifer eggs have been mentioned by
Hagiwara (1996).

Many of these resting stages are very resistant and
may survive extreme temperatures, high pressure, or
drought. The ability to withstand drought is not restric-
ted to the encapsulated resting eggs but is also reported
in the dormant copepodite of cyclopoid copepods (e.g.
Rzóska, 1961; Champeau, 1970) and adult stages in
harpacticoid copepods (e.g. Champeau, 1970). Some
of these species even thrive in ephemeral rain pools
in arid regions (Rzóska, 1961). Örstan (1995, 1998)
mentioned bdelloid rotifer eggs that under some con-
ditions survived several days of drying.

Structure and dynamics of egg banks

The spatial structure of the eggs in the sediment is
important in the analysis of the long-term population
dynamics (Cáceres, 1997b), while a basic understand-
ing of the egg bank dynamics is a necessary first step
towards quantifying the long-term effects of dormancy
on populations and communities (Cáceres, 1998a, b).
The structure and dynamics of the egg bank is mainly
determined by the timing and amount of resting egg
production and the places in the habitat where rest-
ing stages are deposited, the timing and amount of
hatching, and the rate of loss by senescence, preda-
tion, disease and dispersal (de Stasio, 1989; Cáceres
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& Hairston, 1998). Finally, the level of disturbance of
the sediment has serious impact on the vertical struc-
ture of the egg bank. There are only a few studies
that have analyzed multiple components that determ-
ine egg bank dynamics (e.g. Herzig, 1985; de Stasio,
1989; Cáceres, 1998b), and none has so far made a
complete analysis of all aspects determining resting
egg budgets simultaneously.

Egg bank size and (vertical and horizontal) structure

Hatching is mainly restricted to the resting eggs in the
upper 2 cm of the sediment (Herzig, 1985) that is in-
dicated as the ‘active egg bank’ according to Cáceres
& Hairston (1998). It is, however, often considered
that eggs in the top 10 cm of the sediments have
a reasonable chance of being mixed and exposed to
hatching triggers (Hairston et al., 2000) and some
egg bank counts, therefore, are based on a greater
sediment depth. Large pools of dormant stages ex-
ist in the active egg bank in all groups of freshwater
zooplankton, as shown in rotifers (Nipkow, 1961;
Hairston et al., 2000), large branchiopods (Hildrew,
1985; Thiéry, 1997; Brendonck & Riddoch, 2000b),
calanoid copepods (de Stasio, 1989; Hairston et al.,
2000), cyclopoid copepods (Hairston et al., 2000)
and cladocerans (Lampert & Krause, 1976; Smyly,
1977; Herzig, 1985; Carvalho & Wolf, 1989; review
in Hairston, 1996; Cáceres, 1998b; Cousyn & de
Meester, 1998; Hairston et al., 2000). In zooplankton
egg banks, egg densities are usually within the range
of 103–105 eggs per m2. Egg densities up to 4×107

were detected in rotifer egg banks (Nipkow, 1961).
The largest fraction of viable eggs generally oc-

curs in the top 4–6 cm of the sediment (Herzig, 1985;
Carvalho & Wolf, 1989; Hairston & Van Brunt, 1994;
Cáceres, 1998b). As for the total number of eggs,
Cousyn & de Meester (1998) found a variable pattern
of ephippia densities in the sediment related to the
past presence of planktivorous fish in the studied lake,
while highest densities of eggs of the halophilic Daph-
nia exilis were found by Hairston et al. (1999b) in
depth layers corresponding with a period of particular
industrial and salt waste producing activity along the
shore of Onondaga Lake. Increased Daphnia ephip-
pial densities since the 1940s in the sediments of the
Keweenaw Waterway were most probably related to
increased eutrophication (Kerfoot et al., 1999). Such
historical changes in species composition or densities
of eggs in the sediment probably reflect population
densities and allow for the demographic reconstruc-

tion in an ecological context when sediment cores are
analyzed from habitats with a good historical record
of local climatic and ecological conditions and anthro-
pogenic impact (e.g. fisheries, industry). Onbe (1985)
and DeStasio (1989) present support for the claim that
egg density in the sediments reflects water column
population size in marine and freshwater calanoid
copepods, respectively, making such reconstructions
reliable.

Horizontally, egg banks generally show a patchy
distribution and a gradient with highest densities in
the deeper parts of the lake (Kankaala, 1983; Herzig,
1985; Moritz, 1987; Carvalho & Wolf, 1989; de
Stasio, 1989; Cáceres, 1998b). Differences in egg
densities in the littoral versus the pelagic areas can
be related to micro-habitat choice in the females (e.g.
in cyclopoid copepods; Elgmork & Langeland, 1980),
to the fact that near-shore conditions (e.g. more light)
stimulate more eggs to hatch (de Stasio, 1989) or to the
topography of the pond or lake floor (e.g. drifting of
eggs to the deeper parts). By means of hatching traps,
Wolf & Carvalho (1989) and Cáceres (1998b) meas-
ured higher hatching activity in the shallower parts of
the studied lake, despite lower egg densities in this
zone. No such difference in hatching rates was noted
by Hairston et al. (2000).

Method for assessing the vertical and horizontal
structure of egg banks
With the exception of small ephemeral rock pools
where the very thin layer of sediment holding the egg
bank can be collected using a spoon (Brendonck &
Riddoch, 2000b), the deeper sediment of lakes and
ponds is usually sampled by some type of tube corer
of which variable diameters exist (minimum should
be 5 cm). To collect the sediment, the tube is pushed
vertically, avoiding disturbance. For collecting sedi-
ment in deeper water, a gravity corer or piston corer
operated by a scuba diver can be applied. For a proper
quantitative analysis of the horizontal structure and
reliable extrapolation to total egg bank size, as many
patches as possible should be sampled randomly. To
analyze the vertical structure of the egg bank, the
entire core is cut in slices of about 1 cm thick. De-
pending on the density of eggs in the sediment, the
depth of the slices may vary with depth, with smal-
lest intervals (e.g. 1 cm) in the top layers and 2 to
4 cm for deeper sediment layers. Sometimes the outer
edge of each sediment slice that is dragged along the
wall of the core tube is removed with a cookie cut-
ter. In case the collected sediment not only serves for
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egg bank counts but also as the source material for
experiments with live organisms (e.g. life histories,
tolerance), the sediment should be kept in darkness
(e.g. by wrapping in aluminum foil) and refrigerated
(4 ◦C) until experiments start (Cousyn & de Meester,
1998). Resting eggs can be isolated from the sedi-
ment by washing the sediment slices (or sub-samples
thereof) on a series of sieves (mesh size depending
on the group, around 30 µm in rotifers, 150 µm
in the other groups) and counting all eggs in a tray
under the dissection microscope. As it is sometimes
hard to remove the eggs from the sediment, additional
preparatory steps with sonication before and density
centrifugation (e.g. sugar flotation method, Marcus,
1984, 1990) after washing are advisable. Where sonic-
ation is useful to remove dirt from resting stages with
a hard cover, it is unknown how it affects the more
delicate dormant copepodites and adults in some cope-
pods. To make a correction for the variable number of
eggs in the ephippial cases of daphnids, a fraction of
all ephippia should be opened by means of needles.
Examples of the analysis of egg banks are given in
Carvalho & Wolf, 1989; de Stasio, 1989; Hairston et
al., 1995; Weider et al., 1997; Cáceres, 1998b; Cousyn
& de Meester, 1998; Hairston et al., 1999b; Kerfoot et
al., 1999; Duffy et al., 2000; Hairston et al., 2000;
Cousyn et al., 2001.

