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Satu Viitasalo 
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Viitasalo, S. 2007: Benthic-pelagic coupling in the northern Baltic Sea: Importance of 
bioturbation and benthic predation. Finnish Institute of Marine Research   
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ABSTRACT 

Benthic-pelagic coupling describes processes that operate across and between the seafloor and 
open-water ecosystems. In soft-sediment communities, bioturbation by sediment-dwelling and 
epibenthic organisms may strongly shape habitat characteristics and influence processes, e.g. 
biogeochemical cycling, which supplies bioavailable nutrients to pelagic primary producers. In 
addition, benthic fauna may mediate benthic-pelagic coupling by affecting the survival and 
hatching of zooplankton dormant eggs in the sediment. In the shallow waters and seasonally 
fluctuating environment of the Baltic Sea, emergence from the seafloor essentially contributes to 
the dynamics of zooplankton pelagic populations.  

In this thesis, I examine how benthic organisms with different functional traits affect the link 
between the benthic and pelagic systems in the northern Baltic Sea. By means of experimental 
laboratory studies, the effects of sediment-dwelling (Monoporeia affinis, Macoma balthica and 
Marenzelleria spp.) and nectobenthic (Mysis spp.) taxa on the survival and hatching of 
zooplankton benthic eggs and on benthic nutrient fluxes and sediment structure were 
investigated.  

In the predation studies, the nectobenthic mysids Mysis spp. preyed upon benthic eggs of the 
cladoceran Bosmina longispina maritima (syn. B. coregoni maritima), both in pelagic and ben-
thic environments. Of the sediment-dwelling species, the amphipod M. affinis and the bivalve M. 
balthica reduced the number of cladoceran eggs in the sediment, whereas the polychaetes Ma-
renzelleria spp. had no effects on cladoceran eggs. Both M. balthica and M. affinis also in-
creased the mortality rates of benthic eggs of copepods and rotifers. It was estimated that zoo-
plankton eggs provide an additional carbon source for food-limited benthic communities. The re-
sults indicate that predation pressure on zooplankton benthic eggs may be strong, but varies 
widely depending on the season and the functional characteristics of the macrofauna. 

Macoma balthica buried cladoceran eggs and a fluorescent tracer from the sediment surface 
to a depth of 3–4 cm, indicating efficient sediment mixing. In contrast, the other taxa had fewer 
effects on particle distributions. In addition to organic matter mineralization, particle mixing is 
crucial to the success of benthic recruitment of zooplankton, since only eggs close to the sedi-
ment surface may hatch.   
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Macoma balthica and M. affinis altered the patterns of zooplankton emergence from the 
sediment. In general, the highest emergence rates were observed in the absence of macroscopic 
fauna, and M. balthica exerted a stronger suppressive effect than M. affinis. Moreover, copepods 
were less severely affected than cladocerans, while only one species (Temora longicornis) 
clearly benefited from the presence of the macrofauna. These differences probably result from 
species-specific differences in the resistance of eggs to disturbances. The results show that ben-
thic fauna may considerably alter the patterns of zooplankton emergence from the seafloor, 
thereby shaping zooplankton pelagic populations.  

The semi-motile M. balthica and Marenzelleria spp. increased the fluxes of phosphate and 
ammonium from the sediment to the water, whereas the motile M. affinis and Mysis mixta had a 
contrasting effect. In the eutrophied Baltic Sea, efficient internal cycling of bioavailable nutri-
ents forms a strong feedback inhibiting the recovery of the ecosystem. Based on the results, a 
change in species dominance from the two motile taxa, susceptible to oxygen deficiency, to the 
more tolerant semi-motile taxa provides additional feedback, strengthening internal nutrient cy-
cling and accelerating eutrophication, with deteriorating near-bottom oxygen conditions and 
changes in the benthic communities. In shallow-water ecosystems, benthic nutrient regeneration 
plays a key role in determining the overall productivity of the ecosystem. In addition, the results 
of this study show that the communities in the benthos may essentially contribute to the structure 
of those in the plankton. 

Key words: bioturbation, macrofauna, nectobenthic mysids, zooplankton, benthic eggs, 
emergence, functional traits, nutrient cycling, Baltic Sea 
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1. INTRODUCTION 

1.1 Nature and effects of bioturbation 

Reworking of soft sediments by benthic fauna 
has been recognized as an elemental process that 
modifies the key physical, chemical and biological 
features of the sediment (e.g. Rhoads 1974, Aller 
1988). The term bioturbation includes all types of 
activities of the benthic fauna: feeding, burrowing, 
respiration, excretion, defecation and ventilation and 
irrigation of biogenic constructions (tubes, burrows 
etc.). For instance, bioturbation accelerates chemical 
transformations and stimulates microbial processes 
related to organic matter degradation (Kristensen & 
Blackburn 1987, Aller 1988, Kristensen 1988, 2000) 
and, hence, enhances the functioning of the entire 
benthic ecosystem (Rosenberg 2001). 

1.1.1 Functional diversity 

In the traditional functional group classification 
based on the work by Fauchald and Jumars (1979), 
benthic organisms are categorized according to three 
key functional attributes: the method of food capture 
(use of jaws, ciliary mechanisms, tentacles and oth-
ers), degree of motility (motile, semi-motile and 
sessile) and trophic type (suspensivores, surface 
detritivores, subsurface/burrowing detritivores, her-
bivores and carnivores) (Bonsdorff & Blomqvist 
1993, Bonsdorff & Pearson 1999, Pearson 2001, 
Rosenberg 2001). Other categorizations include di-
vision into epifauna and infauna and the mode of 
defecation (Rosenberg 2001). In addition, novel 
classifications have been established, e.g. based on 
the mode of particle mixing (biodiffusers vs. gallery-
diffusers; François & al. 1997, 2002) and the effects 
on sediment stability and erodability (biostabilizers 
vs. biodestabilizers; Widdows & al. 2000, Widdows 
& Brinsley 2002). 

Recently, the functional group concept has re-
ceived increasing focus in bioturbation studies; spe-
cies belonging to different functional groups differ 
in their influence on the benthic habitat, e.g. sedi-
ment stability (Widdows & al. 2000), biogeochemi-
cal cycling (Waldbusser & al. 2004, Karlson & al. 
2005, Michaud & al. 2006) and particle mixing 
(Mermillod-Blondin & al. 2004). In general, deep-
burrowing deposit feeders with high ventilation rates 
are considered more efficient bioturbators than ses-
sile suspension feeders (Norling & al. 2007), and the 
‘gallery-diffuser’ species that transport sediment 
particles between two separate locations are consid-
ered more efficient than the ‘biodiffusers’ that mix 
particles mainly in the surface sediments 
(Mermillod-Blondin & al. 2004). 

In bioturbation studies, the effect of the various 
species is generally nonadditive, i.e. the most effi-

cient bioturbator overshadows the effects of all other 
species in multispecies treatments (Mermillod-
Blondin & al. 2005, Norling & al. 2007). Conse-
quently, functional diversity and the presence of 
certain key species, as opposed to biodiversity or 
species richness as such, are suggested to be the de-
termining factors for ecosystem functioning (e.g. 
Mermillod-Blondin & al. 2005). For example, the 
effects of deep-burrowing polychaetes (Waldbusser 
& al. 2004, Mermillod-Blondin & al. 2005), tunnel-
building crustaceans (Norling & al. 2007), large 
clams (Norkko & al. 2001) or brittle stars (O'Reilly 
& al. 2006) overshadow the effects of other species. 

The research field of bioturbation has developed 
rapidly, and increasing emphasis has been given to 
developing new nondestructive methods and 
mathematical models (Meysman & al. 2003) to bet-
ter describe sediment reworking and to track fine-
scale heterogeneity. These include two-dimensional 
(2-D) optical tracer screening (Gilbert & al. 2003), 
axial tomodensitometry (Mermillod-Blondin & al. 
2003) and in situ time-lapse sediment profile im-
agery (Maire & al. 2006, O'Reilly & al. 2006), 
among others. To date, however, some biotic inter-
actions, including the role of bioturbation in benthic 
recruitment of plankton, are still relatively little 
studied and poorly understood. 

During recent decades, biodiversity has been ex-
amined as a dependent variable in marine ecology, 
reflecting changes in the ecosystem. That biodiver-
sity or functional diversity affects ecosystem func-
tioning, not only vice versa, is currently recognized 
as an important baseline (Raffaelli 2006). In the 
Baltic Sea, large-scale ecosystem changes have re-
sulted in deterioration of soft-sediment habitats and 
exerted shifts in zoobenthic communities (Laine & 
al. 1997). However, the ability of zoobenthic species 
to modify the properties of their habitat may have 
ecosystemwide implications, offering a potential 
feedback for counteracting ecosystem changes. In 
this thesis, I will examine this feedback between 
functional diversity and habitat properties, including 
coupling between the benthic and pelagic systems. 

I confine the examination and discussion to mac-
roscopic species, despite the fact that the role of 
meiofauna may be as important (Elmgren & al. 
1984) but less studied (cf. Karlson 2007). Although 
‘macrofauna’ is generally used for sediment-dwell-
ing organisms, I broaden it to include epibenthic 
species as well. 

1.1.2 Sediment reworking and biogeochemical cycling 

In coastal and estuarine ecosystems, benthic re-
generation of bioavailable nutrients is a key factor 
that determines the overall productivity of the sys-
tem, supplying both dissolved inorganic nitrogen 
(DIN) (Blackburn & Henriksen 1983, Blackburn 
1988, Stockenberg & Johnstone 1997, Tuominen & 
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al. 1998) and phosphorus (DIP) (Jensen & al. 1995, 
Conley & al. 1997, Lehtoranta & Heiskanen 2003) 
for primary producers. In ecosystems with pro-
gressed eutrophication, efficient internal nutrient 
cycling may form a strong feedback, a vicious circle 
that inhibits ecosystem recovery (Vahtera & al. 
2007). 

In this study, the effects of bioturbation on bio-
geochemical cycling were investigated with empha-
sis on benthic nutrient fluxes across the sediment-
water interface and physical sediment reworking. In 
the following, I will outline the main processes me-
diating organic matter decay and benthic nutrient-
exchange dynamics. 

Sediment reworking by benthic fauna results in 
redistribution of particles and destruction of sedi-
ment layers (Rhoads & Young 1970, Rhoads 1974), 
which enables introduction of reduced compounds to 
the oxidized surface environment and, on the other 
hand, burial of fresh organic matter beneath the sur-
face (Kristensen 2000). Such transport enhances the 
growth and activity of microbial communities and 
stimulates the degradation of redox-sensitive com-
pounds, thereby accelerating the rate of organic 
matter turnover (Kristensen & Blackburn 1987, 
Aller 1988, Kristensen & Mikkelsen 2003). 

Metabolism by macrofauna directly contributes 
to the overall sediment metabolism and mineraliza-
tion, while several indirect routes operate as well; 
biogenic constructions (e.g. burrows) serve as fa-
vourable microenvironments for microorganisms 
(Meyers & al. 1987, Marinelli & al. 2002), excretion 
provides nutrition for bacteria, and irrigation and 
ventilation of burrows enhance solute transport be-
tween pore water and the overlying water, removing 
inhibiting metabolites (Aller & Aller 1998). 

In organic matter degradation, the PO4
3- ions re-

leased are bound to metal oxides (mostly Fe3+) under 
oxidized conditions, instead of being mobilized in 
dissolved form to the overlying water (Sundby & al. 
1992, Jensen & al. 1995). Thus, the sediment P-re-
tention capacity is strongly linked to the redox state 
of the sediment (Sundby & al. 1992). Bioturbation 
may increase the sediment P-binding ability by in-
creasing the sediment O2 content or resuspension, 
which increases the number of oxidized surfaces in 
particles suspended in water (Lehtoranta & Pitkänen 
2003). On the other hand, enhanced mineralization 
and burrow irrigation, resulting in increased trans-
port of solutes from pore water to the overlying wa-
ter, lead to increased regeneration and release of 
bioavailable P (Lehtoranta & Heiskanen 2003). 

In the mineralization of organic N, the NH4
+ re-

leased may be nitrified to NO3
- under oxidized con-

ditions and further reduced to molecular N2 (denitri-
fication), or may be directly converted to N2 by NO2

- 
(anammox). Both denitrification and anammox are 
strongly dependent on the supply of NO3

- and NO2
- 

and, hence, N removal through these processes oc-

curs mainly at the interface of oxidized and reduced 
conditions (Hulth & al. 2005). 

Sediment-reworking fauna may stimulate cou-
pled nitrification-denitrification by enhancing N 
mineralization, by excreting NH4

+ and by increasing 
the surface area of the oxic-anoxic interfaces 
(Henriksen & Kemp 1988, Seitzinger 1988, 
Tuominen & al. 1999). For example, denitrification 
forms a quantitatively important pathway for N re-
moval in the northern Baltic Sea, accounting for 20–
30% of external N input (Stockenberg & Johnstone 
1997, Tuominen & al. 1998). In the Gulf of Finland, 
the bulk N2 formation occurs via coupled nitrifica-
tion-denitrification and is correlated with the abun-
dance of sediment-dwelling fauna (Tuominen & al. 
1998). 

Species with different functional characteristics 
have different effects on biogeochemical cycling 
(Pelegri & Blackburn 1995), mainly in association 
with two processes, namely bioirrigation and physi-
cal particle reworking. For example, highly motile 
near-surface-dwelling burrowers, such as the de-
posit-feeding amphipod Monoporeia affinis 
Lindström, promote N removal through denitrifica-
tion (Tuominen & al. 1999). In turn, deep-burrowing 
polychaetes with efficient burrow ventilation activ-
ity, e.g. Hediste (Nereis) diversicolor, enhance the 
release of reduced compounds (NH4

+) (Christensen 
& al. 2000, Mermillod-Blondin & al. 2004), while 
burrow walls may function as sites for nitrification 
and denitrification (Pelegri & Blackburn 1995, 
Nielsen & al. 2004). In contrast, suspension-feeding 
species, e.g. Cerastoderma edule, have consistently 
been found to exert lesser effects (Pelegri & 
Blackburn 1995, Mermillod-Blondin & al. 2004). 

Apart from affecting organic matter mineraliza-
tion, sediment reworking by macrofauna alter the 
sediment substratum; biogenic constructions (e.g. 
tubes of spionid polychaetes) may stabilize the 
sediment (Widdows & al. 2000), whereas physical 
disturbances (e.g. by deposit-feeding bivalves) may 
increase sediment erodability and cause notable bio-
resuspension (Hall 1994, Graf & Rosenberg 1997, 
Widdows & Brinsley 2002). Such changes may in-
hibit settling or postsettlement survival of individu-
als of other macrofaunal species and, thus, act as a 
structuring factor in zoobenthic communities 
(Olafsson & al. 1994). Physical disturbances may 
also have detrimental effects on meiofauna (Palmer 
1988, Sundelin & Elmgren 1991, Fleeger & al. 
2006). 

1.2 Bioturbation and zooplankton 

1.2.1 Zooplankton life-history strategies 

The concept of benthic-pelagic coupling is gen-
erally applied in studies tracing energy flow within 
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ecosystems (Wassmann & al. 2006). Alternatively, 
benthic-pelagic coupling may be examined from the 
perspective of organisms, e.g. zooplankton, that 
utilise both benthic and pelagic habitats at different 
phases of their life history. Migration in time by 
means of dormancy is a widely spread phenomenon 
across invertebrate phyla (Cáceres 1997) and is a 
fundamental feature of planktonic organisms 
(Dahms 1995, Hairston & Cáceres 1996). The ca-
pacity for escaping unfavourable abiotic (e.g. low 
temperatures, lack of light) and biotic conditions 
(e.g. predation, shortage of food) is of great ecologi-
cal significance and is a prerequisite for dispersal to 
habitats with largely fluctuating environmental con-
ditions (Cáceres 1997). Indeed, production of dor-
mant eggs makes zooplankton only partially plank-
tonic. 

