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Abstract 

The main theme of this thesis is the interactions of animals with the 

environment and each other. The thesis was written within the framework of 

a biomanipulation project “Pikeperch in Himmerfjärden”. With the aim to 

investigate possible trophic pit-falls, give the manipulation the best possible 

start, and find ways to monitor the progression of the manipulation. In Paper 

I the diet of the invader cladoceran Cercopagis pengoi is analysed with 

stable isotopes; conducted prior to stocking. C.pengoi has a preference for 

large copepods, indicating possible competition with fish. Paper II 

investigates the behavioural differences between pikeperch fingerlings 

reared in different environments (pond vs. tank). Results suggest that fish 

reared in semi-natural ponds are more likely to survive directly after 

stocking. In Paper III and IV, the diel vertical migrations (DVM) of 

copepods are in focus. In Paper III the migrations of two copepod species: 

Acartia spp. and Eurytemora affinis are studied over season and life stage. 

The amplitude of migration was found to increase with ontogeny for both 

species, indicating evasion of visual predators. Paper IV examines the 

varying migratory patterns of adult female E. affinis finding that these 

animals migrate more actively when feeding conditions deteriorate and 

growth decreases. The overall conclusions of the thesis are that behavioural, 

not only direct trophic interactions are key when studying ecosystems. 
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Introduction 

 

At a glance the three main subjects addressed in this thesis may not appear 

directly linked, however, some clarity may be given as to why I have 

addressed them when put into the context that they were conducted and 

written as part of a biomanipulation project “Pikeperch in Himmerfjärden”. 

The aim of this project is to improve water quality and clarity by stocking ~1 

million pikeperch (Sander lucioperca) fingerlings over a period of four years 

and so instigating a trophic cascade. The primary targets of this stocking are 

the young-of-year (YOY) zooplanktivorous fish, primarily clupeids; herring 

(Clupea harengus) and sprat (Sprattus sprattus). These appear to impact the 

zooplankton population dynamics in the area. In reducing zooplanktivore 

density it is hoped that the zooplankton abundance will remain high and 

control the summer and autumn phytoplankton bloom. Through this 

introductory chapter I will not address biomanipulation directly; however, I 

will relate these three subjects to the larger context of biomanipulation. 

 

 

Aim 

 

The aim of this thesis was to study the interactions, both behavioural and 

trophic, at the startup of a biomanipulation project i) to investigate possible 

trophic pit-falls ii) give the manipulation the best possible start iii) find ways 

to monitor the progression of the manipulation or possible early indicators. 
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Part 1 

Cercopagis pengoi: an alien species 

Alien species 

Alien, exotic, or non-indigenous species (NIS) are defined as species that do 

not naturally occur within a geographical region, but have been introduced 

deliberately or inadvertently by human activities (Occhipinti-Ambrogi and 

Savini 2003). There are several major human facilitated routes by which 

aquatic species can be introduced into a new ecosystem. These include 

deliberate introduction of a species, which often also bring a host of 

unintentional species associated with them, dispersal via waterways and 

transportation either in ballast water or on the hull of ships (Leppäkoski and 

Olenin, 2000). The spread of potential aquatic alien species has accelerated 

due to the effectivisation and increase of global transportation. Which breach 

existing natural barriers and shorten travel times, enabling more species to 

survive transport and thereby increase the potential number of colonising 

species (Leppäkoski and Olenin, 2000). Most invasive species are 

considered to have a detrimental effect upon the invaded ecosystem, by 

reducing biodiversity, changing physical environment and affecting food 

webs (Noonburg and Byers 2005, Beardsley 2006). 

 

Baltic Sea as a recipient area for invasive species 

The brackish water of the Baltic Sea explains the mix of limnic and oceanic 

species, but also creates many different habitats that can be hospitable for 

various different colonisers (Leppäkoski and Olenin, 2000). The spread of 

non-indigenous species in the Baltic Sea is far from a modern phenomenon, 

this sea has been colonised for hundreds of years (Leppäkoski and Olenin, 

2000). Around 120 invasive species have been recorded in the Baltic, 80 of 

which have established viable populations (Helcom website, 2011), 

however, not all of them reach high abundances. 