Timing and amount of hatching

Time of hatching (Fig. 3)

To synchronize the life cycle with suitable conditions
for growth, avoiding drought, competition and preda-
tion, an effective mechanism is necessary for detecting
the appropriate time of the year or the stage during an
inundation cycle to hatch. These cues differ according
to the size and predictability of the aquatic habitat.

In permanent, relatively shallow aquatic habitats,
photoperiod and temperature have been shown to be
very important for induction and breaking of diapause.
Photoperiod (at least in temperate areas) is the most
reliable variable to reflect seasonal changes. The im-
portance of such light periodicity for regulating the
life cycle has been shown in many zooplankton spe-
cies (reviewed in Fryer, 1996). Generalist species and
clones (e.g. in cladocerans) respond less clearly to
seasonal cues or are sensitive to other more subtle
environmental factors such as changes in water chem-
istry, crowding, etc. In deep lakes, the decisive factor
for changing the activity state is usually an interaction
of temperature and the state of the gaseous regime

Figure 3. Diagram illustrating the idealized phenology of hatching
and egg production of some zooplankton groups in (A) a predictable
habitat with one growing season per year and (B) an unpredict-
able habitat with several inundation cycles in one year (season).
In the idealized predictable habitat (e.g. lake in temperate climate),
hatching usually starts in spring while egg production starts when
environmental conditions deteriorate (decrease in habitat quality).
Change in photoperiod (illustrated by the sun-like symbol) is a re-
liable proximate cue inducing egg hatching and production in this
habitat type. This strategy is mainly adopted by cladocerans, rotifers
and copepods. In the unpredictable habitat (e.g. desert pool), hatch-
ing starts after rains and egg production begins from the moment
animals are mature and continues until drying of the pool. In some
cases pools dry out before eggs can be produced (abortive hatching).
Changes in conductivity and temperature and not day length are
reliable cues to induce hatching. This strategy is common in large
branchiopods. Both strategies are known in some rotifer species
(Carmona et al., 1995).

(Fryer, 1996). In shallow and short-lived temporary
pools, temperature changes and changes in osmotic
and oxygen values during an inundation cycle are
the most important indicators of the suitability for
growth and reproduction (Brendonck, 1996). It is gen-
erally assumed that hatching of resting stages in large
branchiopods is triggered by a combination of envir-
onmental conditions that relate well to the climatic
region and type of habitat inhabited by the organisms
concerned (Brendonck, 1996; Blaustein, 1997).

In cladocerans, copepods and rotifers, most hatch-
ing takes place in spring at the onset of the growing
season (Herzig, 1985; Wolf & Carvalho, 1989; de Sta-
sio, 1989, 1990; Cáceres, 1998a, b; Hairston et al.,
2000). Carvalho & Wolf (1989), following the hatch-
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ing phenology of a Daphnia egg bank by incubating
the sediment under laboratory conditions, observed a
minimal period before hatching started, followed by
a burst over several days, then a phase of variable
duration with few, intermittent hatchlings. In the field,
hatching began after the thawing of ice and continued
for 3–4 weeks. Cáceres (1998b) detected by means of
traps and egg bank analyses that emergence of two
daphnid species in Oneida Lake is restricted to early
spring. Hairston et al. (2000) showed by means of
hatching traps that various zooplankton species (ro-
tifers, calanoid copepods and cladocerans) that were
dominant only later in the year also hatched early
in the season, but remained in low numbers until
more favorable conditions were manifested in the wa-
ter column. Only the cyclopoid copepods hatched at
variable times during the year. Herzig (1985) observed
that the hatching pattern was also more irregular in
Leptodora and Bythotrephes eggs, which hatched from
March until August and from April until September,
respectively. In large branchiopods, mainly inhabiting
ephemeral pools, hatching is usually restricted to peri-
ods of refilling or significant dilution of the pools due
to fresh rains (Brendonck et al., 1998b).

Amount of hatching
Theory predicts that frequent catastrophic mortalities
(e.g. by early drying of pools) select for prolonged
dormancy with hatching fractions corresponding with
the chance for successful recruitment and the prob-
ability of survival while dormant (Cohen, 1966; Ell-
ner, 1984; Brown & Venable, 1986). This diversified
germination behavior maximizes the geometric mean
fitness over time by reducing the variance in fitness,
at the cost of the arithmetic mean fitness of each
generation (Philippi & Seger, 1989). There is only
little empirical evidence for this theory for hatching
fractions in zooplankton. In anostracans from arid
and semi-arid regions, hatching fractions of less than
20% are frequently measured under laboratory con-
ditions (Hathaway & Simovich, 1996; Simovich &
Hathaway, 1997; Brendonck et al., 1998b). In these
species, the laboratory hatching fractions were below
expected frequencies of adequate inundation lengths
as estimated on the basis of a 15-year survey (Moorad,
pers. comm.) or on the basis of long-term climatic re-
cords extrapolated to local hydroperiods (Brendonck
& Riddoch, 2001). Low hatching percentages were
also observed in several other large branchiopods
from arid regions as reviewed in Brendonck (1996).
Hatching percentages of less than 20% were, how-

ever, also observed by Carvalho & Wolf (1989) in
the top layer of Daphnia egg banks of a temperate
lake. Cáceres (1998b) also measured very low hatch-
ing rates (between 0 and 25 daphnids per m2) in
comparison with the large numbers of eggs depos-
ited (between 0 to over 104 eggs per m2). These low
hatching fractions may indicate that besides physical
characteristics, other (biotic) density-dependent vari-
ables should be considered to estimate chances for
successful recruitment (Bulmer, 1984). Intra-specific
differences in hatching success and requirements with
patterns in accordance with those expected from the
hypothesis of local adaptation, have been reported
for several aquatic organisms (e.g. Hairston & Olds,
1984).