Two main types of dormancy exist, genetically 
determined diapause and the more flexible quies-
cence, both of which are triggered by environmental 
stimuli. Quiescence is defined as retarded develop-
ment in direct response to adverse environmental 
conditions, while diapause is provoked by factors 
such as photoperiod, signalling a predictable change 
in the environment (Grice & Marcus 1981). While 
quiescent eggs may resume development whenever 
conditions again become favourable, diapause en-
compasses an obligatory and genetically fixed pe-
riod of arrested development (refractory period). In 
addition to these main categories, intermediate types 
of dormancy occur, for example ‘delayed hatching’ 
eggs in some calanoid copepods (Chen & Marcus 
1997, Katajisto 2006). 

Zooplankton life-history traits are diverse. For 
example, calanoid copepods only reproduce sexu-
ally, but may produce both subitaneous and diapause 
eggs (or eggs of some intermediate type) (Marcus 
1996). Diapause eggs are benthic, whereas subitane-
ous eggs may be carried in an egg sac by the females 
until hatching (‘egg sac spawning’), or may be re-
leased solitarily in water (‘broadcast spawning’). In 
the shallow waters of the Baltic Sea, freely spawned 
eggs generally sink to the seabed before hatching 
and become quiescent (cf. Katajisto & al. 1998). In 
contrast to calanoids, cyclopoid copepods do not 
produce resting eggs but enter dormancy at the co-
pepodite or adult stages (Dahms 1995, Marcus 
1996). Cladocerans and rotifers, in turn, switch be-
tween asexual parthenogenesis and sexual gamo-
genesis (cyclic parthenogenesis). Parthenogenesis 
enables rapid pelagic population increases under 
favourable conditions, while diapause eggs are gen-
erally produced only during gamogenesis (Egloff & 
al. 1997, Schröder 2005). Diapause eggs of bos-
minid and daphnid cladocerans are shielded by 
transparent membranes (ephippia), formed from 
elements of the carapace (Schultz 1977). 

High densities of dormant eggs have been recov-
ered from various aquatic environments, including 

marine (Kasahara & al. 1975, Onbé 1985, Lindley 
1990, Marcus 1990) and freshwater sediments 
(Gilbert 1974, Carvalho & Wolf 1989, De Stasio 
1989, Hairston 1996) as well as the brackish Baltic 
Sea (Kankaala 1983, Viitasalo & Katajisto 1994), 
the highest abundances being ~106 eggs m-2 (Viita-
salo & Katajisto 1994, Hairston 1996, Katajisto & 
al. 1998). As a rule of thumb, prolonged (>1 yr) sur-
vival in a harsh environment, including low tem-
peratures, darkness and total anoxia, is more com-
mon in diapause eggs than in quiescent subitaneous 
eggs (Marcus 1996). An extreme record is the sur-
vival of eggs of the freshwater copepod Onycho-
diaptomus (formerly Diaptomus) sanguineus for 
>300 yr in lake sediments (Hairston & al. 1995). 
However, long-term survival (~2 yr) was also ob-
served in subitaneous eggs of the Baltic populations 
of the copepod Acartia bifilosa Giesbrecht (Katajisto 
2004).  

Due to their longevity, eggs accumulate in sedi-
ments and form an egg bank, enabling recruitment of 
individuals to the plankton over a time span greatly 
longer than the generation time of the active popula-
tions (De Stasio 1989). Production and viability of 
benthic eggs as well as the patterns of emergence 
vary substantially among species, resulting in a wide 
range of egg bank strategies. For example, the ‘bet-
hedging’ strategy in fluctuating environments, in 
which only a minor proportion of eggs hatches each 
year, provides insurance against years of low repro-
ductive success (Hairston & al. 1995). In addition, 
the storage effect of benthic egg banks may be cru-
cial to sustaining both species and genetic diversity 
(Hairston & Dillon 1990, Ellner & Hairston 1994, 
Hairston 1996). 

Several factors are involved in the termination of 
diapause or dormancy and hatching of zooplankton 
benthic eggs (Stross & Hill 1968, Grice & Marcus 
1981, Dahms 1995, Marcus 1996, Gyllström & 
Hansson 2004), the most important ones being tem-
perature and O2 (Kankaala 1983, Lutz & al. 1994, 
Marcus & Lutz 1994, Katajisto 2004). In general, 
developmental rates are higher at higher tempera-
tures and a threshold O2 concentration for hatching 
of calanoid eggs is defined to be 0.15–0.17 ml l-1 
(Lutz & al. 1994, Katajisto 2004). As a result, only 
eggs close to the sediment-water interface may hatch 
(Uye & Fleminger 1976, Uye & al. 1979). In the 
turbid waters of the Baltic Sea, light penetration is 
typically faint (Lindström 2000) and the role of light 
in diapause termination is probably of minor impor-
tance (Katajisto 2006). 

Less is known of the role of cues related to the 
biotic environment, such as the level of food 
(Gyllström & Hansson 2004). However, chemical 
signals of the presence of pelagic predators may 
prevent egg hatching (Blaustein 1997), paralleling 
the effect of grazers on phytoplankton germination 
(Rengefors & al. 1998). 
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1.2.2 Coupling of benthic and pelagic populations in 
zooplankton 

The contribution of the benthic input to the 
structure and abundance of planktonic populations 
varies markedly, depending on species-specific life-
history traits and habitat properties, as demonstrated 
by studies carried out in marine (Onbé 1985), 
brackish (Kankaala 1983, Katajisto & al. 1998) and 
freshwater systems (Wolf & Carvalho 1989, De 
Stasio 1990, Hairston 1996, Hairston & al. 2000), 
with copepods (De Stasio 1989, Katajisto & al. 
1998), cladocerans (Wolf & Carvalho 1989, Cáceres 
1998), rotifers (Mnatsakanova & Polishchuk 1996, 
Gilbert & Schröder 2004), protozoans (Bell & 
Weithoff 2003), dinoflagellates (Hansson 1996) and 
cyanobacteria (Ståhl-Delbanco & Hansson 2002). 
Benthic emergence is usually most pronounced at 
the onset of a favourable season, when it determines 
the timing of the population reappearance in species 
that are periodically absent (Kankaala 1983, De 
Stasio 1989, 1990, Hairston & al. 2000), or increase 
after a season of low pelagic standing stocks 
(Kankaala 1983, De Stasio 1990, Cáceres 1998, 
Katajisto & al. 1998, Hairston & al. 2000). 

Thorough understanding of the dynamics of 
plankton communities is not possible without ex-
amination of the entire scope of the life cycles of 
planktonic species (Marcus & Boero 1998). For ex-
ample, rapid increases in pelagic populations during 
periods of low reproduction can be explained by 
benthic emergence (Viitasalo 1992a, Katajisto & al. 
1998). In situ emergence rates may be studied di-
rectly by means of inverted traps, collecting indi-
viduals emerging from the seabed (e.g. De Stasio 
1990), while comparison of pelagic birth and death 
rates provides an indirect estimate (Kankaala 1983, 
Mnatsakanova & Polishchuk 1996, Jarnagin & al. 
2004). 

1.2.3 Predation on benthic eggs 

The active and inactive phases in a species’ life 
history may be subject to different environments, as 
in the case of dormant eggs producing zooplankton, 
and these environments may present different risks 
and possibilities. For example, higher predation rates 
for a given prey unit were observed in the benthos 
than in the plankton (Allen & McAlister 2007). 
Stage-specific mortality in zooplankton, describing 
the success of the various life stages, is generally 
highest early in life, i.e. in the naupliar stages 
(Kiørboe & Sabatini 1995, Eiane & al. 2002) or in 
the egg stage (Peterson & Kimmerer 1994), but may 
show intraspecific variability among populations 
subject to environments with different predation 
regimes (Eiane & al. 2002). 

Few estimates of mortality experienced by egg 
banks are available, and they range considerably, 
from low (1.1–1.5% in the copepod Onychodiapto-

mus sanguineus; Hairston & al. 1995) to high annual 
mortality (>50% in the cladocerans Daphnia puli-
caria and D. galeata mendotae; Cacéres 1998). In-
vestment in a certain life stage is a characteristic that 
partly derives from the phylogenetic history 
(Hairston & Cáceres 1996) and is adaptable if it in-
creases the species’ survival or reduces its risk of 
becoming extinct (Begon & al. 1996). 

Both pelagic predators (Conway & al. 1994) and 
benthic deposit feeders (Parker & al. 1996, Cáceres 
& Hairston 1998) feed on zooplankton eggs. How-
ever, experimental documentation of predatory 
regulation of zooplankton egg banks is scarce, partly 
due to the laborious procedures involved. Most de-
posit feeders are size-selective (Whitlatch 1980, 
Bock & Miller 1999, Shull & Yasuda 2001) and 
benthic resting stages generally fall within the range 
of the particles selected, perhaps excluding the larg-
est cladoceran eggs and ephippia (cf. Viitasalo & 
Katajisto 1994). Pati & al. (1999) showed that rest-
ing eggs, or ‘inactive temporary meiobenthos’, may 
be an important food source for benthic fauna. Pre-
dation or destruction of zooplankton eggs (Parker & 
al. 1996) may reduce the size of the benthic egg 
banks, and it was suggested that mortality of benthic 
eggs plays a role in controlling zooplankton pelagic 
communities (Parker & al. 1996, Cáceres & Hairston 
1998). 

Predation is generally considered a direct and 
unequivocally negative mechanism affecting the 
prey population. The question is, however, compli-
cated because some eggs are resistant to consump-
tion and survive the passage through the predator’s 
digestive tract; e.g. copepod eggs survive through 
the polychaete gut (Marcus 1984, Marcus & 
Schmidt-Gengenbach 1986) and copepod eggs 
(Redden & Daborn 1991, Conway & al. 1994, 
Flinkman & al. 1994) and cladoceran ephippia 
through the fish gut (Mellors 1975, Jarnagin & al. 
2000). The favourable microenvironment inside fae-
cal pellets may even enhance germination of dino-
flagellate cysts (Kremp & al. 2003). In addition, gut 
passage may provide a tool for vertical (Marcus & 
Schmidt-Gengenbach 1986) and horizontal dispersal 
(Mellors 1975, Jarnagin & al. 2000). These numer-
ous examples of predator-prey interactions demon-
strate that the risk of investment in the benthic life 
stage may vary substantially. 

In addition to predation and destruction, there are 
two main routes by which benthic fauna may affect 
the fate of sedimented resting stages of plankton, 
namely redistribution and changes in sediment 
chemistry. Mixing of sediment layers is a profound 
factor that determines the success of benthic emer-
gence of zooplankton, since only eggs close to the 
sediment surface may hatch (Uye & Fleminger 
1976, Uye & al. 1979). The rate of organic matter 
sedimentation, resuspension by abiotic (near-bottom 
currents) and biotic (sediment reworking by fauna) 
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factors, and particle mixing determine how deep the 
resting stages of planktonic organisms will be buried 
(Marcus & Schmidt-Gengenbach 1986, Kearns & al. 
1996, Giangrande & al. 2002). 

Upward transport increases the probability of 
reintroduction to the sediment surface and, hence, 
hatching (Marcus & Schmidt-Gengenbach 1986), 
whereas burial decreases it (Kearns & al. 1996). 
Moreover, vigorous resuspension of sediment sur-
face layers enhances the hatching of some zoo-
plankton species (Hairston & Kearns 2002) as well 
as germination of phytoplankton (Kremp 2001). 
Albertsson and Leonardsson (2001) observed re-
duced recruitment of Eurytemora affinis Poppe in 
the presence of Monoporeia affinis and suggested 
that it resulted from burial or predation or other me-
chanical destruction by the amphipods on eggs or 
newly hatched nauplii, but the mechanism remained 
unclear. 

Construction and irrigation of burrows by macro-
fauna creates a three-dimensional (3-D) matrix of 
variable O2 microenvironments (Fenchel 1996, Glud 
& al. 2003), which may enhance the hatching of 
zooplankton benthic eggs. However, the role of ele-
vated O2 concentrations is ambiguous because oxy-
gen levels that are sufficiently high to trigger re-
sumption of development may still be too low to 
allow successful hatching and emergence of nauplii 
to the plankton (Lutz & al. 1994, Katajisto 2004). 
Therefore, even though eggs may survive for pro-
longed periods of time in anoxia, slight increases in 
O2 supply may be harmful. 

1.3 Zoobenthic communities in the 
northern Baltic Sea 

Mixing of species originating from freshwater 
and marine environments is a characteristic feature 
of Baltic fauna (Segerstråle 1957, Bonsdorff 2006). 
Due to the challenging osmotic conditions for both 
limnetic and marine taxa, the number of species is 
low (Segerstråle 1957); only ~20–70 macrozooben-
thic species occur commonly in the northern parts of 
the Baltic (Laine 2003, Bonsdorff 2006). However, 
those surviving may occur in very high abundances: 
a single species may reach densities of >10 000 ind. 
m-2 (Monoporeia affinis; Kangas & al. 2001) or 
cover 99% of the total biomass, forming practically 
monospecies communities (M. affinis; Laine 2003). 

The most important structuring factors for soft-
sediment zoobenthos are salinity (linked to osmotic 
adaptation), oxygen (linked to O2 demand and some 
functional characteristics) and sediment type (linked 
to organic matter content). Despite the overall low 
species richness, the structure of zoobenthic com-
munities is variable along the depth gradient and in 
relation to habitat complexity (Bonsdorff & al. 
2003). In a basinwide analysis carried out in 1996, 

the Baltic Sea zoobenthos was divided into eight 
assemblages based on community structure and re-
lated to several environmental variables, including 
water depth, salinity and O2 saturation (Laine 2003). 
In soft-bottom areas with dissolved O2 saturation 
>80%, two species, the amphipod Monoporeia af-
finis and the bivalve Macoma balthica L., consti-
tuted between 80% and 99% of the total macrofau-
nal biomass (Laine 2003). In a similar analysis of 
coastal areas with water depths <70 m (year 1996), 
the coverage of these two species, based on the 
number of individuals, was 31–88% (Bonsdorff & 
al. 2003). In addition to M. affinis and M. balthica, 
among the five most abundant species were the 
polychaete Harmothoe sarsi, the isopod Saduria 
entomon and the amphipod Pontoporeia femorata 
(Laine 2003). 

Since then, polychaetes from the genus Ma-
renzelleria Mesnil, originating from North America, 
have invaded and spread rapidly throughout the 
northern Baltic Sea (Zettler & al. 2002). Three spe-
cies have been identified, M. viridis Verril, M. ne-
glecta Sikorski & Blick and M. arctia Chamberlin, 
two of which (M. viridis and M. arctia) occur at the 
collection site of the present study in the Gulf of 
Bothnia (Bastrop & Blank 2006). In 2000, M. 
balthica, M. affinis and Marenzelleria spp. ac-
counted for 10–82% of zoobenthic communities 
along a transition from the inner to the outer archi-
pelago of Åland, the Archipelago Sea (Perus & 
Bonsdorff 2004). The present study focuses on the 
effects of M. affinis, M. balthica and Marenzelleria 
spp., hereafter referred to as Monoporeia, Macoma 
and Marenzelleria. 

Notable interannual fluctuations are typical of 
Monoporeia populations (Lehtonen & Andersin 
1998, Laakkonen 2002). However, the relative 
abundances of these three study taxa also show sig-
nificant long-term trends: Monoporeia has decreased 
in many areas during recent decades, while Macoma 
and Marenzelleria have increased (Kangas & al. 
2001, Perus & Bonsdorff 2004, Laine & al. 2007). In 
general, trends in the Baltic macrozoobenthos in 
bottom areas below the permanent halocline (> 60 
m) have been related to changes in stratification, 
deep-water salinity and oxygen (Laine & al. 1997, 
2007), while general eutrophication probably acts as 
an ultimate factor in shallow coastal sediments 
(Kangas & al. 2001, Perus & Bonsdorff 2004). 

In addition, interspecific factors such as preda-
tion and competition may play a role in structuring 
the benthic communities. For example, Monoporeia 
feeds on settling spat of Macoma (Elmgren & al. 
1986), Macoma appears to be a superior competitor 
for food over Marenzelleria (Kotta & al. 2001) and 
Monoporeia avoids sites occupied by dense Ma-
renzelleria colonies (Neidemann & al. 2003). 