 

Cercopagis pengoi – invasion history and possible impacts 

One of the most recent successful colonizers of the Baltic Sea is Cercopagis 

pengoi a predatory cladoceran which is thought to have arrived with ballast 

water in 1992 to the Gulf of Riga (Ojaveer and Lumberg, 1995). Later, it 

spread to the whole Gulf of Finland, Baltic proper and Stockholm 

archipelago (Gorokhova et al. 2000), reaching high densities during summer 

(Uitto et al. 1999; Gorokhova et al. 2000). It has also invaded and colonised 
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the North American Great Lakes (Leppäkoski and Olenin 2000, Therriault et 

al. 2002). C. pengoi originates from the Ponto-Caspian region (Rivier 1998) 

and is probably able to survive long distance transports as resting eggs. It is a 

voracious predator that has been shown to alter zooplankton populations 

(Ojaveer et al. 2004, Kotta et al. 2006) and Baltic food webs by entering the 

food web as both predator and prey (Gorokhova et al. 2005). This prompts 

the need to assess trophic interactions of C. pengoi with native species as it 

may compete with fish for prey, having a negative effect on fish stocks 

(Vanderploeg et al. 2002). It also causes problems by fouling fishing 

equipment when it is present in large numbers in the water column and has 

caused major economic losses to fisheries (Panov et al. 1999). 

  

Cercopagis pengois diet and implications for food competition with fish 

Prior to invasion by C. pengoi, prey species dominating in the diet of Baltic 

zooplanktivourous fishes were copepods (Acartia spp. and Eurytemora 

affinis) and cladocerans (Podonids and Bosmina maritima), with a 

preference for the copepods (Rudstam et al. 1992; Mehner and Heerkloss, 

1994; Arrhenius and Hansson, 1996; Antsulevich and Välipakka, 2000). 

Whilst also feeding upon these species (Ojaveer and Kotta 2006; Lehtiniemi 

and Gorokhova, 2008) and so potentially competing with fish, there is also 

the possibility that C. pengoi can prey upon zooplankton that is too small for 

the fish to utilize efficiently (e.g., large ciliates, rotifers, nauplii, small 

meroplanktonic larvae, etc.; Gorokhova et al. 2005,). Indeed, in 

experimental studies it has been found that C.pengoi can feed on copepods 

(nauplii and copepodids) and on cladocerans, such as Bosmina (Laxson et al. 

2003, Ojaveer and Kotta 2006). It has also been found to feed on rotifers 

(Gorokhova 1998, Lehtiniemi and Lindén 2006). After the invasion, 

Cercopagis has become a prey species for various fish, such as herring 

(Clupea harengus) and sprat (Sprattus sprattus) including YOY fish 

(Ojaveer and Lumberg, 1995, Gorokhova et al. 2004). Thus, C.pengoi may 

channel energy from previously unobtainable biomass produced at lower 

trophic levels to higher trophic levels in which commercial fish are present 

(Ojaveer et al. 2004). This potentially may have a positive effect on fish 

stocks in the Baltic. 
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Summary of paper I 

Paper I studies the diet of the recent NIS the predatory cladoceran 

Cercopais pengoi by means of stable isotope analysis (SIA). Zooplankton 

was sampled biweekly June to September in 2007. These were sorted into 

species groups for adult mesozooplankton: i) C. pengoi, ii) E. affinis, iii) 

Acartia spp., iv) B. maritima and v) Podonids; copodites, stages I-III were 

tested together and a bulk sample was used for microzooplankton. The SI 

results were analysed by two methods, i) mixing models, IsoSource mixing 

model (Phillips and Gregg 2003) implemented in the SISUS platform 

(http://statacumen.com/sisus/) relying on fractionation factors and ii) 

temporal tracking analysis, considered  a more robust  analysis as it not 

dependent on the fickle nature of fractionation. The contribution of different 

prey from the models was related to ambient zooplankton composition to 

gauge selectivity. The modelling results indicate that C. pengoi is an 

opportunistic generalist predator with a positive selection towards older 

copepodites (CIV–VI) of Acartia spp. and Eurytemora affinis, which also 

have the greatest contribution to its diet. Positive selection towards podonids 

was also likely. By contrast, evidence for extensive feeding on 

microzooplankton was weak and bosminids were not found to be an 

important prey. As the derived diet of C. pengoi overlaps greatly with that of 

zooplanktivorous fish, food competition between these zooplanktivores is 

possible should they be food limited.  

 

Cercopagis related to the Biomanipulation 

Removing competitors and predators of an organism can allow that organism 

to boom, massively increasing in population. An example of this can be 

taken through the unfortunate worldwide biomanipulation that is overfishing. 

Many fish act as both predators and competitors on jellyfish; thereby 

removing them frees jellyfish from these constraints potentially leading to 

increases of jellyfish populations (Purcell et al. 2007; Pauly et al. 2009). 