Several authors presented evidence that eggs that
do not hatch at the first occasion do so under similar
conditions at a later date. Delayed hatching of part of
the egg bank in anostracans, for example, served as a
hedge against more than 10 subsequent drought cata-
strophes (Hildrew, 1985; Brendonck et al., 1998b).
Hildrew (1985), Simovich & Hathaway (1997) and
Van Dooren & Brendonck (1998), showed that variab-
ility in hatching response even occurs in single broods
and can, therefore, be considered a diversified bet-
hedging strategy. In a calanoid copepod, de Stasio
(1989) observed frequent bouts of hatching from the
egg bank over a period of 3 years where the addi-
tion of new eggs was prevented by hatching traps.
In hatching trials with Daphnia egg banks, however,
Carvalho & Wolf (1989) noted that most ephippia re-
mained dormant even after re-exposure to different
hatching conditions. de Meester & de Jager (1993),
however, observed that exposure of Daphnia magna
resting eggs to a second stimulus did result in ad-
ditional hatching. As these experiments were done
using ephippia from experimental lineages sharing the
same parents, these results indicate the existence of
bet-hedging also for this group of organisms.

Methods to assess hatching phenology
To measure the time and amount of hatching in the
field, hatching traps can be used. These instruments
are inverted funnels on which a replaceable collection
bottle is mounted. The funnel is pushed a few centi-
meters in the sediment avoiding any disturbance. Care
should also be taken not to enclose any predators or
study organisms that might start to reproduce and the
funnels should be prevented from moving laterally.
Exchange with the environment is ensured through
windows covered with 75-µm meshes. Hatching in-



72

dividuals are trapped in the vial on top of the funnel.
The vials should be checked and replaced frequently,
especially at the start of the growing season to avoid
any reproduction of hatched organisms inside the fun-
nel. Hatching traps located at different places in a
studied pond or lake may furthermore reveal a spa-
tial pattern of emergence. To estimate the hatching
fraction, the egg numbers should be quantified from
sediment samples in the vicinity of the hatching traps.
Alternatively, after hatching has stopped, densities of
the unhatched resting stages in the top 2 cm of the sed-
iment that was covered by the funnel could be estim-
ated. Examples of the use of hatching traps are given
in de Stasio (1989), Herzig (1985), Wolf & Carvalho
(1989), Cáceres (1998b), Hairston et al. (2000). In ad-
dition to the use of hatching traps, it is also possible to
compare egg bank densities in the sediment before and
after the main emergence period. This method, how-
ever, most likely overestimates emergence rates due
to senescence and predation of the eggs. In shallow
waters, one should be careful in using hatching traps,
as it is not always clear whether all individuals swim
to the surface (i.e. the sampling vial) upon hatching (E.
Decaestecker, pers. comm.). The use of large hatching
traps is not possible in shallow ephemeral pools. To
study in situ-hatching in these habitats, the top layer
of sediment can be transferred to vials with bottom and
top mesh and left in the pools until inundation. After
daily quantification of hatched organisms the numbers
of unhatched and viable eggs remaining in the en-
closed sediment can be counted and hatching fractions
calculated. Where no hatching traps can be deployed it
is also possible to incubate at regular intervals freshly
collected sediment under field conditions in the labor-
atory to estimate the amount and duration of hatching
in the field (method in Mnatsakanova & Polishchuk,
1996). To obviate interference from artifacts due to
incubation in laboratory conditions, one may resort to
a more labour-intensive but effective method: isolating
at regular time intervals sediments from the natural
habitat, followed by incubation during a short time
span in the laboratory. All animals that hatch within
a time interval that is clearly shorter than egg develop-
ment time under incubation temperature are known to
have been induced in the field.

Viability

Long-term viability largely determines the depth (age)
to which viable eggs can be found in undisturbed

sediments and from which they can continue to seed
the pelagic community if they are exposed to suit-
able hatching triggers. Often viable diapausing eggs
are buried in sediments that are stratified tempor-
ally. Viable zooplankton eggs (various taxa) have
been obtained from sediments dated between 40 and
125 years, and in one instance with calanoid cope-
pods from sediments 330 years old (Hairston et al.,
1995). Cáceres (1998b) achieved hatching from ephip-
pia collected from 125-year-old sediment. Besides
knowledge of the maximum viability, information on
the mortality rate of eggs due to senescence, dis-
ease and parasitism are also important variables in
modeling the dynamics of the egg bank and more par-
ticularly in estimating the impact of ageing eggs in the
current population and community dynamics. Herzig
(1985) compared the hatching fraction in newly pro-
duced resting eggs of the cladocerans Leptodora kindti
and Bythotrephes longimanus with eggs from vari-
able depths in the sediment and found a decreasing
hatching fraction with age (depth) of the eggs. A sim-
ilar negative relationship between hatching success
and sediment depth was obtained by Hairston & Van
Brunt (1994) and by Hairston et al. (1995) in egg
banks of a calanoid copepod. Hairston et al. (1999b)
observed that daphnid eggs older than 25 years no
longer hatched and suggested that this could be due
to heavy metal pollution in that period. Kerfoot et
al. (1999) also attributed decreased hatching in zo-
oplankton from deep sediments to the presence of high
concentrations of heavy metals in that segment of the
core. These estimates of limited viability are specific
to these contaminated environments. Some studies,
however, found substantial declines in hatching suc-
cess in eggs older than 30 years without indication of
any pollution in that period (Carvalho & Wolf, 1989;
Weider et al., 1997). Hairston et al. (1995) estim-
ated the mortality rate at about 1.1–1.5% per year for
two lakes inhabited by the copepod Diaptomus san-
guineus. Besides mortality caused by senescence of
the eggs, predation may be an often-overlooked vari-
able in estimating egg budgets. Cáceres & Hairston
(1998) studied the ability of invertebrates to consume
Daphnia eggs in the laboratory and found that mainly
amphipods readily ingested the ephippia.