The three taxa also differ with respect to their 
species-specific traits. Macoma is a semi-motile 
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suspension and deposit feeder that collects food at 
the sediment surface and deposits faeces under the 
surface (Reise 1983, Lin & Hines 1994). It usually 
occupies the uppermost 5 cm of the sediment. Ma-
renzelleria, in turn, inhabits semipermanent bur-
rows, collects food and defecates at the sediment 
surface, and may also feed on suspensions (Dauer & 
al. 1981). Apart from the priapulid Halicryptus 
spinulosus, it is the only deep-burrowing taxon in 
the northern Baltic Sea, burrowing to 35 cm (Zettler 
1997). Monoporeia, in turn, is a motile species gen-
erally inhabiting the uppermost few centimetres of 
the sediment. It burrows actively up and down 
within the sediment surface layers while collecting 
food and ascends to the water column by night 
(Lopez & Elmgren 1989). It consumes fresh organic 
matter (Byren & al. 2002) but may also feed on me-
iofauna (Ejdung & al. 2000). 

1.4 Nectobenthic mysids 

Mysid shrimps form an important although fre-
quently neglected functional group in the Baltic Sea 
(Rudstam & al. 1994), comparable to euphausiids in 
the oceans (Mauchline 1980). In the Baltic Sea, the 
genus Mysis spp. includes M. mixta Lilljeborg, 
which is of marine origin, and the sympatrically 
occurring sibling freshwater species M. relicta 
Lovén and M. salemaai Audzijonyte & Väinölä, all 
three being adapted to the brackish Baltic Sea 
(Mauchline 1980, Audzijonyte & Väinölä 2005). 
The two sibling Mysis species will be hereafter re-
ferred to as M. relicta for shortness, although both 
M. relicta and M. salemaai inhabit the sampling 
sites and therefore probably occurred in the experi-
ments. 

Mysis spp. have been described as pelagic, ben-
thopelagic or nectobenthic species, which are om-
nivorous, planktivorous and benthivorous 
(Mauchline 1980, Viherluoto & al. 2000, Albertsson 
2004). Moreover, they are capable of both filter 
feeding and raptorial feeding (Viherluoto & al. 
2000), asserting their versatile nature. The ratio of 
pelagic:benthic food in the diet of Mysis spp. is de-
pendent on the species (higher for M. mixta than for 
M. relicta), the size (higher for larger individuals) 
and the season (higher in summer than in winter) 
(Viherluoto & al. 2000). Mysids are prey for fish 
(Arrhenius & Hansson 1993) but they also compete 
for food with fish (Rudstam & al. 1992). They spend 
the daylight hours near the seabed but ascend to the 
thermocline at night (Rudstam & al. 1989). In addi-
tion to being links between the trophic levels, diur-
nal migration between the pelagic and benthic sys-
tems makes them important links between the habi-
tats (Salemaa & al. 1986, Rudstam & al. 1989). 

Field observations indicate a trend toward de-
crease in Mysis spp., resulting from increasingly 

widespread deep-water oxygen deficiency in the 
northern Baltic Sea (cf. Karlson & al. 2002). Due to 
a lack of monitoring data, however, the most recent 
accurate estimates are from the late 1980s (Salemaa 
& al. 1986, 1990). 

1.5 Zooplankton dynamics in the northern 
Baltic Sea 

Calanoid copepods, cladocerans and rotifers 
form the main groups in the Baltic Sea mesozoo-
plankton (Viitasalo 1992b). The most abundant spe-
cies are the calanoids Acartia bifilosa, Eurytemora 
affinis, Temora longicornis O. F. Müller and Pseu-
docalanus acuspes Giesbrecht (formerly P. minutus 
elongatus), the cladocerans Bosmina longispina 
maritima P. E. Müller (syn. B. coregoni maritima) 
and Pleopsis polyphemoides Leuckart and the rotifer 
Synchaeta baltica Ehrenberg (Viitasalo 1992b, 
Flinkman & al. 2007). In addition, the predacious 
cladoceran Cercopagis pengoi Ostroumov that in-
vaded the Baltic Sea during the 1990s has rapidly 
established viable populations in most basins of the 
northern Baltic Sea (Gorokhova & al. 2000). Acartia 
bifilosa, E. affinis, B. longispina maritima, P. poly-
phemoides and S. baltica prefer waters with low (<7) 
salinity, while P. acuspes is the only truly marine 
species, preferring deeper open-sea waters with 
higher salinities (Viitasalo & al. 1995). 

The endemic brackish water cladoceran B. long-
ispina maritima (hereafter Bosmina for shortness), is 
a peculiarity in the Baltic mesozooplankton 
(Purasjoki 1958). It grazes on small micro- and 
nanoplankton such as auto- and heterotrophic nan-
oflagellates (Purasjoki 1958) and prefers warm and 
low-saline surface waters (Viitasalo & al. 1995). 
Bosmina shows large interannual fluctuations in 
occurrence, reaching notably high pelagic abun-
dances (20 000 ind. m-3 in a 0–25-m water layer; 
Viitasalo & al. 1995) during some years, while being 
practically absent during others (Purasjoki 1958). 

The occurrence of mesozooplankton in the 
northern Baltic Sea shows strong seasonal trends, 
reflecting the pronounced seasonality in hydro-
graphical conditions and short growth season 
(Viitasalo & al. 1995). Acartia bifilosa is abundant 
during most of the year, whereas E. affinis, T. longi-
cornis and P. acuspes generally reach their peak in 
June–August. Rotifers are usually most abundant in 
June, whereas cladocerans peak later in summer 
(July–August) (Viitasalo 1992b, Viitasalo & al. 
1995). 

In the northern Baltic Sea, part of the copepod 
populations overwinters as adult or juvenile stages in 
the plankton, while the other part is benthic, spend-
ing the winter in dormancy (Viitasalo & al. 1994, 
1995). Most copepod species produce benthic eggs, 
but not all of them are of the diapause type 
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(Katajisto 1996, Katajisto & al. 1998, Katajisto 
2003). The strategy of the cladocerans and rotifers 
differs from that of the copepods in that they practi-
cally disappear from the plankton in late autumn, 
and resting eggs form the only quantitatively im-
portant means of surviving through winter (Viitasalo 
& Katajisto 1994, Viitasalo & al. 1995). 

Long-term trends in mesozooplankton are 
strongly correlated with hydrographical conditions, 
especially salinity (Viitasalo & al. 1990, 1995, 
Flinkman & al. 2007). During recent decades, a 
steady decrease in salinity has resulted in a strong 
decrease in the halophilic P. acuspes throughout the 
northern Baltic Sea (Flinkman & al. 2007). How-
ever, the cladocerans Bosmina and P. polyphemoides 
also show a trend toward decrease in the Baltic 
Proper and in the Gulf of Finland, while a general 
increase in both cladocerans and copepods has been 
observed in the Bothnian Sea (Flinkman & al. 2007). 

2. AIMS OF THE STUDY 

The overall aim of this study was to investigate 
how five benthic taxa, both sediment-dwelling 
(Macoma, Marenzelleria, Monoporeia) and epiben-
thic (Mysis mixta, M. relicta), possessing various 
functional traits, modify their habitat and change the 
system in which they live. A special aim was to es-
tablish how bioturbation and benthic predation or 
other destruction affect the benthic life stages of 
zooplankton and to elucidate how these processes 
affect benthic-pelagic coupling in zooplankton. 

The study was confined to the northern Baltic 
Sea, which is an ideal environment for the purpose, 
due to its low number of dominant species and, thus, 
potential interactions. In addition, owing to the low 
functional complexity of the northern Baltic zoo-
benthic communities (Bonsdorff & Pearson 1999), 
changes in the abundance of only a few species can 
have a marked effect on functional diversity. The 
study organisms were chosen to represent quantita-
tively important but functionally different taxa. Mo-
noporeia is a motile, burrowing, surface detritivore 
and carnivore, whereas Mysis is a motile, epibenthic, 
surface detritivore and omnivore. Macoma and Ma-
renzelleria, in turn, are semi-motile, burrowing, sur-
face detritivores, both with specific behavioural 
traits. An important aspect was to examine the ef-
fects of these species with respect to their long-term 
abundance trends. I aim to establish whether the 
ongoing changes in the benthic communities will 
alter some important processes related to benthic-
pelagic coupling, e.g. zooplankton emergence from 
sediment or benthic nutrient cycling. 

More specifically, the objectives were to deter-
mine, by means of experimental studies: 

(1) whether mysids (Mysis mixta and M. relicta) 
feed on zooplanton resting eggs in water and in 
sediment, and to specify the consumption by 
different mysid size classes, the effect of 
alternative phytoplankton and zooplankton food 
and the effect of egg burial in the sediment (I, 
II); 

(2) how functionally different taxa (Monoporeia, 
Macoma, Marenzelleria) affect the number and 
depth distribution of zooplankton eggs in 
sediment, O2 penetration and the ability of the 
mysids to feed on eggs (II); 

(3) how the species-specific traits of four benthic 
taxa are reflected in the properties of the 
benthic habitat; these include sediment water 
content, organic matter content, depth of the 
oxidized layer, particle mixing, sediment-water 
nutrient fluxes and turbidity (III), and 

(4) how two sediment-dwelling species, showing 
contrasting long-term trends in abundance in 
the northern Baltic Sea (Monoporeia and 
Macoma), alter the emergence of calanoid 
copepods, cladocerans and rotifers, and the size 
of the benthic egg pool in copepods and rotifers 
(IV). 

3. MATERIALS AND METHODS 

This study consists of laboratory-scale experi-
ments, performed at the Tvärminne Zoological Sta-
tion (TZS), University of Helsinki. A summary of 
the experiments is presented in Table 1. 

3.1 Study sites 

The Baltic Sea is the world’s second largest 
brackish water basin, second only to the Black Sea, 
and is characterized by unique hydrographical and 
biological features (Wulff & al. 2001). The mean 
depth is 56 m and the total area covers 393 000 km2, 
being ¼ the size of its catchment area. Baltic water 
is a mixture of oceanic water from the North Sea and 
freshwater from precipitation and riverine inputs, 
resulting in strong vertical and horizontal salinity 
gradients. Saline water intrusions to the Baltic Sea 
through the Danish Straits are governed by mete-
orological conditions, with major inflows occurring 
irregularly (approximately once per decade). A per-
manent halocline is formed between 60 m and 80 m, 
below which water renewal is mainly dependent on 
the inflow events. Due to the infrequent water ex-
change, the deep areas are subject to oxygen defi-
ciency and periodic disappearance of benthic fauna 
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(Andersin & al. 1978, Laine & al. 1997). The salin-
ity in the Baltic Sea ranges from <2 psu in the north-
ernmost parts of the Bothian Bay and the eastern-
most parts of the Gulf of Finland to full oceanic sa-
linity at the Danish Straits, but this study is confined 
to areas with surface salinities ranging between 5 
and 7 psu. 

Due to its high latitudinal location, fluctuations 
in temperature and light conditions in the Baltic Sea 
as well as the seasonality in biotic parameters are 

pronounced. High external and internal nutrient in-
puts have led to a severe state of eutrophication, 
resulting in high primary productivity (30–250 g C 
m2 yr-1) and sedimentation rates, with organic matter 
accumulation spatially exceeding 1 cm yr-1 (Heis-
kanen & Tallberg 1999, Weckström 2006). The 
Baltic biota is a peculiar mixture of organisms origi-
nating from marine and freshwater environments, 
many of which live at the limits of their tolerance 
(Segerstråle 1957). 

Table 1. Summary of the experiments and the main results. Predator and prey densities are ind. l-1 in the experiment on pelagic pre-
dation, and ind. m-2 in all other experiments. Abbreviations: eph. = ephippia, micropl. = microplankton, Bos = Bosmina, sed. = 
sediment. 

 Predator/bioturbator Prey/variable   

 Species Density n Prey/variable Density Main results  

M. mixta 2.5 4 eph. 25 I 
 2.5 4 eph. + micropl. 25  

 2.5 3 Pleopsis eggs 8  

 0.8 6 eph. 4, 17, 42  

 0.8 4 live Bos 4, 17, 42  

 0.8 4 dead Bos 4, 17, 42  

Pelagic 
predation on 
Bosmina 
(2–12 h) 

 0.8 4 eph. + live Bos 25 + 85 

Mysids feed on 
ephippia, not on 
Pleopsis eggs, 
predation rates 
similar on ephippia, 
live and dead 
Bosmina 

 

M. mixta 
M. relicta 

100 
100 

10-12
10-12 

eph. on top of sed.
eph. on top of sed. 

8000 
8000 

I Benthic 
predation on 
Bosmina 
(12 h) 

M. mixta 
M. relicta 

100 
100 

10-12
10-12 

eph. within sed. 
eph. within sed. 

8000 
8000 

Mysids feed on 
ephippia on top of 
sediment, not on 
ephippia mixed 
within sediment 

 

Monoporeia 1950 5 eph. 7800 II 
Macoma 780 5 eph. 7800  

Marenzelleria 190 5 eph. 7800  

Vertical 
distribution 
of ephippia 
in sediment 
(25 d) M. mixta 

(with 
macrofauna) 

65 5 eph. 7800 

Amphipods feed on 
ephippia, bivalves 
bury ephippia, 
neither species 
promotes mysid 
predation 

 

Monoporeia 970 
4870 

5 
5 

- 
- 

III 

Macoma 190 
970 

5 
5 

- 
- 

 

Marenzelleria 390 
1950 

5 
5 

- 
- 

 

Sediment 
reworking 
and 
nutrients 
(21 d) 

M. mixta 65 
320 

5 
5 

measured 
variables (for all 
species): fluxes of 
NH4

+, NO3+NO2, 
PO4

3-, turbidity, 
transport of 
fluorescent 
particles, 
sediment layering 

- 
- 

Amphipods and 
mysids decrease N 
fluxes and increase 
turbidity, bivalves 
and polychaetes 
increase P fluxes, 
bivalves cause 
particle mixing 

 

Monoporeia 1960 
4900 

4 
4 

zooplankton eggs
zooplankton eggs 

IV Zooplankton 
emergence 
(26 d) Macoma 780 4 zooplankton eggs 

natural 
density (not 

manipulated) 

Macrofauna 
suppress the 
emergence of most 
zooplankton 
species, bivalves 
more efficiently 
than amphipods 
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The main study area, TZS, is situated on the 
Hanko Peninsula, SW coast of Finland (Fig. 1). It is 
located at the entrance to the Gulf of Finland, in 
direct connection to the Baltic Proper. Sediment, 
Macoma, live Bosmina and zooplankton benthic 
eggs were collected from Storfjärden, a 35-m-deep 
accumulation area in the outer archipelago 
(59°51.31’N, 23°15.98’E) in the vicinity of TZS. 
Seawater used in the experiments (5–6 psu) was 
taken from 7–8-m depths from a nearby archipelago 
area. Mysids were collected from 50–60-m depths at 
Längden (59° 45.58’N, 23° 15.23’E) and from 70–
80-m depths near Hästöklovan (59°48.52’N, 
23°22.15’E) to the south of TZS, in a transitional 
zone between the outer archipelago and the open 
sea. 

Monoporeia and Marenzelleria (probably M. 
arctia; Bastrop & Blank 2006) were collected from 
the Gulf of Bothnia where they are more abundant. 
The Gulf of Bothnia is separated by sills from the 
Baltic Proper and differs from the main basin in its 
hydrographical properties. There is no permanent 
halocline and, hence, the annual water circulation 

reaches the bottom. The sampling was performed at 
regular monitoring stations of the Baltic Monitoring 
Programme of the Helsinki Commission, SR5 
(61°05.00’N, 19°35.00’E), SR6 (61°03.01’N, 
20°15.81’E) and SR7 (61°05.01’N, 20°35.79’E), 
representing open-sea areas with water depths of 80–
100 m (Fig. 1). 

3.2 Field sampling (I−IV) 

An Ockelmann benthic sledge (mouth opening 
12 × 30 cm, net length 52 cm, mesh size 150 µm) 
was used to collect oxidized surface sediment (ap-
proximately the upper 5 cm) (I−IV) and benthic 
eggs of zooplankton (I−III). The non-quantitative 
sledge was used to obtain large amount of sediment 
and eggs needed in the experiments. To collect re-
duced sediment layers a van Veen grab was used 
(III). Upon collection, the sediment was put in 
buckets, filled with cool water from below the ther-
mocline (~5°C) (I, IV) or in cool boxes (II, III), 
until transported to the laboratory for processing. 