Though still contended evidence is also growing that the boom of the 

invasive ctenophore Mnemiopsis leidyi in the black sea was facilitated by 

overfishing rather than instigating the crash that followed their invasion 

(Niermann, 2004). As removal of zooplanktivorous fish was the aim of the 

biomanipulation project and their acting both as competitors and predators 

upon C. pengoi (see above, Cercopagis pengois diet and implications for 

food competition with fish) this was of key concern to see too what extent 

their diets overlapped and the worry that if we removed C.pengois predators 

and competitors, it would allow the invader population to boom in number, 

thus negating any effect of removing clupeids by  biomanipulation upon 

water quality. 
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Part 2 

Fish Stocking and Rearing Environment 

 

Fish Stocking 

Fish have been reared by humans for consumption for several thousand 

years, more recently in the last few hundred years’ fish have also been reared 

for stocking purposes. There are 4 major reasons why fish are stocked; these 

being: i) to restore the stock of endangered or overfished populations; ii) to 

create a new fishery; iii) to mitigate the impacts of anthropogenic activity iv) 

to enhance existing stocks (Cowx, 1994). The improvement of both 

commercial and recreational fisheries is by far the most common reason for 

stocking (Dannewitz et al. 2006). In all, fish stocking is a common practice 

within fisheries management (ibid.), with biomanipulations initiated by 

stocking fish becoming popular. However hatchery fish, most commonly 

intensively farmed in artificial rearing environments, have a much higher 

mortality than that of wild fish (review by Brown and Laland, 2001). 

However, the risk of mortality for stocked hatchery fish appears to be 

greatest immediately post release; the risk of mortality diminished markedly 

should they survive the first weeks (ibid.). The reason for this Brown and 

Laland (2001) conclude is likely due to the deficit in virtually all aspects of 

behaviour owing to the impoverished conditions in which they are raised.   

 

Rearing environment and behavioural development  

Both the physical and social environments have a strong influence on the 

development of fish and their ability to acquire important life skills 

(Magnhagen et al. 2008, pp.609). Fish from intensively farmed, artificial 

rearing environments often lack experience required for behavioural 

development (Kelly et al. 2005). Environmental complexity has been 

demonstrated to aid learning, having a positive effect on behavioural 

plasticity (Braithwaite and Salvanes, 2005; Kishlinger and Newitt, 2006; 

Spence et al. 2011). Social learning by observing other fish is important for 

the development of behaviour (Magnhagen et al. 2008 pp. 47). Rearing 

density can influence the ability to learn socially (Brockmark et al. 2010) 

with Brockmark and Johnsson (2010) demonstrating that the densities in 

conventional intensive hatcheries reduced the ability to cope with social 

interactions; leading to impaired learning and sensory overload (Chapman et 

al. 2008). Training naïve hatchery fish prior to release is another alternative 

to improve life skills. This can be done by introducing them to more 
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complex, heterogenic environments, live prey, conditioning to predators and 

using experienced fish as tutors prior release (Brown and Laland, 2001; 

Brown et al. 2003). However, as several studies report training as 

unsuccessful (e.g. Berejikian, 1996; Maynard et al. 1996), the optimal 

strategy may be to design the rearing environment to facilitate the 

development of important life skills. 

 

Pikeperch and stocking in Sweden 

Pikeperch (Sander lucioperca) is a predatory, pelagic percid native to 

Europe, with a distribution covering the Caspian, Baltic, Black and Aral Sea 

basins; Elbe (North Sea basin) and Maritza (Aegean basin) drainages; going 

north to about 65° N in Finland (Fishbase). Pikeperch has been widely 

introduced to many areas, spreading through eastern England and 

westernmost Europe (Welcomme, 1988). Often altering the native fish 

populations, evidence for this is however equivocal (Fickling and Lee, 

1983). In England the negative public opinion of pikeperch could well be 

due to the widespread preference for course fishing, targeting cyprinids: 

potential prey of pikeperch. Pikeperch is, however, native to Swedish waters 

living at the northernmost range of its distribution and historically has been 

uncommon (Ekström, 1830). From anecdotal accounts, I have heard of 

fishermen in the Stockholm northern archipelago in the first half of the 20th 

century not knowing what species they had caught and piquing the interest 

of the whole village (pers. com. Sture Hansson, Thomas Lindström). It was 

about this time that stocking of pikeperch began (Andersson, 1942) to 

enhance the existing populations and create a viable fishery due to its high 

market value (Hansson et al. 1997). Since then pikeperch have become 

favoured both for sport and the table in Sweden. With excess of 1,000,000 

young-of-the-year pikeperch stocked annually to natural waters in the late 

summer or autumn to strengthen natural populations (Swedish Board of 

Fisheries, 2001). 

 

Summary of paper II 

This study investigates the effect of the rearing environment on the ability of 

fish (Sander Lucioperca) to acquire important life skills and relates this to 

the suitability of stocking. Pikeperch fingerlings reared for stocking purposes 

from three different commercial breeders were used, where two came from 

semi-natural ponds and the third indoor tanks. Physiologically the fish from 

tanks tended to be larger than the pond bred fish, a potential advantage when 

stocked, but damage to eyes and worn fins was more common. The 

behaviours investigated were: i) exploration ii) foraging and iii) anti-predator 

responses as we judged these to be most important to survival immediately 
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after release. 100 randomly selected pikeperch were taken from each breeder 

each held separately and allowed to acclimatise in three 500 litre aquaria. 