Methods to assess resting egg long-term viability
There are different ways for estimating the maximum
viability of resting stages. First, eggs could be isolated
from specific depths (ages) in undisturbed and dated
sediment cores and incubated under standard laborat-



73

ory conditions (e.g. Hairston et al., 1995; Cousyn & de
Meester, 1998; Hairston et al., 1999b; Kerfoot et al.,
1999; Cousyn et al., 2001). To establish a chronology
for the cores, 210Pb dating of the sediment is usually
performed and dates and sedimentation rates are cal-
culated according to the constant rate of supply model
(Appleby & Oldfield, 1983). Alternatively, hatching
traps could be followed several years or until no more
hatching occurs, herewith avoiding the addition of any
new eggs by reproduction of enclosed organisms or
by disturbance of the sediment (e.g. de Stasio, 1989).
Otherwise, a bulk of freshly produced eggs could be
collected and packed in nets with small mesh size
(e.g. 50 µm) and buried at different places in the sed-
iment. Entire artificial egg bank nets or sub-samples
thereof should then be checked at specific intervals
for their viability (hatchability) in the laboratory. Nets
should be buried at different places as there might be
an interaction with the local quality of the sediment as
is the case for seed emergence and viability (Kalisz,
1991). When soil is also included in the nets, it should
first be autoclaved to kill any existing eggs. As eggs
are packed in net they are still not exposed to preda-
tion, a variable that is often overlooked and difficult to
measure.

Timing and amount of egg production

Timing of egg production (Fig. 3)

Most cladocerans and monogonont rotifers are cyclic-
ally parthenogenetic and sexual resting eggs are gen-
erally only produced when environmental conditions
deteriorate. In clonal groups of the rotifer Brachionus
plicatilis, Carmona et al. (1995) observed a continuous
production of resting eggs alongside parthenogenetic
reproduction, with the proportion of mictic females
varying with clonal lineage and population density.
Gilbert (1995), in turn, noticed the production of a dia-
pausing stage in amictic females of the monogonont
rotifer Synchaeta pectinata. In copepods, reproduc-
tion is sexual during the entire life cycle, but different
types of eggs can be produced. In calanoid copepods,
a change takes place during the life cycle from the
production of subitaneous to the production of dia-
pausing eggs. Subitaneous eggs are defined as eggs
that hatch within a few days at suitable ambient con-
ditions but that can be induced to become quiescent in
response to adverse conditions (Marcus, 1996). The
stimulus that triggers the production of diapausing
eggs in the above organisms usually acts prior to the
onset of deteriorating environmental conditions and

includes token stimuli such as photoperiod, popula-
tion density, predator density, or food (Hutchinson,
1967; Stross, 1969; Kleiven et al., 1992; Gilbert, 1995;
Hairston & Kearns, 1995; Santer & Lampert, 1995;
Slusarczyk, 1995; Piercey & Maly, 2000; Alekseev &
Lampert, 2001). Hairston & Munns (1984) established
a close match between the theoretically optimal and
observed diapause timing in copepods, while Hair-
ston & Walton (1986) observed changes in the timing
of diapause in response to an altered selection (pred-
ation) regime. Resting eggs can, however, also be
produced under apparently suitable growing condi-
tions by the presence of predator-specific kairomones
(Pijanowska & Stolpe, 1996). In freshwater cope-
pods (eg Eurytemora affinis), diapausing eggs were
observed in crowded cultures under long day lengths
that normally resulted in subitaneous egg production,
indicating that crowding or inadequate food levels
alone might also induce diapause. Large branchiopods
sexually produce dormant eggs during their entire life
cycle. Although intra-brood variation exists in the time
of rest needed before hatching, subitaneous eggs have
never been recorded in this group (Brendonck, 1996).

Amount of egg production
Depending on depth, de Stasio (1989) measured aver-
age values between about 150 000 and 400 000 eggs
per m2 per year settling in sedimentation traps in the
calanoid copepod Diaptomus sanguineus. As part of
a long-term study, Cáceres (1997b) observed temporal
variation in the recruitment to the egg bank of compet-
ing Daphnia species with maxima of 4000 eggs per m2

per year in Daphnia pulicaria and of about 250 eggs
per m2 per year in D. galeata mendotae. In some years
there was even total recruitment failure for one of the
two species.

Methods to assess the phenology of egg production
To quantify and time the production of resting stages,
sedimentation traps with a height/diameter ratio larger
than 3 (Håkanson et al., 1989) can be placed at several
positions in the studied lake or pond. Average numbers
of eggs caught per trap can then be extrapolated to
the entire surface of the study system. This method
may also reveal spatial variation in diapausing egg
production and deposition. Examples of studies where
sediment traps were used to characterize seasonal egg
production are in de Stasio (1989) for copepods and
Cáceres (1998b) for daphnids. Alternatively and in
shallow pools, daily egg production can be estimated
by assessing the size of the active population and by
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quantifying the numbers of eggs produced by a sample
of the population (e.g. corresponding to a specified,
rather large volume of medium) during a given time
interval, which is shorter than the time for induction
and formation of the resting egg. All resting eggs that
are deposited during this time interval are thus induced
in the field.

Dispersal

It is unknown and very difficult to measure what
the effects of dispersal are on the dynamics of local
egg banks. Depending on the type of habitat, rest-
ing stages can be dispersed to a variable degree by
wind, water movements, waterfowl, amphibians, or
humans. Especially in ephemeral pools that frequently
dry out, some chance impact of wind action is ex-
pected, especially by local whirlwinds. In an attempt
to quantify dispersal by wind of resting eggs in an
anostracan inhabiting shallow rock pools in southern
Africa, Brendonck & Riddoch (1999) captured only a
limited number of viable eggs during a whole month
in the dry season. The year-to-year fluctuations in
egg numbers in these egg banks were not correlated
among individual pools. This lack of synchrony in the
observed pattern of egg bank dynamics may indicate
that chance processes in general might be important
in controlling egg banks dynamics in these rock pools
(Brendonck & Riddoch, 2000b). In pools where the
egg bank was covered by vegetation, protecting the
eggs from being blown away, reduced variance in egg
bank size over the years was observed.