 

Fig. 1. Sites of field sampling in the Gulf of Bothnia (the regular monitoring stations of the Baltic Monitoring Programme of Helsinki 
Commission, SR5, SR6 and SR7) and in the Gulf of Finland (L: Längden, H: Hästöklovan, S: Storfjärden). 
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Live Bosmina were collected with a plankton net 
(150 µm) with vertical hauls from 25 m to the sur-
face. Macoma was collected with a bottom trawl 
(length 7 m, width 4 m, mesh size 10 mm) (II−IV), 
while an epibenthic sledge (mouth opening 41 × 23 
cm, net length 115 cm, 1-l cod end) was used to 
collect Mysis spp. (I−III), and a van Veen grab to 
collect Monoporeia (II−IV) and Marenzelleria (II, 
III). When Monoporeia and Marenzelleria were 
collected, the sediment from the grab was put into 
90-l buckets filled with seawater, and the amphipods 
and polychaetes were gently caught up under water 
with small sieves. In the field, all animals were put 
into cool boxes with in situ seawater, and for sedi-
ment-dwelling fauna, some sediment from the grab 
was added. 

3.3 Procedures with the sediment (I–IV) 

Oxidized surface sediment was sieved through 
0.5 mm (III, IV) to remove the macrofauna and 
through 100 µm (I, II) to remove both the macro-
fauna and ephippia of Bosmina (~400 µm). The 
dark-coloured reduced sediment was sieved through 
1 mm to remove the macrofauna (III). Organic mat-
ter content was determined from the sieved sediment 
(II−IV) as loss-on-ignition (LOI) of dry weight by 
drying the sediment samples overnight at 105°C and 
burning at 550°C for 2 h. In addition, the water 
content and organic matter content of the sediment 
was determined at the end of the experiments (III). 
The penetration depth of dissolved O2 in the 
sediment was determined with a Clark-type mi-
crosensor (Unisense OX100, Unisense A/S, Aarhus) 
(II). 

The sediment in the experimental cores was 
sliced with a slicing apparatus comprising a movable 
piston attached to a stand and a separate cutting plate 
(following the principle of Hakala 1971). The core 
was attached to the piston, which pushed the sedi-
ment upwards. 

3.4 Extraction of zooplankton benthic 
eggs (I, II, IV) 

To separate zooplankton benthic eggs from other 
sediment material, the sugar flotation method devel-
oped by Onbé (1978) was used. In this method, the 
sediment is poured on a 50−100-µm sieve, washed 
with sugar-water solution (1 kg of sugar in 1 l of 
water) into centrifuge tubes and centrifuged for 3 
min at 3000 rpm (906 × g). After centrifugation the 
eggs can be easily collected from the supernatant. 
Onbé (1978) showed that this method does not affect 
egg viability. 

3.5 Predation on Bosmina and its ephippia 
(I, II) 

The ability of nectobenthic mysids to prey on 
cladoceran resting eggs, with and without additional 
pelagic food, was investigated in a series of experi-
ments. Various size classes of Mysis mixta were fed 
with live and heat-killed Bosmina, Bosmina ephippia 
(eggs enveloped by carapace ruminants) and resting 
eggs of Pleopsis polyphemoides suspended in water 
(I). A two-prey experiment was carried out to test 
prey selectivity by the mysids on ephippia and live 
Bosmina, and Ivlev’s selectivity indices E were de-
termined from the data. The functional response of 
the mysids was studied by offering prey at three 
densities (4.2–42.4 prey ind. l-1) and fitting the 
Holling functional response types I, II and III 
(Holling 1959) to the data. Heat-killed Bosmina was 
used as a food item to define whether prey motion 
plays a role in determining functional response in 
the mysids. In addition, an experiment with mi-
croplankton (through 100-µm-filtered natural sea-
water) as additional food was performed. The mysid 
size classes used were small (<7 mm), medium (7–
12 mm), large (12–18 mm) and postspawned (>20 
mm). The experiments were carried out in 1.2-l glass 
vials in a plankton wheel to keep the particles sus-
pended in water and are, thus, referred to as experi-
ments on pelagic predation as opposed to experi-
ments on benthic predation. 

To study the capability of the mysids of preying 
on Bosmina ephippia in sediment, various size 
classes of M. mixta and M. relicta were offered 
ephippia that were added either on top of the sedi-
ment or mixed within the sediment placed in 1.2-l 
glass vials (I). These experiments are referred to as 
experiments on benthic predation. 

Benthic predation and nonconsumptive destruc-
tion by macrofauna (Monoporeia, Macoma, Ma-
renzelleria) on Bosmina ephippia was studied in 
plexiglass cores (diameter 14 cm, height 20 cm, 
equipped with a movable bottom) with ephippia in-
troduced at 0.5–1-cm depths in the sediment (II). 
The burial of ephippia under a 0.5–1-cm layer ap-
proximates an annual accumulation rate of sediment 
in Storfjärden (Viitasalo & Katajisto 1994, Heis-
kanen & Tallberg 1999). To prevent the escape of 
the amphipods and polychaetes, all cores were 
capped with a steel net of 0.5-mm mesh size. In ad-
dition, to determine whether infauna could deliver 
eggs in reach of the mysids, predation by M. mixta 
on ephippia was determined after allowing the in-
fauna to rework the sediment. In all predation ex-
periments, the predation rates (including noncon-
sumptive destruction) were determined as the differ-
ence between the initial and final egg numbers. 
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3.6 Stomach contents of the mysids (I) 

The mysids were preserved in 4% buffered for-
maldehyde solution for stomach content analysis. 
The stomachs were carefully dissected and the con-
tents were transferred onto a glass slide for exami-
nation under an inverted microscope (100 × magni-
fication). 

3.7 Description of bioturbation patterns 
(II, III) 

The bioturbation patterns of the various benthic 
species were described by estimating the average 
thickness of the light-brown oxidized layer with a 
ruler (II−IV), by estimating the maximum burrow-
ing depth of the animals, based on visible extensions 
of animal burrows or paths (II, III), and by means of 
photographs (III). 

3.8 Mixing of Bosmina ephippia in 
sediment (II) 

Vertical mixing of Bosmina ephippia in the 
sediment by Monoporeia, Macoma and Marenzelle-
ria was studied concurrently with benthic predation 
in the experiment described in section 3.5. At the 
end, the upper 1 cm of the sediment was cut into two 
0.5-cm slices and the rest into 1-cm slices, and the 
number of ephippia was determined in each slice. 

3.9 Mixing of fluorescent particles (III) 

To study the differences in efficiency of particle 
mixing between Monoporeia, Macoma, Marenzelle-
ria and Mysis (two densities for each), an experi-
ment was run in the plexiglass cores (diameter 14 
cm, height 20 cm, equipped with a movable bottom), 
with fluorescent microspheres 1 µm in diameter 
(Fluoresbrite® YG Microspheres, Polysciences 
Europe GmbH, Eppelheim) introduced at the sedi-
ment surface. A layer of ~8.5 cm of reduced sedi-
ment was placed on the bottom and topped with oxi-
dized surface sediment (~2.5 cm). At the end, the 
sediment was cut into 1–2-cm slices, the abundance 
of microspheres in each slice was determined and 
the tracer profiles were analysed using the biodiffu-
sion model by François & al. (1997). 

3.10 Nutrient fluxes and turbidity (III) 

To compare the effects of Monoporeia, Macoma, 
Marenzelleria and Mysis (two densities for each 
species) on resuspension and exchange of bioavail

able nutrients (NH4
+, NO2

-+NO3
-, PO4

3-) across the 
sediment-water interface, measurements of turbidity 
and nutrient fluxes (four times at 1-wk intervals) 
were performed concurrently in the experiment de-
scribed in section 3.9. Turbidity was determined 
with a 2100P Turbidimeter (Hach Company, Love-
land), and the nutrient concentrations were analysed 
using standard methods (Koroleff 1983). The 
nutrient fluxes between the sediment and the water 
per unit area were calculated from the concentration 
differences between the inflowing and outflowing 
water divided by the residence time. 

3.11 Experiments on zooplankton 
emergence (II, IV) 

To study the effects of Macoma and Mo-
noporeia, separately and together, on emergence of 
various zooplankton taxa, two experiments were 
carried out (in June–July and in September–Octo-
ber). Sediment containing zooplankton benthic eggs 
at natural field densities was added to plexiglass 
cores (height 20 cm, diameter 11.4 cm), and the ex-
periment was run at 3–4ºC for 21 d, followed by a 5-
d period at 13°C. The temperature increase was used 
to provoke emergence, especially in species in 
which embryonic development typically requires >2 
wk at low temperatures, e.g. cladocerans (Kankaala 
& Wulff 1981). At the site of sediment collection 
(depth of 35 m), such warming of the waters down 
to the bottom is not unrealistic (Katajisto & al. 
1998). 

Emerged calanoid copepods, rotifers and clado-
cerans were collected at 2−4-d intervals, and the 
slope of the daily emergence rates (ind. core-1 d-1) as 
well as the cumulative total emergence were deter-
mined. In addition, the density of zooplankton rest-
ing eggs in the sediment before (Estart) and after 
(Eend) the incubations were determined. Based on the 
egg density at the start, the egg density at the end 
and the number of hatchlings found, the loss of eggs 
caused by macrofauna was estimated. 

3.12 Depth distribution of eggs in the 
emergence experiments (II, IV) 

To define the depth distribution of zooplankton 
resting eggs in the sediment after homogenization 
and settling, sediment containing zooplankton eggs 
was added to three plexiglass cores (height 20 cm, 
diameter 14 cm, equipped with a movable bottom). 
No macrofauna was added to the cores. At the end, 
the upper 2 cm was cut into 0.5-cm slices and the 
rest of the core into 1-cm slices, and zooplankton 
resting eggs in the different depth strata were identi-
fied and counted. 
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3.13 Behavioural filming (I, IV) 

Predation by Mysis (I) and Macoma (IV) were 
filmed in 1-l aquaria filled with filtered seawater (I, 
IV) and with sieved sediment (I) or washed fine-
grained sand on the bottom (IV). The mysids were 
offered Bosmina ephippia either suspended in water 
or added on the top of the sediment. The bivalves 
were offered newly hatched copepod nauplii and 
rotifers. The filming (~3 h) was performed with an 
infrared-sensitive camera (Mintron MTV-1802CD, 
Mintron Enterprise Co. Ltd., Taipei) with 105-mm 
Nikon macro objective (Nikon Corp., Tokyo). The 
magnification enabled viewing of the capture of 
ephippia from the water column and sediment resus-
pension by the mysids, and the behaviour and escape 
reactions of the copepod nauplii and rotifers in the 
siphon flow of Macoma. 

4. RESULTS AND DISCUSSION 

4.1 Pelagic, epibenthic and benthic 
predation on zooplankton eggs 

4.1.1 Pelagic predation by mysids 

The nectobenthic mysids Mysis mixta and M. 
relicta preyed upon cladoceran benthic eggs, namely 
Bosmina ephippia, in both the ‘pelagic’ (plankton 
wheel) and ‘benthic’ (bottles with sediment on the 
bottom) environments (I). The lack of predation on 
eggs of another cladoceran, Pleopsis polyphemoides, 
indicates interspecific differences in the vulnerabil-
ity of cladoceran eggs to mysid predation. This may 
result from differences in the outer structure of these 
two types of diapause eggs: the coverings of bos-
minid ephippia are fragile (pers. obs.), while benthic 
eggs of podonids are shielded by tough outer mem-
branes typical of marine cladocerans (Egloff & al. 
1997). 

Mysis mixta fed on all ‘types’ of Bosmina, i.e. 
live and dead adults and ephippia, in experiments 
with all food items suspended in water, the mean 
maximal consumption rates being 11, 7 and 8 prey 
mysid-1 h-1, respectively (I). This converts to 13–20 
µg C h-1 (1.8 µg C Bosmina-1; Viitasalo & Rautio 
1998) and 5 µg C h-1 (0.6 µg C ephippium-1; 
Kankaala 1987). The predation rates were best ex-
plained by the linear model, representing the Holling 
type I functional response; no differences were 
found in the slopes of the functional response among 
the three food items. In the experiment with different 
mysid size classes, including both juveniles and 
postspawned females, all individuals consumed 
ephippia, and the consumption was independent of 
the supply of microplankton as alternative food. In 

the two-prey experiment with ephippia and live 
Bosmina, the mysids showed slightly higher selec-
tion for live Bosmina, but the difference was not 
statistically significant. 

In previous studies, Mysis mixta showed sigmoi-
dal functional responses with a maximum consump-
tion rate of ~30–40 µg C h-1 and a saturation level at 
~400 µg C l-1 when feeding on a natural mixture of 
zooplankton (Viherluoto & Viitasalo 2001), whereas 
a linear response was described for littoral mysids 
feeding on small cladocerans (Viitasalo & Rautio 
1998). In the present study, the low consumption 
rates and the lack of acceleration and saturation (ex-
pressed by a sigmoidal response) reflect low prey 
densities (3–90 µg C l-1) and the prey type offered. 

Tactile predators such as mysids locate their prey 
through the use of hydrodynamic cues, and prey 
species with conspicuous swimming activity are 
more attractive than those swimming slowly 
(Gerritsen & Strickler 1977). In various studies, M. 
mixta preferred certain copepods, e.g. Eurytemora 
affinis, Temora longicornis and Acartia sp. 
(Mohammadian & al. 1997, Viherluoto & Viitasalo 
2001), and cladocerans, e.g. Evadne nordmanni 
Lovén (Viherluoto & Viitasalo 2001) and Bosmina 
(Rudstam & al. 1992), over the other copepod and 
cladoceran species present. Selection for a given 
prey item by the mysids may have resulted from 
either strong hydrodynamic signals generated by the 
prey, as in the case of E. affinis, or large size and 
weak escape responses (making the prey easy to 
capture), as in the case of E. nordmanni (Viitasalo & 
al. 2001). Selection for slowly swimming prey may 
become pronounced under conditions in which they 
are abundant, since the mysids may switch from 
raptorial to suspension feeding modes (Viitasalo & 
Rautio 1998). 

In addition to multiprey selection experiments, 
functional responses in single-prey experiments may 
be used to compare the vulnerability of the various 
prey (cf. Viitasalo & Rautio 1998). The size of an 
ephippium does not largely differ from that of a 
Bosmina adult (both being ~400 µm) and, in addi-
tion, adult Bosmina show negligible escape re-
sponses (Viitasalo & al. 2001). Therefore, the differ-
ence between nonmotile ephippia or dead Bosmina 
and live adult Bosmina is probably insignificant 
from the perspective of the mysids, explaining the 
lack of differences in the functional response slopes 
as well as in the selection between ephippia and live 
Bosmina. 

4.1.2 Benthic predation by mysids 

In addition to preying on ephippia suspended in 
water, Mysis mixta and M. relicta fed on ephippia 
settled on the sediment surface, at a maximum rate 
of 3 (M. mixta) and 6 (M. relicta) ephippia mysid-1 h-

1 (I). However, practically no predation was ob-
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served on ephippia incorporated into the sediment 
(I). The higher predation rates of M. relicta on ben-
thic ephippia fits with previous knowledge on the 
interspecific differences of Mysis spp. in the diet: M. 
relicta is more benthivorous than M. mixta 
(Viherluoto & al. 2000). After reaching a threshold 
size of 8–11 mm, Mysis spp. begin to feed more on 
zooplankton due to their more developed prey cap-
ture and handling capabilities (Viherluoto & al. 
2000). This ontogenetic shift in diet had already 
occurred in the large and postspawned mysids (>12 
mm), i.e. they were large enough to feed on evasive 
adult copepods, but did still feed on ephippia. 