Methods to assess dispersal among egg banks
It is almost impossible to quantify the impact of wind
on local egg banks, except if these eggs could be
marked (genetically or with color paint) and trapped in
the vicinity of the pools. Trapping of windborne eggs
can be done by using sticky traps that are mounted
at several heights around the studied pools. Trapping
devices should be installed at different heights to catch
not only the eggs that bounce on the surface (saltation)
but also those eggs that are lifted by wind. Examples
of the use of sticky egg traps are given in Brendonck &
Riddoch (1999) and in Brendonck & Riddoch (2000b).
Alternatively, one could count eggs in the top layer
of the sediment at different moments during the dry
season and quantify the decrease in egg density. In
addition to the impact of wind, degeneration and pred-
ation of eggs could also partly be responsible for the
detected pattern and should be corrected with controls

(e.g. by protecting parts of the sediment from wind
impact). Dispersal by means of overflows or rivulets
can be quantified by the installation of traps at the
connection points or points of overflow. The rate of
dispersal could then be estimated by emptying traps
and counting the viable eggs at specific intervals. An
example of the use of traps to estimate the amount of
dispersal (of active zooplankton) via ditches and small
channels is given in Michels et al. (2001). PCR as-
sisted genetic techniques (amplification of diagnostic
DNA sequences) may also become useful to detect dis-
persal patterns (random or structured) among known
populations making use of the extracted DNA from in-
dividual eggs instead of the adults. Deriving dispersal
patterns from patterns of gene flow as revealed by
neutral markers rests on many assumptions, and it has
been argued that effective gene flow does not reflect
dispersal rates in a straightforward way (de Meester et
al., 2002).

Disturbance of the sediment

The type and frequency of disturbance of the sediment
determines to what extent any buried eggs will be re-
suspended and exposed to suitable hatching triggers,
and hence will be part of the so-called active egg bank
as defined by Cáceres & Hairston (1998). The extent
of bioturbation by benthic invertebrates is typically
found to be 2–5 cm (Kearns et al., 1996). On the basis
of a 210Pb profile, Cáceres (1998b) concluded that
frequent sediment mixing in Oneida Lake occurred
down to 7 cm, whereas Hairston et al. (2000) docu-
mented mixing down to 10 cm. Sediment cores taken
several months after polystyrene beads with similar
characteristics to the eggs of a studied copepod species
were distributed in the water, illustrated that the beads
had moved down to 7 cm in the sediment (Cáceres
& Hairston, 1998). The most common disturbance is
bioturbation by fish (eating and nest building), burrow-
ing worms, insects, mollusks, etc. Serious disturbance
can also be caused by fisheries activities. In temporary
pools, disturbance is more the rule than the excep-
tion as they are the main watering places for birds,
cattle and large game. The level of disturbance also
determines to what extent the sediment will be suit-
able for use in the historical reconstruction of species
assemblages and genotype structuring.

Methods to measure disturbance of the sediment
Cáceres & Hairston (1998) seeded the sediment sur-
face of the pool with glass beads having about the
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same size and specific gravity as the resting eggs of the
copepod Diaptomus sanguineus and checked the depth
of these particles after a specific period of time. An
alternative method could be to use the eggs themselves
but with colored surface or with a genotype distinct
from the one of the studied local population. The pat-
tern of 210Pb data in sediment cores may also give an
indication of the extent of mixture in the sediment.

Egg banks and ecological dynamics

The structure and hatching characteristics of egg banks
have potentially important consequences for the struc-
ture and dynamics of the pelagic community (benthic–
pelagic coupling; Marcus, 1995; Marcus & Boero,
1998). Despite their general importance in the eco-
logical dynamics of zooplankton communities, egg
banks are, however, only rarely included in freshwater
zooplankton population and community studies (Wolf
& Carvalho, 1989; de Stasio, 1990; Cáceres, 1997b;
Cáceres, 1998b; Hairston et al., 2000).

By emergence from the mixed egg bank at the start
of, or during each growing season, the current popu-
lation and community dynamics are to a large extent
uncoupled from the immediate effects of the previous
season (de Stasio, 1989). At the population level, the
overlapping of generations and the increase of gener-
ation time in species with an egg bank slows the rate
of population increase when the population is growing
and the rate of population decrease when a population
is in decline (Caswell & Hastings, 1980). Neglecting
seed or egg bank dynamics in demographic models
can, therefore, lead to erroneous estimates of the in-
trinsic rate of population increase and of the stable age
distribution (Kalisz, 1991 and references therein).

As hatching is often confined to a restricted period
at the beginning of the growing season in perman-
ent pools or after filling of ephemeral pools, hatching
from the mixed egg bank (in terms of several species)
determines the early composition of the community
but is generally not responsible for major changes
later during the growing season. Wolf & Carvalho
(1989), for example, found that most hatching in
lake Daphnia species and hybrids was confined to
the first 3 to 4 weeks of the growing season and
was minimal compared to egg bank size. The authors
therefore concluded that hatching could not explain
the seasonal changes in the species composition of
the Daphnia community. Cáceres (1998b) found vari-
able but usually low hatching confined to a restricted

period in the beginning of the growing season in daph-
nids, and concluded that the contribution of emergence
to the development of the spring populations varies
among years depending on the hatching fractions and
the numbers of overwintering individuals. Hairston
et al. (2000) confirmed this pattern of peak hatching
in spring and a clear seasonal succession of domin-
ant species throughout the growing season in rotifers,
calanoid copepods and cladocerans in Oneida Lake.
Only the seasonal dynamics of the cyclopoid cope-
pods, having short-lived copepodite stages, largely
depended on direct recruitment from the egg bank.
Zooplankton population shifts during the season gen-
erally seem to result from the interaction of predation
and competition (Gliwicz & Pijanowska, 1989), while
temporal variability in abiotic factors (e.g. water tem-
perature) may also interact to produce the observed
dynamics (Cáceres, 1998a).

At the community level, the carry-over of some
eggs from one generation during multiple years buf-
fers the effect of local extinction of the population
and preserves the representation of the species within
the community even when several consecutive demo-
graphic catastrophes occur due to chance or progress-
ive habitat change (Kalisz, 1991). Egg banks also
promote the coexistence of competing species in a
temporally variable environment (Fig. 4). Here, egg
banks function as a filter (sensu Templeton & Levin,
1979) whereby for each species good reproduction at
favorable moments may compensate for losses due
to a poor growing season, while the long-lived stage
allows species to persist through periods when its re-
cruitment is poor. When different competing species
are favored at different moments, extinction may be
delayed ‘indefinitely’ (Fig. 4) (cf. the storage effect;
Chesson, 1983). This process is a powerful mech-
anism for maintaining species diversity within com-
munities (Chesson & Warner, 1981; Chesson, 1994)
and eventually leads to the coexistence of a greater
number of species than expected by traditional equilib-
rium models (e.g. Bonis et al., 1995; Cáceres, 1997b).
Storage comes here from the repeated hatching over
a sequence of growing seasons by the eggs produced
in any one season. Indications for the storage ef-
fect in zooplankton were found in different instances.
May (1986), for example, observed an assemblage
of diapausing rotifer eggs that contained a species
diversity that was greater than that measured in the
water column in any single year, but fully concordant
with the assemblage observed over a 6-year period.
Likewise, Donald (1983) observed year-to-year dif-
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ferences in an anostracan community followed over
10 years. Species occurrences were mainly determ-
ined by the sequence of climatic conditions during
the previous dry season. Often, some species were
absent during several years but occurred in large pop-
ulation sizes in others. Cáceres (1997b) empirically
demonstrated that two competing natural populations
of Daphnia could only coexist through the storage
effect with long-lasting egg banks. According to Hair-
ston (1996, 1998), not only the mere diversity, but also
the number and type of organisms (e.g. belonging to
different trophic niches) hatching from the egg bank
may have a significant impact on the functioning of
the ecosystem (e.g. trophic transfer efficiencies, nu-
trient dynamics, etc.). A species-specific difference in
requirements for egg hatching may furthermore help
to explain species distribution patterns in zooplank-
ton populations as was illustrated for North-American
anostracans (Eng et al., 1990).

Since only part of the species represented in the
egg bank are present in the active community at any
one time, the species pool of a given area can be di-
vided into two components: the realized biodiversity
represented by the active specimens and the poten-
tial biodiversity represented by the resting stages only
(Marcus & Boero, 1998). Baskin (1994) described
the dormant fraction during the dry season in tem-
porary pools as the ‘crawl-on-your-belly-and-wait-for-
the-rain biodiversity’.

The dispersal ability of resting eggs may influence
the dynamics of local communities and the distribu-
tion of particular species. The effectiveness of passive
dispersal by resistant resting eggs in zooplankton is
often demonstrated by their ability to colonize even
remote oceanic islands (Brendonck et al., 1990; Peck,
1994) and by the broad distributions of some species
(Banarescu, 1990; Havel & Hebert, 1993; Hamer &
Brendonck, 1997) or genotypes (Weider et al., 1999).
Wind and animal vectors have been suggested as im-
portant dispersal agents, but few direct measurements
have been made (Brendonck & Riddoch, 1999; Bo-
honak & Whiteman, 1999; Michels et al., 2001). Des-
pite their apparently high dispersal capabilities, basins
in the vicinity of inhabited pools of apparently equal
quality are often empty (Boileau & Hebert, 1991;
Boileau & Taylor, 1994; Jenkins, 1995) or contain a
structurally different community (Jenkins & Buikema,
1998). In addition, significant genetic variation is of-
ten observed among (often nearby) local populations
of pond invertebrates (in anostracans: Davies et al.,
1997; Bohonak, 1998; Brendonck et al., 2000; in

Figure 4. Diagram illustrating how, through the storage effect, two
competing species with different regeneration niches can co-exist
in a variable environment (variable selection regimes in subsequent
seasons visualized by the different gray shading). At the left side,
populations are active in the growing period (here illustrated as
the wet phase). At the right side, populations are only present in
a dormant state (e.g. here in the dry phase of the habitat). Each
species has its own favorite environment (corresponding color in
selection regime) during which recruitment is successful. Eggs in
the sediment bridge the unfavorable time span in a dormant state.
Species can in this figure also be replaced by genotypes to illustrate
the maintenance of genetic diversity in the egg bank by the same
process.

Daphnia: Declerck et al., 2001). There is also no clear
relationship between dispersal inferred from local ge-
netic divergence and species distributions (Boileau et
al., 1992). Whether these observations result from
chance effects associated with dispersal or from un-
successful colonization related to competition with
resident populations is an issue of controversy (e.g.
review in de Meester, 1996; de Meester et al., 2002).
It should be noted that, as mentioned above, eggs are
sometimes attached to firm substrata that reduces the
chances of dispersal. According to Fryer (1996), it
is often more advantageous to ensure persistence of
a population in a habitat that has proved favorable
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than to subject eggs to the hazards involved in chance
dispersal.

Egg banks and evolutionary dynamics

In general, the effects of a pool of dormant stages on
evolutionary dynamics within populations are expec-
ted to be substantial, particularly when the distribution
of dormant genotypes is different from that in the act-
ive population. In the case of delayed diapause and
long-term viability of the dormant fraction, both direc-
tional and fluctuating selection will result in a gradual
accumulation of genotypes in the egg (seed) bank that
differ from those expressed at any one time in the act-
ive population (Levin, 1990; Hairston et al., 1996b).
In the case of directional selection, the mean genotype
in the dormant pool is expected to differ from that
in the active population, whereas fluctuating selection
should result in greater genotypic variance in the rest-
ing egg bank than in the active population (Hairston
et al., 1996b). The impact of this mixed egg bank (in
terms of generations) on the evolution of the popula-
tion as a whole will then depend on the intensity of the
selection pressure, the amount of generation overlap
in the egg bank (which in turn is dependent on hatch-
ing fraction and long-term viability of the eggs), the
intensity of disturbance of the sediment, and the hatch-
ing characteristics of different age classes of eggs (e.g.
those produced in the last season versus ‘old’ eggs).

As resting stages are not exposed to the same se-
lective forces as adults, they remove a fraction of the
gene pool from the influence of micro-evolutionary
forces in each generation and as such are theoretically
predicted to slow down micro-evolutionary processes
such as response to natural selection and drift (Tem-
pleton & Levin, 1979; Hairston & de Stasio, 1988;
Ellner et al., 1999).

Another theoretical result of overlapping genera-
tions in the dormant egg pool is the maintenance of
genetic variation in a temporally varying environment,
over a broad range of conditions (Ellner & Hairston,
1994; Hedrick, 1995). As with the maintenance of spe-
cies diversity within communities, the storage effect
is also a powerful mechanism for maintaining genetic
diversity within populations by buffering the effects
of local extinctions of genotypes in the active portion
of the population (Fig. 4) (Chesson, 1985; Seger &
Brockmann, 1987; Ellner & Hairston, 1994; Hairston
et al., 1996a). In the same way as egg banks are reser-
voirs of species, they can function as stocks of genes

and gene complexes. This genetic variation increases
the evolutionary potential of the population (Levin,
1990).