Although mysids are known to have wide diet 
and feeding habits, few experiments have examined 
feeding rates and prey selection involving both ben-
thic and pelagic food. In our experiments on benthic 
predation, no pelagic food was offered to the mysids 
and the water column above the sediment was ~20 
cm, i.e. the mysids could not leave the benthic envi-
ronment. It is therefore difficult to estimate the con-
sumption rates of and selectivity for ephippia under 
natural conditions in the presence of alternative pe-
lagic food. In an experiment by Wilhelm & al. 
(2002), the nectobenthic mysid Tenagomysis chil-
toni, migrating between the bottom and the water 
column in a pattern similar to that of Mysis spp. in 
the Baltic Sea, fed on Daphnia sp. and the small 
semibenthic amphipod Paracalliope fluviatilis in 
two-prey experiments. Although preferring Daph-
nia, the mysids fed on amphipods at a maximum rate 
of 9.5 amphipods mysid-1 d1 (Wilhelm & al. 2002). 

Epibenthic predators, depending on their size, 
consume detritus, meiofauna and macrofauna, and 
may also have sublethal effects on macroscopic spe-
cies. For example, siphons of Macoma are cropped 
by the isopod Saduria entomon and the decapod 
Crangon crangon (Bonsdorff & al. 1995) and barna-
cle copulation organs are browsed by littoral mysids 
(Lehtiniemi & Nordström, submitted). Mysis spp. 
feed on near-bottom water and benthic copepods 
such as cyclopoids (Albertsson 2004) and harpacti-
coids (Lehtiniemi & al., manuscript), but not on 
small specimens of Monoporeia (Albertsson 2004). 
The present study shows that this nectobenthic 
predator may be a threat to its prey species at differ-
ent life stages of both the prey (dormant and active 
individuals) and the predator (from juvenile to 
postspawned adults) and in two different environ-
ments (benthic and pelagic). 

4.1.3 Role of predation on inactive Bosmina 
populations 

Apart from plankivorous fish (the Baltic herring 
Clupea harengus membras and the sprat Sprattus 
sprattus), Mysis spp. contribute considerably to the 
total zooplankton consumption in the northern Baltic 
Sea (Rudstam & al. 1992). In addition, a recent 

study on the stomach contents of field-collected M. 
mixta and M. relicta shows that cladoceran ephippia 
and other zooplankton resting eggs form a signifi-
cant proportion of the mysid diet, especially in late 
winter after ice-out, when zooplankton are in short 
supply (Lehtiniemi & al., manuscript). This confirms 
that the mysids also prey upon resting eggs in the 
field. In the stomach content analysis of the present 
study, pieces of crushed ephippia were recovered, 
verifying egg consumption by the mysids in the ex-
periments, but providing no evidence of survival of 
ephippia through the mysids’ gut (I). 

During a 3-month period from August to Octo-
ber, the cumulative production of Bosmina ephippia 
in the water column was estimated at 45 000 m-2 
(Kankaala 1983), and the densities of ephippia in 
surface sediments at the sampling site ranged be-
tween 0 and 30 000 m-2 (Viitasalo & Katajisto 
1994). Due to diurnal migration between the benthic 
and pelagic zones, the mysids may be estimated to 
spend ~12 h d-1 feeding on the seafloor (Rudstam & 
al. 1989). During the 12-h experiments of our study, 
egg consumption by large mysids was 34 ephippia 
per M. mixta and 59 ephippia per M. relicta (I). A 
population of 50 mysids m-2 (cf. Salemaa & al. 
1990) could thereby consume 50 400–88 200 newly 
sedimented ephippia in one month. In addition, 
given the >2-fold predation rates on ephippia in the 
‘pelagic’ vs. ‘benthic’ environments, some ephippia 
may be caught directly from the water column upon 
their release by Bosmina females. 

These calculations are rough, however, due to 
the supposedly wide variability in mysid feeding 
rates on a monthly scale. In addition, it should be 
noted that after settling to the sediment surface, 
ephippia are incorporated into the sediment by ac-
tivities of sediment-dwelling fauna, which reduces 
the ability of the mysids to consume ephippia (II). 
Nevertheless, the data of the present study indicate 
that the mysids may significantly contribute to zoo-
plankton population dynamics not only through pre-
dation on active stages but on dormant eggs. 

4.1.4 Predation and egg destruction by sediment-
dwelling organisms 

In contrast to nectobenthic foragers that migrate 
between the benthic and pelagic zones, infaunal or-
ganisms are nearly always present in oxidized soft 
sediments. Nevertheless, predation by zoobenthos on 
zooplankton benthic eggs has been rarely docu-
mented. The amphipod Gammarus sp. caused high 
mortality (60–90%) of ephippia of Daphnia sp. 
(Cáceres & Hairston 1998) and a mortality of 4.5% 
on eggs of the copepod Hesperodiaptomus arcticus 
(Parker & al. 1996). In addition, the polychaete Na-
ineris laevigata decreased the germination of cysts 
of the dinoflagellate Scripsiella ramonii from 15% 
to 1% (Giangrande & al. 2002) and four sediment-
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dwelling taxa, including polychaetes, bivalves and 
echinoderms, caused notable changes in the compo-
sition of dinoflagellate cysts in the sediment: unfos-
silizable species decreased while a fossilizable spe-
cies increased (Persson & Rosenberg 2003). More-
over, Albertsson & Leonardsson (2001) reported a 
negative effect of Monoporeia on emergence of 
Bosmina and concluded that it resulted from preda-
tion on or destruction of ephippia or embryos. How-
ever, the change in the number of ephippia was not 
investigated (Albertsson & Leonardsson 2001). 

In our study, both Monoporeia and Macoma de-
creased the number of Bosmina ephippia in the 
sediment by 48% and 22%, respectively, in ~3 wk 
(II). In contrast, Marenzelleria did not feed on 
ephippia. Marenzelleria viridis prefers particles in 
the size range of 88–127 µm to larger particles 
(Bock & Miller 1999), i.e. particles considerably 
smaller than the size of an ephippium (~400 µm). It 
is reasonable to assume that the amphipods feed on 
ephippia, given that they possess crushing mouth-
parts and are known to consume food items of simi-
lar size (e.g. clam spat; Elmgren & al. 1986, Ejdung 
& al. 2000). In Macoma, however, particles of a 
maximum size of 300 µm have been recovered from 
the gut (Gilbert 1977) and, thus, it is not evident 
whether Macoma can consume ephippia, or whether 
the decrease in ephippia was due to some noncon-
sumptive factors, e.g. mechanical damage during the 
particle selection and rejection process and subse-
quent expelling of pseudofaeces (cf. Gilbert 1977). 
Benthic predation on ephippia is probably more in-
tense in Monoporeia-dominated than in Macoma-
dominated areas. 

Evidence for predatory regulation of the egg 
banks of other zooplankton taxa was also found 
(IV). In the emergence experiments, the predation 
rates of Macoma and Monoporeia (including non-
consumptive destruction) were estimated based on 
the loss of eggs not explained by hatching (IV). 
These estimates suggest that the mean summer pre-
dation/destruction rate of Macoma on Synchaeta 
spp. was 6 eggs animal-1 d-1 and on copepods 140 
eggs animal-1 d-1, whereas that of Monoporeia was 1 
egg animal-1 d-1 (Synchaeta spp.) and 23–31 eggs 
animal-1 d-1 (copepods). A recent study corroborates 
that Macoma and Mysis relicta assimilate 14C-la-
belled eggs of Acartia sp. added to surface sedi-
ments (Karlson & Viitasalo, manuscript). 

Using C content estimates for copepod eggs 
(0.04 µg egg-1; Huntley & Lopez 1992), the monthly 
C gain by the experimental Macoma and Mo-
noporeia communities on a ‘copepod egg diet’ 
would be 140 and 70–130 mg C, respectively. This 
accounts for ~10% of the estimated C demand of 
Monoporeia populations in the Bothnian Sea 
through a growth period from April to July 
(Lehtonen & Andersin 1998; no corresponding data 
on Macoma). When the consumption rates (eggs 

animal-1 d-1) are expressed as monthly consumption 
by the entire zoobenthic community (eggs month-1), 
the values match or even exceed the average field 
densities at the sediment sampling site, being 5 × 104 
m-2 for Synchaeta spp. and 9 × 105–4 × 106 m-2 for 
copepods (Viitasalo & Katajisto 1994, Katajisto & 
al. 1998). 

4.1.5 Role of benthic predation in zooplankton life cycles 

Zooplankton species may be grouped according 
to their dependence on the coupling of benthic and 
pelagic populations. The Baltic populations of Acar-
tia bifilosa produce only subitaneous eggs, which 
are freely spawned in water and often sink to the 
seabed prior to hatching. Temora longicornis has a 
similar broadcast-spawning strategy, although its 
life-cycle characteristics in the Baltic Sea have not 
been studied in detail (cf. Katajisto 2006). Euryte-
mora affinis, in turn, carries subitaneous eggs in an 
egg sac and only diapause eggs sink to the sediment. 
This is parallel to the strategy of the cladocerans and 
rotifers in which females carry parthenogenetic off-
spring in a brood cavity. 

The broadcast-spawning A. bifilosa (and proba-
bly also T. longicornis) are subject to benthic preda-
tion and other egg destruction during each genera-
tion throughout the year. In contrast, the egg sac-
spawning E. affinis switches to diapause egg pro-
duction in late autumn (October; Katajisto 2006), 
while part of the Bosmina populations already be-
gins to reproduce sexually in August, the vast ma-
jority producing diapause eggs by late October 
(Kankaala 1983). The pelagic populations of E. af-
finis and Bosmina begin to increase in May–July and 
peak in June–August (Viitasalo & al. 1995), i.e. 
yielding an approximate 6-month dormancy period. 
Given this, the estimates of monthly predation/egg 
destruction by the zoobenthic community (see Sec-
tion 4.1.4.) suggest a strong regulatory effect by 
fauna. 

It is worth noting, however, that the estimated 
consumption rates in IV were high in the summer 
experiment in June–July, but in the autumn experi-
ment in September–October, no predation/destruc-
tion (no additional loss compared with the control) 
was recorded, which may have resulted from the 
overall lower feeding and growth by the benthic 
fauna late in the season (Ankar 1980, Lehtonen & 
Andersin 1998). The period of highest production 
and metabolism occurs in April–July in Monoporeia 
(Lehtonen & Andersin 1998) and in April–May in 
Macoma (Ankar 1980). Hence, benthic eggs may 
form an important food source for these zoobenthic 
species especially in spring at the beginning of the 
growth period, whereas later in summer the bulk 
populations of diapause egg-producing species are 
pelagic and are not vulnerable to benthic mortality. 
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When predation on zooplankton benthic eggs is 
investigated, it should be noted that there is another 
possible mechanism: the eggs may hatch success-
fully but the hatchlings may be fed upon. For exam-
ple, in San Francisco Bay an introduced epibenthic 
clam causes a notable mortality on copepod nauplii, 
thereby regulating zooplankton abundance 
(Kimmerer & al. 1994). In the Baltic Sea, Mysis spp. 
prey upon copepod nauplii (Viherluoto & Viitasalo 
2001), and Monoporeia was suggested to consume 
hatchlings of E. affinis and Bosmina (Albertsson & 
Leonardsson 2001). The video film demonstrated 
that Macoma is also able to suspension-feed on roti-
fers but, however, no capture of copepod nauplii was 
observed (IV). Despite the potential postegg mortal-
ity, our data imply that consumption of zooplankton 
benthic eggs is trivial to neither zooplankton nor 
zoobenthos, and that the traditional view of resting 
eggs being safe on the seafloor must be rejected. 

4.2 Bioturbation patterns and turbidity 

The three sediment-dwelling and the one 
epibenthic taxa modified the sediment substratum 
and created visually distinctive benthic landscapes in 
the experimental units (III). The deep-burrowing 
(<5 cm) and semi-motile species, Marenzelleria and 
Macoma, formed burrows, increasing horizontal 
heterogeneity, whereas the surface-dwelling or 
epibenthic and motile species, Monoporeia and M. 
mixta, produced a more homogeneous surface ap-
pearance. These two species increased the depth of 
the oxidised layer and Monoporeia also increased 
the water content within the uppermost 1 cm of the 
sediment (III). Elevated water content and oxygena-
tion, due to enhanced pore-water exchange, of the 
surface sediments are common phenomena in ben-
thic environments inhabited by sediment-reworking 
deposit feeders (Rhoads 1974, Rosenberg 2001). 

In addition, all four taxa studied increased tur-
bidity (III). On the video film, one of the mysids 
was seen to push its antennal scales into the sedi-
ment and resuspend the sediment surface with its 
thoracic limbs, resulting in a high concentration of 
suspended particles in the water (I). Pits of ~1 cm in 
diameter, observed in the presence of M. mixta, 
probably resulted from this semi-burrowing activity. 
In flume experiments with artificial near-bottom 
current velocities of up to 0.45 m s-1, elevated resus-
pension and sediment erodability were reported in 
the presence of Macoma (Willows & al. 1998, 
Widdows & al. 2000), and the tube-dwelling amphi-
pod Corophium volutator (de Deckere & al. 2000). 
Compared with these sediment-dwelling species, the 
estuarine mysid Neomysis integer already increased 
resuspension during an overnight feeding period at 
low (0.02 m s-1) current velocities (Roast & al. 
2004). 

In the present study, high amounts of suspended 
particulate matter in the water column were re-
corded, especially with Monoporeia, up to 128 g m-2 
(at 4900 ind. m-2), and with M. mixta, up to 38 g m-2 

(at 320 ind. m-2). For comparison, mass eroded by N. 
integer at a flow rate of 0.1 m s-1 ranged from 2 g m-

2 (180 ind. m-2) to 28 g m-2 (18 000 ind. m-2) and at a 
flow rate of 0.3 m s-1, from 117 to 474 g m-2 (Roast 
& al. 2004). Similarly, resuspension by Macoma 
with no flow reached 15 g m-2 (970 ind. M-2; III). At 
a flow rate of 0.1 m s-1, the mass eroded by Macoma 
was negligible but rose to ~100 g m-2 at 0.15 m s-1 
(1000 ind. m-2; Widdows & al. 2000). Therefore, 
apart from species living in shallow intertidal zones 
influenced by strong currents, species inhabiting 
deeper (>30 m) soft-sediment accumulation areas 
with low prevailing currents (<0.05 m s-1; Myrberg 
& al. 2006) may significantly contribute to the near-
bottom turbidity and, hence, the sediment dynamics 
and living conditions of other benthic biota. 

4.3 Mixing of biotic and abiotic particles 

4.3.1 Particle mixing by macrofauna 

The mysids could not feed on ephippia buried in 
the sediment, suggesting that bioturbation by sedi-
ment-dwelling species may play a critical role in 
determining the success of benthic foraging rates by 
the mysids. Facilitation could occur due to upward 
transport of ephippia or reworking and loosening of 
the sediment surface, making it easier to be resus-
pended by the mysids. On the other hand, if the mac-
rofauna buried ephippia deeper in the sediment, they 
would further decrease the ability of the mysids to 
feed on ephippia. I found that none of the three 
sediment-dwelling taxa delivered ephippia towards 
the sediment surface. Instead, both Monoporeia and 
Macoma decreased the number of ephippia close to 
the sediment surface and, thus, neither species fa-
cilitated mysid predation (II). Accordingly, I de-
duced that both species had a negative effect on the 
benthic food gain (ephippia) of the mysids. 

The nonconservative nature and unknown half-
life of ephippia (i.e. they may be destroyed) does not 
allow determination of theoretical particle-mixing 
coefficients (Db) with them (François & al. 1997). 
Therefore, an artificial tracer with a fluorescent paint 
was used (III). Surprisingly, the mixing patterns by 
all the sediment-dwelling species studied (Mo-
noporeia, Macoma and Marenzelleria) demonstrated 
with fluorescent microspheres (1 µm) (III) were 
very similar to those with Bosmina asymmetrical 
ephippia (~400 µm) (II), despite the fact that deposit 
feeders are size-selective (Shull & Yasuda 2001). 
For instance, Monoporeia decreased the number of 
ephippia within the uppermost 0.5 cm by 79%, but 
had no effect on their depth distribution (II). Simi-
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larly, Monoporeia had no significant effect on the 
depth profiles of fluorescent microspheres, Db being 
9–24 × 10-3 cm2 d-1 (III). Macoma, in turn, de-
creased ephippia within the topmost sediment layer 
by 43% and consequently deepened the distribution 
of the ephippia in the sediment to a depth of 3–4 cm 
(II). All ephippia recovered in these deeper layers 
appeared intact. Macoma also increased Db signifi-
cantly (60–62 × 10-3 cm2 d-1) (III). In contrast to the 
other two species, Marenzelleria had no significant 
effects on either microspheres or ephippia (II, III). 