There is some evidence that generation overlap
promotes maintenance of genetic variation in a popu-
lation of the copepod Diaptomus sanguineus (Hairston
et al., 1996b). A large inter-population variability for
timing of diapause was found in D. sanguineus as
well as a substantial heritability of traits related to
the production and timing of diapausing eggs. The
importance of the egg bank for the maintenance of
genetic variation is also suggested by Sadler & Spitze
(1995) who found lower levels of genetic variation in
the subtropical cladocerans Simocephalus serrulatus
in contrast to Daphnia populations. They speculated
that this difference was due to the fact that Simoceph-
alus species only produce one resting egg at a time,
in contrast to the two eggs, typical for Daphnia in-
dividuals, and as such have only half the effective
population size and half of the effects of dispersal
events. Another indication for the importance of egg
banks in maintaining genetic diversity is the fact that
intermittent populations of Daphnia in small ponds
that rely entirely on resting eggs for repopulation are
largely in Hardy–Weinberg equilibrium (Hebert, 1978,
1987), in contrast with the large deviations from H–
W equilibrium in ponds where some adults survive
throughout the year, rendering the contribution from
the egg bank less important (Hebert, 1978, 1987), and
where prolonged periods of clonal selection erode ge-
netic diversity (Mort & Wolf, 1986). The situation is
less clear in large populations in lakes where some
individuals may also overwinter as adults but where
a large diversity is often measured (Carvalho & Crisp,
1987), resembling more closely the situation in inter-
mittent pond populations (Mort & Wolf, 1985, 1986).
According to de Meester (1996), this can be explained
by the high genetic diversity in large populations at
the start of the growing season, minimizing the impact
of subsequent clonal selection. Where deviations from
H–W equilibrium occur in temporary populations, it
is often due to a deficiency of heterozygotes. This can
be explained by a Wahlund effect following simultan-
eous hatching from a mixed egg bank (Hebert, 1987;
Brendonck et al., 2000; Gómez & Carvalho, 2000).

Kalisz (1991) speculates that the time resting
stages spend dormant in the seed or egg bank could
act to purge out the inferior genotypes (e.g. due to
inbreeding) if they are more likely to senesce and
die in the seed bank without germinating. This siev-
ing mechanism would have significant consequences
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for the fitness of the genotypes represented in the
active population and may also result in different gen-
otypes represented in the seed bank versus the active
population. Gómez and Carvalho (2000) measured a
difference in allele frequencies between hatched in-
dividuals and resting eggs of the rotifer Brachionus
plicatilis, and suggested that this could indicate ge-
netic differences in the hatching of resting eggs or drift
or selection after hatching.

The duration of dormancy may itself evolve as a
function of traits expressed in the active stage, which
may in turn alter the direction or intensity of selection
on the active traits (Hairston et al., 1996b). These au-
thors compared the switch to production of diapausing
eggs between individuals from active and diapausing
sub-populations of a freshwater copepod with a long-
lived egg bank. The mean timing of diapause was
significantly later in the season for copepods reared
from individuals collected from the water column.
They hypothesized that their results are explained by
adaptive covariance between traits that influence how
long an egg spends in the sediments before hatch-
ing and traits that influence the seasonal timing of
diapause.

Current and future applications

Historical (genetic and demographic) reconstruction
and resurrection ecology

One field that is in full development is the use of
molecular and ecologically relevant (life history and
behavioural) markers to study the genetic structure
of resting egg banks and to reconstruct evolutionary
changes in the recent past. As egg banks integrate an-
nual and seasonal variation, they are representative of
the entire community and are becoming key elements
in the study of species diversity. Lake sediments in
general archive histories of population and community
dynamics for many organisms with tissues resistant
to decomposition (Kerfoot et al., 1999; Jeppesen et
al., 2001). The fact that many aquatic sediments are
stratified historically and can be dated using stand-
ard radio-isotope techniques or by direct counting of
varves in the case of laminated sediments (Viitasalo &
Katajisto, 1994) makes historical reconstruction pos-
sible (see above). As resting eggs in the sediment
can remain viable for decades or centuries, the long-
lived dormant stages of zooplankton additionally offer
a unique source of living historical information (e.g.

Weider et al., 1997; Hairston et al., 1999a,b; Ker-
foot et al., 1999; Cousyn et al., 2001; Limburg &
Weider, 2002), the study of which was denoted as
resurrection ecology by Kerfoot et al. (1999). De-
tailed morphological or genetic analysis of the resting
stages in the sediment cores from habitats with known
history allows one to reconstruct changes in species
assemblage and population genetic structure of zo-
oplankton communities in an ecological context. Such
a reconstruction may, for example, reveal patterns in
species composition in relation to climatic conditions
as well as the potential of some species to disperse
and colonize. It is also possible to use such data to ad-
dress questions about evolutionary rates, to infer rates
of genetic drift, rates of response to natural selection,
or rates of immigration from external sources or from
earlier dormant stages from within the system (e.g. by
bioturbation). Egg banks also provide opportunities
to study genetic processes related to founder events
(Hairston et al., 1999b).

Ancient eggs may be exposed to (a range of)
hatching conditions in order to study the life history
characteristics of such ‘living fossils’. Weider et al.
(1997) revealed significant shifts in allele frequencies
in the egg bank of a Daphnia population which par-
alleled concomitant shifts in the trophic state of Lake
Constance during the past 25–35 years. Hairston et
al. (1999a) studied the genetic variation in an eco-
logically relevant character, resistance to toxins of
cyanobacteria, in adults hatched from the same egg
bank and found increasing resistance in those periods
of intense eutrophication. In another case study, Hair-
ston et al. (1999b) and Duffy et al. (2000) illustrated
the presence of two Daphnia species (D. curvirostris
and D. exilis) in the egg bank of Onondaga Lake that
were absent from the active population for more than
15 years. The peak abundance of both species coin-
cided with increased production of salt wastes due to
industrial activities along the shores of the lake exclud-
ing zooplanktivorous fish and native Daphnia species.
Kerfoot et al. (1999) found changes in the tolerance
for heavy metals in Daphnia, concordant with peri-
ods of variable pollution loads. Cousyn et al. (2001)
combined the study of changes in microsatellite al-
lele frequencies (as a neutral marker) and changes in
vertical migration (as an ecologically relevant char-
acter related to predator avoidance) in eggs isolated
from episodes that corresponded with variable pred-
ation pressure during the last 30 years in a shallow
Belgian pond. Genetic differentiation for the ecologic-
ally relevant character was about ten times higher than
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Table 1. The five main conditions that need to be met to enable a successful reconstruction of micro-evolution from a
resting propagule bank. The combination of these requirements at present strongly constrain the questions that can be
studied and the populations (localities, habitats) and taxa to which the approach can be applied

(1) One needs to select a habitat or population with a well-documented history with respect to the (environmental)

variable in relation to which evolutionary changes are being studied.

(2) One needs an undisturbed sediment record that can be properly dated.

(3) The sediment core(s) should contain sufficient resting propagules for a proper analysis.

(4) For an analysis of genetic changes at neutral marker loci, one needs high resolution genetic markers

that can be applied on small amounts of tissue (e.g. microsatellite loci).

(5) For an analysis of evolutionary changes in ecologically relevant traits, the resting propagules need to be

viable and responsive to hatching stimuli.

for the neutral marker. These data indicate that micro
evolutionary shifts related to anthropogenic changes
in ponds and lakes have occurred in a short period and
are revealed by the diapausing eggs, the archive in the
sediment. In addition to the study of the effects of eu-
trophication (Hairston et al., 2000) and fish predation
(Cousyn et al., 2001) one could think about studying
the changes in tolerance to heavy metals and persistent
pesticides, changes in the tolerance to UV-irradiation
as an indication of the increasing hole in the ozone
layer, study of the response to lake restoration efforts
through biomanipulation, etc.

The reconstruction of micro-evolution using rest-
ing propagule banks as archives of past genetic
changes involves the integration of different tech-
niques and approaches, such as radio-dating, historical
reconstruction, the use of molecular tools and exper-
imental quantitative genetics (Hairston et al., 1999;
Cousyn et al., 2001). Providing a detailed survey
of these methods is out of the scope of this re-
view. Table 1, however, provides a list of conditions
that need to be fulfilled for a successful reconstruc-
tion of micro-evolution from resting propagule banks.
This table shows that one should select potential case
studies carefully, as it is not obvious that all these
conditions are met.

The study of biodiversity, reconstruction of the
pristine state, and restoration ecology

By quantifying and characterizing resting stages in the
surface layer of the sediment (e.g. upper 2 cm), it is
possible to compare the potential species and genetic
diversity among lakes or ponds. Given the extended
lifetime of most resting stages and the incomplete
hatching of the egg bank at any given point in time,
the egg bank integrates both seasonal and inter-annual

variation in the community. Egg bank diversity meas-
ured at a single occasion before the start of the growing
season may therefore be a faster and more reliable
estimator of biodiversity than biodiversity estimates
based on intensive whole-season sampling. Identify-
ing the resting stages can assess species diversity,
where possible on the basis of their morphology, or
by hatching sediment under a range of laboratory
conditions. Havel et al. (2000) applied this method
to compare the diversity in old remnant oxbows and
young scour sites in the floodplain of the Missouri
River. To further optimize this method, more informa-
tion is needed on the morphology of the resting stages
of different species so that eggs could be identified
immediately without having to incubate the sediment
first to obtain adults that can be identified. By means
of image analysis it could furthermore be possible to
automate this identification process to some extent.

The historical reconstruction of species composi-
tion and diversity from cores of the egg bank against
the known history of a pool may also deliver a reli-
able estimator of the pristine state of that particular
pool in a specific regional setting. This method might
be more reliable than the use of habitats in a geo-
graphically distinct area as a reference for so-called
pristine conditions for a particular type of aquatic hab-
itat. The presence of a long-lived egg bank also has
potentials for restoration of any deteriorated pools or
re-establishment of threatened or endangered species.

Prolonged dormancy is also significant in the con-
text of environmental change. As some species and
genotypes may be excluded at some occasions, their
egg banks act as reservoirs for seeding the active com-
munity when favorable conditions for that species re-
turn (Hairston, 1996). Due to changing environmental
conditions (e.g. global warming), the frequency of
favorable occasions (growing seasons) for a particu-
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lar species may change and influence its potential for
existence by changing the size of the egg reservoir.
Another problem may be the continuous eutrophica-
tion, that, through the increase of organic matter in
the soil, may lead to an increase in the numbers and
activity of soil organisms. In addition to eating and
destroying eggs, these animals can move eggs in the
sediment and deposit waste products around them.
These deposits may contain chemicals that may affect
egg dormancy. These changes at the level of the rest-
ing egg bank may have an impact on the amount of
biotic diversity (species richness / genetic variation)
maintained in the future. Knowledge of the structure
and dynamics of egg banks and how these relate with
community composition may help to develop a tool for
monitoring community changes due to global change.

Phylogeography

The more complete representation of genotypes in the
sediment, integrating seasonal and annual variations
of a species as well as the impact of drift and local
extinctions, has recently also resulted in the approach
to use directly the egg banks instead of the active indi-
viduals to study the phylogeny (Gómez et al., 2000) or
patterns of genetic differentiation (Ortells et al., 2000)
of zooplankton populations. The comparison of egg
bank diversity with the diversity in the active pelagic
community component within the same lake may fur-
thermore contribute substantially to our understanding
of processes that may result in high biodiversity in
certain habitats.

Aquaculture and aquatic toxicology

In contrast to the many studies in Artemia (e.g. Clegg,
1997; Clegg & Jackson, 1998; Hontoria et al., 1998;
MacRae & Liang, 1998), not many studies have ex-
amined the biochemical and physiological basis of
quiescence or diapause in zooplankton. Better know-
ledge of these processes may ultimately result in the
manipulation of these physiological phases and in
more predictable hatching results in the application of
resting eggs in aquaculture and aquatic toxicology.

In environmental toxicology with zooplankton,
most attention has been paid to the effects of the chem-
icals used on the active component populations of
various species (Lahr, 1998). Most of these organisms,
however, rely on egg banks for recovery. To date, not
much information is available on the effects of e.g.
insecticide treatments and herbicides on the survival

and hatching response of the dormant fraction of the
populations that may eventually result in long-lasting
side effects.

Summary

Long-lived and mixed egg banks form an essen-
tial component of zooplankton communities. As egg
banks integrate seasonal and year-to-year variations
in environmental conditions, they represent much
better the total species and genetic diversity in any
community or population than the active community
component sampled at any one point in time. Over-
looking the composition of the egg bank in studies
of biodiversity, biogeography or phylogeography may
therefore result in incomplete or even erroneous pat-
terns and interpretations of the underlying processes.
By revising the fundamental processes that generate,
maintain and characterize egg banks in zooplankton,
and by concisely summarizing the most important
techniques to study various aspects of egg bank struc-
ture and function, we hope to stimulate additional
research in this expanding and fascinating field of lim-
nological and evolutionary research. Especially the
fact that egg banks archive historical changes offers
intriguing opportunities for studying the deterministic
and random processes that structure populations and
communities.
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