Some mixing of microspheres was observed in 
the control (Db = 6 × 10-3 cm2 d-1), probably caused 
by meiofauna or diffusion of small particles sus-
pended in the interstitial water, as discussed by 
Bradshaw & al. (2006). 

In previous works with conveyor-belt-feeding 
species, the polychaetes Cistenides gouldii and Cly-
menella torquata promoted the return of eggs of the 
copepod Labidocera aestiva to the sediment surface, 
previously introduced to a depth of 4 cm (Marcus & 
Schmidt-Gengenbach 1986), and the polychaete 
Naineris laevigata transported dinoflagellate cysts to 
the surface from the same depth (Giangrande & al. 
2002). The viability of copepod eggs was unaffected 
(Marcus & Schmidt-Gengenbach 1986) while that of 
dinoflagellate cysts was significantly reduced 
(Giangrande & al. 2002). On the other hand, the 
polychaetes Nephtys incisa (Marcus & Schmidt-
Gengenbach 1986) and chironomid larvae and tubi-
ficid oligochaetes (Kearns & al. 1996) caused a 
downward transport of beads, comparable in size to 
copepod eggs, to a depth of 3–5 cm. The burial of 
intact ephippia to a depth of 4 cm by Macoma (II) 
shows that resting stages of relatively large size may 
also be transported within the sediment without ob-
vious damage. 

In a field study, the density of Monoporeia cor-
related negatively with the number of copepod nau-
plii emerged from surface layers of the sediment, 
and the reason was suggested to be egg burial by the 
amphipods (Albertsson & Leonardsson 2000). How-
ever, based on the results of II, III and IV, predation 
on or destruction of eggs close to the sediment sur-
face is a more probable mechanism that explains the 
observed vertical distribution of eggs in the field. 

4.3.2 Mixing patterns and functional traits 

Particle mixing results from different mecha-
nisms in the four taxa studied, reflecting their spe-
cies-specific traits. In sediments inhabited by 
Macoma, tiny particles that are not assimilated are 
transported along by the feeding and defecation 
processes as well as movements related to depth 
adjustment. Fragile and relatively large ephippia 
probably do not pass through Macoma without dam-
age, although such survival may be possible for 
smaller (~80 µm; Viitasalo & Katajisto 1994) and 

more compact copepod eggs. Any mixing by the 
other semi-motile species, Marenzelleria, probably 
resulted from a combined action of burrow flushing, 
food collection and continuous construction of new 
burrows. 

Of the motile species, Monoporeia moves up and 
down in search of food at different depths in the 
sediment, and also performs frequent passages 
through the sediment-water interface. It is liable that 
the spread of sediment particles is due to these ac-
tivities. In turn, pit-digging and other perturbations 
at the sediment surface by M. mixta, although in-
creasing sediment resuspension and oxygenation, 
does not redistribute sediment particles along the 
depth gradient (I, III). 

Based on their particle-mixing patterns, all three 
sediment-dwelling taxa are classified as biodiffusers 
(Bradshaw & al. 2006, Quintana & al. 2007, III). 
The biodiffusion coefficient, expressing the rate of 
particle mixing and estimated with fluorescent tracer 
particles, range several orders of magnitude for dif-
ferent type of infaunal organisms (Hall 1994, Maire 
& al. 2006). In the present study, the coefficients 
calculated for Macoma were 10-fold higher than in 
the control (III) and within the range defined for an-
other deposit-feeding bivalve, Abra ovata (Maire & 
al. 2006). In addition, the rates defined for Macoma 
(III) were 5-fold higher than those reported for the 
polychaete Hediste diversicolor, which has been 
referred to as an active bioturbator (Mermillod-
Blondin & al. 2004). However, it must be noted that 
gallery-building species such as H. diversicolor not 
only mix particles close to the sediment surface but 
also cause ‘nonlocal’ mixing, i.e. they transport par-
ticles between two distinct depths (François & al. 
2002). 

So far, only two studies have addressed the parti-
cle transport patterns of Baltic Sea species 
(Bradshaw & al. 2006, Quintana & al. 2007). No 
differences in the sediment-mixing coefficients (Db) 
were found between Monoporeia and Macoma (0.8–
1.6 × 10-3 cm2 d-1) (Bradshaw & al. 2006), while 
Marenzelleria viridis showed 3–4 times higher 
mixing rates relative to the defaunated control 
(Quintana & al. 2007). Furthermore, the mixing 
depth of Monoporeia (6 cm) was greater than that of 
Macoma (4 cm) (Bradshaw & al. 2006). These dis-
crepancies between the present and previous studies 
may be partly explained by the differences in size 
and type of particles used; Bradshaw & al. (2006) 
and Quintana & al. (2007) used luminophores (size 
unknown in Bradshaw & al. 2006; 125–250 µm in 
Quintana & al. 2007) whereas we used tiny latex 
balls (1 µm), which may be processed more easily 
by the bivalves. Additionally, comparison between 
the various experiments is problematic, owing to 
differences in sediment types, time scales and verti-
cal resolution used (Maire & al. 2006). 



 Benthic-pelagic coupling in the northern Baltic Sea: Importance of bioturbation and benthic predation 27 

Due to its preference for particles of around 100 
µm (Bock & Miller 1999), it is not surprising that 
Marenzelleria had no effects on large ephippia. 
Somewhat unexpectedly, however, this taxon did not 
affect the profiles of fluorescent microspheres (Db = 
10–14 × 10-3 cm2 d-1) relative to the control, despite 
creation of a dense burrow network near the sedi-
ment surface (III). In addition, the microspheres 
were small enough to be transported within the 
burrow network by irrigation. However, the mem-
branelike mucous lining of Marenzelleria burrow 
walls may prevent flushing of adjacent sediment 
particles along ventilation currents. 

4.3.3 Ecological significance of particle mixing 

Mixing of sediment layers by macrofauna results 
in incorporation of superficial particles into the 
sediment, while buried particles may be reintroduced 
to the sediment surface. Along this process, the 
resting stages of plankton are transported up and 
down, depending on the identity of the bioturbating 
species (II). In addition to affecting the hatching 
success of eggs, sediment mixing by infaunal or 
epifaunal bioturbators may inhibit settling or de-
crease survival of larvae of other zoobenthic species 
(Brenchley 1981, Olafsson & al. 1994). Further-
more, mixing may hamper foraging by epibenthic 
predators (I, II). 

Moreover, delivery of oxidized compounds to 
depth and reduced compounds towards the surface 
stimulates microbial metabolism and organic matter 
decay (Kristensen 1988, 2000). For example, H. 
diversicolor, characterized by moderate particle-
mixing rates (both biodiffusion and nonlocal trans-
port), has been shown to stimulate activity of micro-
bial communities (Mermillod-Blondin & al. 2004), 
although the effect of this species may be more 
strongly linked to its phenomenal irrigation activity 
(Kristensen 2001). In the present study, Macoma 
decreased organic matter content (indicated by LOI) 
within the uppermost 2 cm of the sediment (the dif-
ference was significant between Macoma and Mo-
noporeia), suggesting enhanced mineralization. This 
is in accordance with the high mixing coefficients 
observed in the presence of Macoma (III). 

4.4 Zooplankton emergence 

4.4.1 Egg pool dynamics 

High numbers of zooplankton hatchlings 
emerged in the laboratory incubations (II, IV), the 
most abundant taxa being Synchaeta spp. (mainly S. 
baltica, S. monopus Plate), Acartia spp. (A. bifilosa, 
A. tonsa Dana), and Eurytemora affinis. The highest 
total emergence during the 4-wk experiments was 
recorded for Synchaeta spp., followed by Acartia 
spp., Eurytemora affinis and Temora longicornis. 

The emergence rates calculated for the period of the 
highest daily increase were 11 400 ind. m-2 d-1 (Syn-
chaeta spp.), 8010 ind. m-2 d-1 (Acartia spp.) and 
1170 ind. m-2 d-1 (E. affinis). For comparison, the 
size of the summertime standing stock of Acartia 
spp. (stage I–II nauplii) at Storfjärden ranged be-
tween 10 000 and 90 000 ind. m-2 (Katajisto & al. 
1998), indicating that benthic recruitment plays an 
important role in Acartia spp. Baltic populations. 

Other taxa (Keratella spp, Notholca spp., Bos-
mina, Daphnia spp.) emerged in much lower num-
bers and mainly during the warm period at the end 
of the incubations. For all taxa laying diapause eggs 
(i.e. not Acartia spp.) the emergence was higher in 
summer than in autumn, reflecting a shortage of 
postrefractory eggs in the sediment. 

The egg pool dynamics of the copepods and Syn-
chaeta spp. differed notably: a large proportion (31–
62%) of rotifer benthic eggs hatched during the 4-
wk experiment in June–July, while emergence in 
copepods covered only 1–2% of the eggs present in 
the sediment (IV). These two groups apparently pos-
sess different strategies: the annual benthic recruit-
ment in copepods accounts for only a minor pro-
portion of benthic eggs, enabling existence of a large 
egg bank, whereas a substantial proportion of Syn-
chaeta spp. eggs emerges each summer. The strategy 
of Synchaeta spp. resembles the risky long-term 
strategy described by Hairston & al. (1996), with a 
high risk of losing the majority of hatchlings during 
an unfavourable year, compared with the more safe 
‘bet-hedging’ egg bank strategy in copepods, al-
lowing the species to ‘sample’ over several years. 

4.4.2 Effects of benthic fauna 

Emergence was generally highest in the absence 
of macrofauna, i.e. bioturbation by surface deposit 
feeders slowed down the rate of zooplankton re-
cruitment from the sediment. In the summer experi-
ment, reduction in the emergence rates by Macoma 
was 57% in Synchaeta spp., 48% in Acartia spp. and 
28% in E. affinis, and that by Monoporeia was 31% 
(at the lower amphipod density) and 53% (higher 
density) in Synchaeta spp., 21% and 42% in Acartia 
spp. and 0% and 26% in E. affinis. However, al-
though the emergence rates of copepods were sup-
pressed by the macrofauna, the total emergence at 
the end levelled off, compared with that in the con-
trol. This suggests that eggs close to the sediment 
surface became depleted in the control and that 
sediment mixing by bioturbation counteracted this 
depletion. 

In the autumn experiment, the amphipods caused 
a stronger reduction in the copepods compared with 
the summer experiment while the opposite applied to 
the rotifers. In the cladocerans Bosmina and Daph-
nia spp. the overall emergence was low during both 
seasons, and the macrofauna reduced them signifi-
cantly. In general, the copepods were less severely 
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affected than the cladocerans and the rotifers, and in 
copepods, the species producing diapause eggs (E. 
affinis) appeared less susceptible than those pro-
ducing subitaneous eggs (A. bifilosa). This probably 
reflects the smaller size and more compact structure 
of copepod eggs compared with cladoceran ephippia 
and rotifer eggs, making them less susceptible to 
benthic predation or destruction by species such as 
Monoporeia (cf. Viitasalo & Katajisto 1994). In ad-
dition, the diapause eggs of copepods are typically 
more tolerant of physical injuries than subitaneous 
eggs (Marcus 1996). 

The only species that clearly benefited from the 
macrofauna was T. longicornis, the total emergence 
of which increased 2.7-fold in the presence of both 
Macoma and Monoporeia (at the lower density). In 
the Irish Sea, T. longicornis produces thick-walled 
diapause eggs (Castellani & Lucas 2003), but so far 
there are no published data on T. longicornis benthic 
eggs in the Baltic sediments, and their type of dor-
mancy is unknown. In a recent study, however, a 
small number of T. longicornis hatchlings were re-
corded in incubations of natural sediments from the 
southern Baltic Sea (J. Dutz, Danish Institute of 
Fisheries Research, pers. comm.). The exceptional 
response of T. longicornis in the present study may 
have resulted from production of thick-walled dia-
pause eggs, which are better protected against con-
sumption by deposit feeders. Gut passage may have 
stimulated hatching, as found with dinoflagellate 
cysts (Kremp & al. 2003), e.g. due to partial diges-
tion of the outer membranes of thick-walled eggs. 

Few studies have investigated the emergence of 
various zooplankton species in the presence of mac-
rofauna. In studies by Albertsson & Leonardsson 
(2000, 2001), the total number of emerged E. affinis, 
Acartia spp. and Bosmina were suppressed by Mo-
noporeia. The results for Bosmina are parallel to our 
data, whereas those for copepods appear to be con-
tradictory; in our experiment (the summer experi-
ment), Monoporeia did not reduce significantly the 
emergence rate or the total emergence of copepods. 
However, sampling of zooplankton hatchlings was 
performed only once in their study, at the end of the 
40-d incubation (37 d at 3°C followed by 3 d at 
13°C), making comparison of the results with our 
study difficult (Albertsson & Leonardsson 2001). 

In another study, Ståhl-Delbanco & Hansson 
(2002) investigated the effects of the littoral isopod 
Asellus aquaticus and the infaunal chironomid Chi-
ronomus plumosus on recruitment of various nui-
sance algae and zooplankton in an 8-wk laboratory 
experiment using inverted traps covering 4% of the 
area of experimental aquaria. The macrofauna 
stimulated algal recruitment and also increased re-
cruitment of the rotifers Asplanchna spp. However, 
no effect was found on the recruitment and abun-
dance of cladocerans and copepods, although the 
recruitment of zooplankton (all species pooled) ap-

peared to be higher in the presence of the isopods 
(Ståhl-Delbanco & Hansson 2002). 

The lack of a significant effect in the study by 
Ståhl-Delbanco & al. (2002) may be due to the small 
sample volume and a long sampling interval (1 wk) 
used for determining the rate of zooplankton re-
cruitment. In our study, nearly the entire water col-
umn was examined at 2–4-d intervals, enabling pre-
cise determination of daily emergence rates. Based 
on our results (IV), the response of zooplankton 
emergence rates to disturbances caused by bioturba-
tion may be positive (enhances recruitment) or 
negative (inhibited recruitment), depending on the 
characteristics of both the zooplankton and zooben-
thic taxa present (Fig. 2). 

4.4.3 What mechanisms cause zooplankton response? 

In general, Macoma caused a stronger decline in 
zooplankton than did Monoporeia. Macoma caused 
a significant decrease in Synchaeta spp., Acartia 
spp., E. affinis and the cladocerans, while the effect 
of Monoporeia was significant only on Synchaeta 
spp. and the cladocerans. These differences are re-
lated to the functional traits of the two zoobenthic 
species; sediment mixing by Monoporeia is confined 
to a thinner layer than that by Macoma (III), result-
ing in efficient sediment stirring but less deep mix-
ing. Moreover, vigorous resuspension by Mo-
noporeia, loosening and oxidising the sediment sur-
face (III), may have a positive effect on zooplankton 
hatching (cf. Hairston & Kearns 2002), which may 
partly explain the increased emergence of T. longi-
cornis (IV). 

In addition, destructive effects of Macoma are 
probably most intense on eggs smaller than 300 µm 
just settled at the sediment surface, given that this 
species mainly collects food at the surface layers of 
the sediment (Lin & Hines 1994). In contrast, Mo-
noporeia feeds on subsurface sediments (Lopez & 
Elmgren 1989) and may crush particles the size of 
Bosmina ephippia. Indeed, Macoma was estimated 
to have higher predation/destruction rates on eggs of 
copepods and Synchaeta spp., smaller in size (IV), 
while the opposite holds (i.e. Monoporeia has higher 
predation/destruction rates) for large cladoceran 
ephippia (II). 

Based on the results in II and III, the main 
mechanisms causing the suppression in zooplankton 
emergence are predation on or destruction of eggs 
(both Monoporeia and Macoma), predation on 
hatchlings (Macoma) and vertical translocation 
(Macoma more than Monoporeia). Evidently, the 
differences in egg consumption potential between 
the two zoobenthic species are dependent on the egg 
size, whereas the effect of vertical translocation by 
Macoma is probably stronger than that by Mo-
noporeia on all zooplankton taxa (and explains the 
strong effect of Macoma on cladocerans). 



 Benthic-pelagic coupling in the northern Baltic Sea: Importance of bioturbation and benthic predation 29 

cladocerans, rotifers

nectobenthic
mysids

parthenogenetic 
offspring

subitaneous 
eggs

diapause 
eggs

BURIAL AND DECAY

benthic egg 
bank

EM
ER

G
EN

C
E

Monoporeia 
affinis

diapause 
eggs

copepods

subitaneous 
eggs

?

Macoma 
balthica

Eurytemora 
affinis

Acartia 
bifilosa

Temora 
longicornis

PARTICLE 
MIXING

––

+

++

cladocerans, rotifers

nectobenthic
mysids

parthenogenetic 
offspring

subitaneous 
eggs

diapause 
eggs

BURIAL AND DECAY

benthic egg 
bank

EM
ER

G
EN

C
E

EM
ER

G
EN

C
E

Monoporeia 
affinis

diapause 
eggs

copepods

subitaneous 
eggs

?

Macoma 
balthica

Eurytemora 
affinis

Acartia 
bifilosa

Temora 
longicornis

PARTICLE 
MIXING

––

+

++

 

Fig. 2. Effects of the sediment-dwelling Monoporeia affinis and Macoma balthica and nectobenthic mysids on the coupling of 
zooplankton benthic and pelagic populations. Black arrows: predation; dashed arrows: life cycle processes; grey arrows: facilitation 
(+) and inhibition (–). The width of the grey arrows illustrates the strength of the effect. Both sediment-dwelling species affect the 
emergence of all zooplankton groups; the arrows appear on the different sites of the figure for illustrative reasons. 

The effect of Monoporeia and Macoma was non-
additive, i.e. the effect of these two species was less 
severe in co-occurrence than the summed effect of 
the single-species treatments. Furthermore, a strong 
positive effect of the macrofauna on the emergence 
of T. longicornis was observed in a two-species 
treatment. Nonadditive effects of macrofauna on 
various parameters describing bioturbation are gen-
erally observed in two- or multispecies treatments 
(Mermillod-Blondin & al. 2005, Norling & al. 2007) 
and probably result from interspecific interference or 
inhibition, e.g. related to burrowing (Neidemann & 
al. 2003) or feeding (Kotta & al. 2001). However, 
more complex interactions may also occur among 
benthic fauna, as shown by the response of T. longi-
cornis, not only weakening the effect but rather re-
versing it from negative to positive. 

The infaunal species also had different effects on 
sediment chemistry (III). Enhanced nutrient con-
centrations in near-sediment water caused by biotur-
bation can stimulate germination of phytoplankton 
cysts (Ståhl-Delbanco & Hansson 2002), but pre-
sumably play no role in the hatching of zooplankton 
eggs (Gyllström & Hansson 2004). 

4.4.4 Benthic fauna – facilitators or inhibitors? 

The life-history characteristics of a given zoo-
plankton species determine the role of benthic emer-
gence in the growth and success of pelagic popula-
tions. In rotifers and cladocerans, which begin to 
reproduce asexually after emerging from the seabed, 
rapid population growth may be resumed even by a 
few hatchlings from the sediment (Hairston 1996, 
Gilbert & Schröder 2004). However, egg banks with 
long-lived propagules enable existence of overlap-
ping generations in otherwise short-lived organisms, 
thus acting as a reservoir of species and genetic di-
versity (Ellner & Hairston 1994). The strong de-
crease in the egg bank and the emergence of rotifers 
and cladocerans observed in our study may influence 
this storage effect and thus potentially affect the 
genetic structure and diversity of pelagic popula-
tions. 

Copepods, in turn, reproduce at a slower rate, but 
rely on an alternative overwintering strategy, since 
part of the population spends the winter as active 
forms in plankton. Although the population dynam-
ics is not exclusively dependent on successful emer-
gence from the seafloor, the benthic input may con-
siderably add to the standing stock size (Katajisto & 
al. 1998, IV). 
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The timing of the pelagic population peak may 
also be critical to the success of zooplankton, e.g. 
due to interannual changes in the onset of intense 
predation (Hairston & al. 1996). Alternatively, suc-
cessful timing may be needed to match the optimal 
food conditions. In the Baltic Sea, the vernal phyto-
plankton bloom generally peaks in April-May and 
accounts for the highest annual pelagic production 
(Lignell & al. 1993), followed by the highest annual 
organic matter accumulation on the seafloor around 
late May (Heiskanen & Tallberg 1999). A delay in 
benthic emergence at the beginning of the summer 
season thus probably reduces the ability of zoo-
plankton pelagic populations to utilize the spring 
bloom and, on the other hand, increases the risk to 
the benthic populations of becoming buried by 
sedimenting algae. 

Acartia bifilosa is abundant in plankton through-
out much of the year and the first peak often occurs 
already before the spring bloom, enabling utilization 
of the phytoplankton peak (Katajisto & al. 1998). In 
the shallow Baltic Sea, the pelagic population dy-
namics of broadcast-spawning species presumably is 
strongly linked to benthic recruitment all the year 
around, as shown for A. bifilosa (Katajisto & al. 
1998), and any factor slowing down emergence from 
the sediment suppresses the population growth. 
Therefore it appears likely that bioturbation by both 
Macoma and Monoporeia is harmful to A. bifilosa 
throughout the growth season (IV). In this sense, the 
broadcast-spawning strategy of A. bifilosa in the 
shallow waters of the Baltic Sea does not seem 
adaptive. 

Eurytemora affinis, T. longicornis and the clado-
cerans and rotifers reach their maxima in June-Au-
gust (Viitasalo & al. 1995), i.e. after sedimentation 
of the spring bloom. In E. affinis and in the rotifers 
and cladocerans the role of the benthic input is 
probably most important at the onset of the reap-
pearance or growth of the pelagic populations after 
the wintertime minimum. On the other hand, the late 
reappearance/population increase makes these taxa 
susceptible to burial by sedimenting organic matter. 
It should be noted that only postrefractory diapause 
eggs may hatch, i.e. in contrast to A. bifilosa, eggs 
produced in the pelagic zone cannot contribute to 
population growth until the following growth sea-
son. Consequently, emergence may be constrained 
by a shortage of postrefractory eggs near the sedi-
ment surface. 

Under natural conditions, oxidized sediments are 
rarely devoid of sediment-dwelling macroorganisms, 
i.e. benthic fauna are nearly always present in envi-
ronments where zooplankton eggs can hatch. How-
ever, some soft-sediment areas experience seasonal 
anoxia, which results in elimination of macroscopic 
fauna but allows zooplankton emergence during 
periods of oxygen replenishment. In such areas, the 
emergence rates are not suppressed by mixing or 
predation but, on the other hand, the majority of 

eggs probably will be rapidly buried by sedimenting 
matter and will never hatch. 

Therefore, increased egg mortality due to preda-
tion or nonconsumptive destruction may be balanced 
by mixing of the superficial layers of the sediment, 
abating egg depletion at the sediment-water inter-
face. This applies especially to egg sac-spawning 
copepods that produce diapause eggs, e.g. E. affinis, 
and Monoporeia that efficiently stirs the sediment 
surface (IV). For the rotifers and cladocerans, our 
results showed that the negative effects caused by 
predation/destruction were strong enough to over-
come any positive effects (IV). 

4.5 Benthic nutrient fluxes mediated by 
macrofauna 

4.5.1 Organic matter turnover 

In Baltic sediments, Monoporeia enhances 
breakdown of phytoplankton pigments (Bianchi & 
al. 2000), i.e. accelerated mineralization by burrow-
ing fauna stimulates the decay of organic com-
pounds in the sediment. On the other hand, suspen-
sion feeders generally add to the overall organic 
matter input by biodeposition (Graf & Rosenberg 
1997, Norkko & al. 2001). For example, the suspen-
sion-feeding polychaete Hediste diversicolor in-
creases the organic matter input to the sediment, 
compared with the closely related deposit-feeding 
Nereis virens (Christensen & al. 2000). In this study, 
however, no additional food was supplied to the ex-
perimental system and, hence, biodeposition was 
probably negligible. 

The effect of the four taxa on organic matter de-
cay was not investigated in the present study, but the 
lower LOI values in the presence of Macoma sug-
gest that mineralization was escalated by the bi-
valves. This is in accordance with a study by 
Karlson & al. (2005) with Monoporeia, Macoma and 
Marenzelleria, in which Macoma had the strongest 
effect on mineralization. 

4.5.2 Benthic nutrient dynamics 

In the nutrient-exchange dynamics between sedi-
ment and water, the fluxes of NH4

+ and PO4
3- were 

directed into the water in all treatments throughout 
the incubation, while those of NOx were directed 
into the sediment, except in the presence of Mo-
noporeia and Mysis mixta (III). A notable difference 
in benthic nutrient fluxes was observed with the 
motile vs. the semi-motile taxa (Fig. 3). In the pres-
ence of Monoporeia and M. mixta the efflux of NH4

+ 
to the water was <0.01–0.5-fold compared with the 
control, and that of PO4

3- was 0.02–2.3-fold. In the 
presence of Macoma and Marenzelleria, in contrast, 
the efflux of NH4

+ and PO4
3- were up to 0.7–3.1 and 

0.8–17.4-fold compared with the control. 
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Fig. 3. Effects of four functionally different macrofaunal taxa 
on benthic nutrient fluxes. The bars represent the means over 
the 3-wk experimental incubation. Ctrl: no macrofauna, Mc: 
Macoma balthica, Mz: Marenzelleria spp., Mo: Monoporeia 
affinis, My: Mysis mixta, L: low density, H: high density (= 5 × 
L). 

It must be noted that excretion by animals may 
play a highly significant, but variable, role in the net 
fluxes triggered by bioturbation (Kristensen 1988, 
Welsh 2003). For example, based on values pre-
sented in literature, weight-specific excretion rates 
by Monoporeia (Lehtonen 1995) are 10-fold to those 
by Macoma (Henriksen & al. 1983). However, the 
biomass of Macoma in III was 6–10-fold to that of 
Monoporeia, suggesting that the excretion rates by 
the amphipod vs. the bivalve community do not nec-
essarily show notable divergences. 

The two semi-motile taxa increased the efflux of 
NH4

+ and PO4
3-. Similar observations have been 

made previously for Macoma in reduced sediments 
(Karlson & al. 2005) and for Marenzelleria neglecta 
(Norling & al. 2007) and M. arctia (Hietanen & al. 
2007) in oxidized sediments. The increased fluxes of 
both DIP and DIN indicate enhanced mineralization 
and bioirrigation, i.e. transport of solutes from pore 
water to the overlying water (Aller & Aller 1998). 
Quintana & al. (2007) showed that Marenzelleria is 
not a particularly efficient bioirrigator, while the 
insignificant particle mixing observed in this study 
implied that bioirrigation was a more important 
mechanism in Marenzelleria. The effect of Macoma, 
in turn, seems to be related to particle reworking 
(III), but Macoma also increases solute exchange 
between sediment and water by pumping the 
overlying water below the surface (Ankar 1977). 

In contrast to the increasing nutrient fluxes 
shown by the semi-motile taxa, the motile Mo-
noporeia and M. mixta significantly decreased the 
NH4

+ fluxes, compared with the control, Macoma 
and Marenzelleria, and the fluxes of PO4

3- were also 
lower than those caused by Macoma and Ma-
renzelleria. In marine sediments, PO4

3- is mainly 

released from iron oxides undergoing reduction, i.e. 
mobilization of Fe-bound P is highly redox-sensitive 
(Krom & Berner 1980, Jensen & al. 1995). Thus, the 
lower P fluxes in the presence of Monoporeia and 
M. mixta were probably caused by increased sedi-
ment oxic volume and the high amount of oxidized 
particles lifted into the water by resuspension, re-
sulting in enhanced sediment P-binding capacity (cf. 
Deborde & al. 2007). In a study by Karlson & al. 
(2007b) Monoporeia also suppressed the P fluxes 
subsequent to organic matter addition, indicating 
that this species may contribute to the sediment P-
buffering capacity, especially in organic-rich sys-
tems. 

Moreover, Monoporeia and M. mixta had marked 
effects on NOx fluxes: concomitant with the sup-
pression of NH4

+ efflux, both species triggered a 
suppression in the sediment uptake of NOx, even 
reversing the direction of the fluxes from the sedi-
ment to the water. This may result from NO3

- for-
mation from NH4

+ by nitrifiers, although direct evi-
dence cannot be presented in this study. Parallel ef-
fects, i.e. suppression of the benthic flux of NH4

+ 
and increased nitrification potential were observed 
in the presence of Monoporeia (Tuominen & al. 
1999) as well as other motile burrowing species, e.g. 
the amphipod Corophium volutator (Pelegri & 
Blackburn 1994). In addition to supplying excretions 
(NH4

+), effective sediment stirring, oxygenation and 
resuspension may enhance nitrification (Henriksen 
& Kemp 1988, Pelegri & al. 1994). The increased 
availability of NO3

-, in turn, has been shown to 
stimulate denitrification (e.g. Tuominen & al. 1999). 

The total DIN fluxes out of the sediment (NH4
+ + 

NOx) were 0.9–5.1 mmol m-2 d-1 with Macoma and 
1.7–3.4 mmol m-2 d-1 with Marenzelleria, while the 
corresponding values were 0–0.8 mmol m-2 d-1 with 
Monoporeia and 0–0.4 mmol m-2 d-1 with Mysis. 
This reduction in the DIN fluxes suggests that the 
motile species enhance N removal from the system, 
e.g. by stimulating coupled nitrification-denitrifica-
tion (Seitzinger 1988). As noted above, however, 
contribution of faunal excretion to the DIN fluxes 
supposedly differs between the taxa, complicating 
the conclusions about microbial performance. 

Monoporeia stimulated coupled nitrification–de-
nitrification by up to ~90 µmol m-2 d-1 under ex-
perimental conditions similar to those of the present 
study and at an amphipod density (1500 ind. m-2) 
close to the lower Monoporeia density used in III 
(Tuominen & al. 1999). In the field, denitrification 
rates also correlated with the abundance of burrow-
ing fauna (Tuominen & al. 1998), and the highest 
rates were observed in areas inhabited by the amphi-
pods Monoporeia and Pontoporeia femorata (Gran 
& Pitkänen 1999). 
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In experiments with both reduced and oxidized 
sediments from the NW Baltic Proper (Askö area) 
and overlying water rich in NO3

- from the west coast 
of Sweden (diluted to 8 psu), similar decreases in the 
DIN fluxes were not found, although Monoporeia 
increased denitrification, based on water column 
NO3

- (Karlson & al. 2005, Karlson 2007, Karlson & 
al. 2007b). In addition to sediment chemistry, the 
nutrient concentrations in the overlying water 
strongly shape the effects of sediment-dwelling spe-
cies on solute exchange (Kristensen 1984). For ex-
ample, above the equilibrium concentration of NO3

- 
(10–15 µM), NO3

- was taken up by the sediment, 
while below this concentration NO3

- was released 
(Kristensen 1984). In our study, the NO3

- concentra-
tions remained <10 µM throughout the experiment, 
whereas in the study by Karlson & al. (2005) the 
concentrations were >18 µM. 

The present study demonstrates different effects 
of four functionally distinct taxa on variables linked 
to ecosystem functioning, e.g. nutrient fluxes, under 
conditions prevailing in oxidized organic rich-bot-
toms of the northern Baltic Sea (Fig. 4). Large sea-
bed areas in the Baltic Sea suffer from chronic an-
oxia (Karlson & al. 2002, Laine & al. 2007) and 
disappearance of macrofauna undoubtedly results in 

an inhibition of several crucial processes, including 
removal. However, before elimination of macro-
scopic fauna occurs, a phase shift in the macrozoo-
benthic communities may involve considerable dif-
ferences in nutrient cycling. 

4.5.3 Importance of animal density 

In all four taxa studied, a 5-fold increase between 
the higher and lower animal density was applied. 
Higher fluxes of PO4

3- and NH4
+ were observed at 

the higher animal densities, indicating that the sedi-
ment metabolism and the rate of mineralization were 
positively influenced by the macrofaunal density. 
However, the effect of the density varied among the 
four taxa. In the PO4

3- fluxes, the difference between 
the lower and higher densities was 10–94-fold in 
Monoporeia and 6–16-fold in Macoma, but only 1–
3-fold in Marenzelleria and 1–2-fold in M. mixta. In 
the NH4

+ fluxes, the largest difference between the 
densities was also in the presence of Monoporeia 
(3–13-fold), followed by Macoma (2–5-fold), M. 
mixta (2–3-fold, except on the last sampling date 
when it was 155-fold due to a very low flux at the 
lower mysid density), and Marenzelleria (1–2-fold). 
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Fig. 4. Regeneration of bioavailable nutrients in the Baltic ecosystem mediated by motile (Monoporeia affinis and Mysis mixta) and 
semi-motile (Macoma balthica and Marenzelleria spp.) taxa. Solid arrows: uptake; dashed arrows: transformations, leaking, excre-
tion and adsorption; grey arrows: mediation. The width of the black arrows illustrates the intensity of the processes. 
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Density-dependence derives from competition 
(exploitation or interference) between conspecifics 
(Begon & al. 1996). Growth of deposit-feeding spe-
cies is often negatively density-dependent (Olafsson 
1986, Elmgren & al. 2001), probably due mainly to 
food limitation (Elmgren & al. 2001), although inter-
ference may also occur (Hansson & al. 2001). 
Karlson & al. (2007b) reported lowered per capita 
solute fluxes at higher Monoporeia densities, while 
in the present study, a 5-fold increase in Monoporeia 
caused much larger increase in nutrient fluxes (III). 
This suggests that the response (flux rate) to density 
follows an exponential function, i.e. higher per cap-
ita fluxes occur at higher densities. This cannot be 
explained by increased excretion, given that NH4

+ 
excreted by Monoporeia has been found to account 
for 5–10% of the sediment NH4

+ fluxes (Tuominen 
& al. 1999), and the excretion rates should diminish 
towards starvation in autumn (Lehtonen 1996). 

In the other extreme, the density increase in Ma-
renzelleria had a negligible effect on nutrient dy-
namics (III). This indicates that the function de-
scribing density-dependent regulation may follow 
very different models in the various taxa. Hence, 
direct comparison between the effects of the various 
zoobenthic species is complicated, because a certain 
increase in a given species does not correspond to a 
similar increase in another. 

4.5.4 Nonsteady-state effects 

In experimental setups, solute exchange rates 
typically represent nonsteady-state conditions 
(Kristensen 2000, Welsh 2003), particularly in sys-
tems with sieved and homogenized sediment 
(Kristensen 2001). For example, the sediment uptake 
of NOx (all treatments) and the efflux of NH4

+ and 
PO4

3- (macrofaunal treatments) in this study attenu-
ated towards the end of the experiment, indicating a 
change in the system with time (III). Colonization 
effects, indicated by peak fluxes of nutrients due to 
accelerated mineralization and pore-water mobiliza-
tion, subsequent to animal introduction to the sys-
tem, are characteristic features in experiments with 
manipulated sediments (Welsh 2003). In addition, 
attaining steady-state conditions in microbial-medi-
ated processes such as nitrification may require sev-
eral weeks to months, due to the slow growth of 
nitrifying bacteria (Welsh 2003). Hence, it is prob-
able that the fluxes measured in a 3-wk incubation 
overestimated in situ exchange rates. 

Nutrient fluxes mediated by macrofauna strongly 
reflect the sedimentation of fresh organic matter 
(Tuominen & al. 1999, Karlson & al. 2007b). In 
studies by Tuominen & al. (1999) and Karlson & al. 
(2007b), increased effluxes of P and N occurred as a 
response to algal addition, both with and without 
Monoporeia. However, 1–3 wk after addition of 
algae, the exchange rates of both N and P measured 

by Karlson & al. (2007b) were very similar to those 
in the present study, which simulated winter condi-
tions with a negligible organic matter input. This 
suggests that the effect of organic matter addition on 
the benthic nutrient dynamics, although strong, is 
relatively short-termed. 

4.5.5 N:P ratios 

In the Baltic Sea, high external nutrient loading 
combined with weak vertical mixing between water 
layers make the sea particularly susceptible to eutro-
phication (Wulff & al. 2001). Elevated levels of nu-
trients and increased pelagic production, accelerated 
benthic O2 consumption and expanding near-bottom 
anoxia have modified the regime of nutrient cycling, 
resulting in altered elemental ratios of P, N and Si, 
further leading to changes in the composition of pe-
lagic production (Kuparinen & Tuominen 2001). For 
example, pelagic P concentrations have steadily in-
creased, regardless of the improved regulation of 
external P inputs (Pitkänen & al. 2001). 

The separate subbasins of the Baltic Sea differ in 
terms of the pool of excess bioavailable nutrients. 
The pelagic food web of the Gulf of Finland is char-
acterized by N limitation (Kivi & al. 1993, Lignell & 
al. 2003, Kangro & al. 2007), whereas that of the 
Bothnian Sea is occasionally P-limited (Graneli & 
al. 1990). N limitation in the Gulf of Finland has 
been suggested to result from near-bottom nutrient 
fluxes with low N:P ratios, favouring the growth of 
N2-fixing cyanobacteria (Lehtoranta & Pitkänen 
2003). 

In the present study, the N:P ratios without mac-
rofauna showed a decrease from 34 to 16, and those 
with Macoma and Marenzelleria decreased to 7–17. 
The lowest N:P ratios were measured with Mo-
noporeia (decreased to 1–2) and Mysis (decreased to 
0–2), showing that the removal of N mediated by 
these two species was more efficient than the in-
crease in the retention capacity of P. This suggests 
that these species, although constraining the overall 
amount of bioavailable nutrients, do not balance N 
limitation. 

This contrasts with previous studies, in which 
higher N:P ratios were found in sediments inhabited 
by efficient bioturbator species (Monoporeia, He-
diste diversicolor) (Karlson & al. 2007a). However, 
the effect of bioturbation on P release is dependent 
largely on the pool of labile P and the amount of free 
adsorption sites in the sediment, which is linked to 
anoxic sulphide oxidation (Jensen & al. 1995, 
Lehtoranta & Pitkänen 2003), and these parameters 
vary greatly among sites and sediments (Lehtoranta 
2003). In addition, due to the low concentrations of 
DIN in the presence of Monoporeia and Mysis, the 
ratio is sensitive to variability in DIP. Overall, ex-
trapolating results from laboratory to in situ condi-
tions should be made extremely cautiously. 
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4.5.6 Stirrers vs. collectors 

All four taxa studied are surface deposit feeders, 
but they differ in their burrowing depths and the 
types of motility. In terms of their effects on the 
benthic nutrient dynamics, the marked similarity 
between Monoporeia and Mysis and between 
Macoma and Marenzelleria appears to be better re-
lated to their degree of motility and type of burrow-
ing, rather than the depth of food collection or the 
epifauna-infauna dichotomy in traditional functional 
group classification (Bonsdorff & Pearson 1999, 
Pearson 2001, Rosenberg 2001). Monoporeia and 
Mysis may be described as ‘stirrers’, a term used by 
Bromley (1996) for bioturbating fauna in fossil re-
cords, in comparison to Macoma and Marenzelleria 
that may be termed ‘collectors’. Stirrers move freely 
in the sediment in search of food, while collectors 
generally remain in their burrows and pick up sedi-
ment particles, e.g. with extended siphons or tenta-
cles/palps. Hence, this classification, although 
strongly linked to motility, is not disconnected from 
the mode of food gathering. 

In previous studies, deep-burrowing species such 
as the crustacean Calocaris macandreae (Norling & 
al. 2007) and the polychaete M. neglecta (Norling 
2007), and the gallery-building polychaete Hediste 
diversicolor (Mermillod-Blondin & al. 2005, 
Norling 2007) played a key role in responses related 
to mineralization, i.e. nutrient regeneration. While 
such taxa, showing deeper and more efficient 
burrow ventilation and particle transport, probably 
contribute more to organic matter turnover, motile 
near-surface-dwelling stirrers such as Monoporeia 
and M. mixta may enhance ecosystem performance 
through other mechanisms, e.g. by stimulating N 
removal. 

4.6 Implications of the changing benthic 
community for the pelagic ecosystem 

4.6.1 Laboratory studies vs. nature 

The aim of the present study was to experimen-
tally elucidate the complicated interactions and 
processes between the benthic and pelagic systems. 
Several factors, however, must be noted when the 
field dynamics is predicted from results derived in 
the laboratory. Firstly, the response observed in ex-
perimental setups is often scale-dependent (Thrush 
& al. 1997), i.e. nutrient fluxes or emergence rates 
measured over a scale of 0.01–0.02 m2 are not nec-
essarily applicable over a scale of 1 m2. Temporal 
scales also matter (Welsh 2003), as highlighted by 
diurnal changes in the metabolism of benthic biota 
(Karlson 2007): higher rates of O2 consumption and 
nutrient fluxes were measured during day than dur-
ing night in defaunated sediment and in sediments 
colonized by Monoporeia (Karlson 2007). 

In addition, crowding in experimental units may 
cause interference between individuals, as shown by 
the nonadditive effects of conspecifics on sediment 
biogeochemistry (Karlson & al. 2007b). Sediment 
homogenization and defaunation allow proper con-
trol over the experimental system and are therefore 
generally performed in experimental bioturbation 
studies, but they radically change the delicate struc-
ture and microbial processes typical to undisturbed 
sediments (Kristensen 2001, Welsh 2003). Overall, 
laboratory conditions never totally match those in 
the field, resulting in underestimations or overesti-
mations of the processes in interest (Cáceres & 
Schwalbach 2001). Nevertheless, laboratory-scale 
experiments often serve as an important platform for 
designing field experiments and understanding natu-
ral causalities. 

4.6.2 Predictions 

Long-term monitoring data show that popula-
tions of Macoma and Marenzelleria have increased 
and spread to larger areas, while those of Mo-
noporeia have declined (Mattila 1993, Cederwall & 
al. 1999, Kangas & al. 2001, Perus & Bonsdorff 
2004). In addition, field observations suggest that 
Mysis populations have decreased or migrated to 
other areas due to oxygen deficiency since the 1980s 
(Koho 2005). Extrapolating from the results of the 
present study, several consequences would arise if 
these trends remained unchangeable. 

Firstly, assuming a change from Monoporeia- to 
Macoma-dominated communities, a decline would 
occur in the benthic emergence of cladocerans and 
rotifers. In addition, the subitaneous egg-producing 
Acartia bifilosa would suffer, whereas T. longicor-
nis, apparently producing eggs resistant to benthic 
consumption, would benefit. 

Efforts should be made to verify observations in 
the laboratory with field data; however, this is 
somewhat problematic. Long-term monitoring data 
on zoobenthos (Laine & al. 2007, Norkko & al. 
2007) and zooplankton (Flinkman & al. 2007) in the 
northern Baltic Sea cover a large area and a long 
time span, but both temporal (1 sampling yr-1) and 
spatial (11 regular monitoring open-sea stations in 
the Gulf of Finland, 1 at a coastal site) resolution are 
relatively low. As a result, zoobenthos may be sam-
pled more than once per generation, while a number 
of zooplankton generations may be missed. 

Moreover, the scales of variability differ largely 
between these two realms. For example, an open-sea 
monitoring station above anoxic sediments gives a 
very different picture of the state of zoobenthos and 
zooplankton. Instead of comparing the same site at 
different times, it may be better to compare different 
sites simultaneously; i.e. with frequent sampling, 
changes in zoobenthos in coastal sediments could be 
reflected in zooplankton in the open sea. Despite 
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these shortcomings, some parallel trends can be ob-
served. For example, the general decline in clado-
cerans in the Gulf of Finland and the northern Baltic 
Proper (Flinkman & al. 2007) may be associated 
with the concurrent spread of Macoma (Kangas & 
al. 2001) that exerts negative effects on cladoceran 
benthic recruitment. 

Secondly, the patterns of particle mixing would 
change, depending on which species became domi-
nant. In communities invaded by Macoma, more 
efficient mixing would occur, leading to an en-
hanced transport of newly sedimented matter to a 
depth of 3–4 cm and, according to the particle-mix-
ing models (François & al. 1997), may also cause 
introduction of older refractory material towards the 
surface. This should stimulate organic matter degra-
dation and provoke enhanced exchange rates of DIP 
and DIN between sediment and water. In addition, 
the efficiency of particle mixing is a critical factor 
for zooplankton resting stages. A change from mo-
tile to semi-motile taxa would, on the other hand, 
decrease bioresuspension and near-bottom turbidity. 

Thirdly, the benthic nutrient dynamics would be 
altered, given that the two decreasing species were 
the ones who constrained the fluxes of both N and P 
and, thus, internal nutrient cycling. A shift from 
sediments inhabited by Monoporeia or Mysis to oth-
ers inhabited by Macoma or Marenzelleria (at den-
sities comparable to those used in III) would result 
in a change from 0–4.2 to 4.5–26.1 g m-2 yr-1in DIN 
and from 0.005–1.0 to 0.3–5.4 g m-2 yr-1in DIP. For 
comparison, the estimated annual external loading in 
the Gulf of Finland of DIN is 1.2 × 105 t yr–1, corre-
sponding to 4.1 g m-2 yr-1, and that of DIP is 7 × 103 
t yr–1, corresponding to 0.2 g m-2 yr-1 (Pitkänen & al. 
2001). 

Such a comparison is naturally very hypothetical, 
given that the fluxes measured in the present study 
were not representative of steady-state conditions, 
and effort should be made in the future to obtain in 
situ flux measurements. However, a change of this 
magnitude could have implications on the function-
ing of the entire ecosystem; it would provide addi-
tional feedback to strengthen internal nutrient cy-
cling, thereby supplying bioavailable nutrients for 
primary producers and accelerating eutrophication 
(Pitkänen & al. 2001, Vahtera & al. 2007). This, in 
turn, leads to deteriorating near-bottom O2 condi-
tions, exerting severe consequences for benthic 
communities (Norkko & Bonsdorff 1996, Karlson & 
al. 2002), especially to species such as Monoporeia 
and Mysis that are susceptible to oxygen deficiency 
(Sandberg-Kilpi & al. 1999, Karlson & al. 2002). 
This feedback serves as an example of tight coupling 
between functional diversity and ecosystem per-
formance. 

5. CONCLUSIONS 

The experimental studies in this thesis showed 
that bioturbation and benthic predation or egg de-
struction can have far-reaching effects on the pelagic 
ecosystem. I suggest that the ongoing changes in 
zoobenthic communities are reflected in the quality 
of the soft-sediment habitats and the efficiency of 
internal nutrient cycling and, thus, the positive feed-
back that accelerates eutrophication, as well as to the 
coupling of benthic and pelagic populations in zoo-
plankton. Apart from infauna, nectobenthic mysids 
proved highly versatile compartments of the benthic 
ecosystem. 

A number of sediment-dwelling organisms con-
tribute to the fate of zooplankton dormant eggs; de-
pending on the composition of both the zooplankton 
and the macrofaunal communities, emergence may 
be inhibited or facilitated. In the field, sedimentation 
of zooplankton eggs upon their release in the pelagic 
zone results in a near-surface peak in egg density. 
Hence, in areas dominated by surface deposit feed-
ers, the macrofauna probably exerts strong predation 
pressure on newly produced eggs. However, an in-
creased risk of being eaten during the benthic life 
stage may be balanced by a lowered risk of being 
permanently buried. Overall, surface deposit feeders 
markedly changed the emergence patterns in zoo-
plankton, and it is probable that in sea areas inhab-
ited by deep-burrowing gallery-building or con-
veyer-belt species, the effect of bioturbation on zoo-
plankton emergence is even more pronounced (cf. 
Marcus & Schmidt-Gengenbach 1986). 

In shallow-water aquatic ecosystems, it is estab-
lished that benthic processes play a key role in de-
termining the overall productivity and functioning of 
the ecosystem. However, it is also important to re-
alize that the communities in the benthos may es-
sentially contribute to the structure of those in the 
plankton. 
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