The experiments were conducted in 50 litre test aquaria. Whilst there was no 

significant difference in reluctance to enter a new environment between fish 

from the ponds or tanks, the fingerlings from the ponds, utilised vegetation 

in the test tank significantly more. The pond fish were also significantly 

faster to begin feeding on a novel prey source. The pond reared fish had a 

more flexible and significantly more active responses to predators than did 

the tank reared fish. Throughout the experiments the tank reared fish were 

generally more sluggish. Our results strongly suggest that rearing 

environment affects the development of important life skills and that fish 

reared in more natural, complex environments are likely to be more suitable 

for stocking into natural environments. 

 

Rearing environment and stocking for a Biomanipulation 

 Larger is often considered better when stocking fish, given the negative 

relationship between size and mortality rate of stocked fish (e.g. Johnson and 

Marenau, 1993). Large size can be achieved by intensive farming with food 

ad libitum. However, plain hatchery environments do not prepare the fish for 

release into the wild, leaving behavioural deficits in e.g. predator recognition 

and foraging (Olla et al. 1993).  To give the biomanipulation project the 

chance of success it is paramount that stocked pikeperch have a high 

survival rate. Hence our requirement of the breeders that minimum size for 

the fingerlings be 80mm; the fish from the tanks were in fact considerably 

larger with a mean length of 110mm (in our study). However, this study 

came about as we observed behavioural differences between the fish from 

the different rearing facilities when releasing them. As we found no studies 

on how pikeperch are affected by rearing conditions, we decided to 

investigate ourselves. As a result we added a requirement to the contract 

with the breeders; that the pikeperch had to be reared in semi-natural ponds 

in order to be included in the biomanipulation project, which in practice 

favoured smaller though behaviourally versatile fish.  
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Part 3 

 

Diel vertical migration 

 

Migration is a movement of organisms that occurs on many temporal scales 

from seasonally as with many birds or daily as with the movements of many 

zooplankton. Diel vertical migration (DVM) is a pattern of movement in the 

water column under a 24 hour period undertaken by many aquatic 

organisms. The most common of these migrations is descending in the light 

hours and ascending in the dark, though many other variants have been 

observed including reverse DVM (rDVM), see Hutchinson (1967) for 

spectra of patterns. Vertical migrations can also occur ‘randomly’ following 

the individual zooplankters patterns of hunger and satiation (Pearre 2003). 

DVM behaviour is influenced by various ecological factors which are 

presented below. Zooplankton DVM has been recognised and studied for a 

long time with the first published observations by Cuvier in 1817 (cited in 

Cushing, 1955) and is common in both marine and freshwater environments 

(Lampert, 1989). Indeed the DVM of zooplankton is categorized as the 

largest animal migration, in terms of biomass, on our planet (Hays, 2003). 

However, when surface waters are considered as more favourable than 

deeper waters, with higher temperatures allowing for increased rates of 

growth and reproduction (Loose and Dawidowicz, 1994) and greater 

concentrations of high quality food (Lampert, 1993; Loose and Dawidowicz, 

1994), why are they migrating?  

 

Abiotic factors 

Light  

Many zooplankton demonstrate phototactic behaviour allowing for 

orientation (Haney, 1993; Ringelberg, 2010) and the earliest explanations for 

DVM was that zooplankton had an optimum light intensity (Weisman, 1887, 

cited in Cushing, 1951; Han and Straškraba, 2001) and it was this light 

intensity that they followed, altering their vertical distribution and 

performing DVM. Yet, this does not explain the existence of rDVM. 

However, DVM does follow a circadian rhythm and one of the main 

Zeitgebers of circadian rhythms is daylight (Haney, 1988) and zooplankton 

that perform rDVM are also likely to use light as a Zeitgeber. It has been 

observed that zooplankton respond to changes in light intensity (Lampert, 

1989; Ringelberg, 1999), with the rate of change influencing the rate of 
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migration (Stearns and Forward, 1984). Zooplankton at high latitudes that 

experience 24 hour daylight, tend not to migrate (Buchanan and Haney, 

1980; Kahilainen, et al. 2009). However, when the night sun period is over, 

they resume DVM (Kahilainen, et al. 2009). Zooplankton have also been 

observed to relax their DVM in total darkness (Loose, 1993). In turbid 

waters it has been observed that the magnitude of DVM was reduced 

(Dodson 1990). It is generally agreed that predators are an ultimate reason 

for DVM and light a proximal, more reliable indicator for the timing of 

DVM and so predator evasion (Ringelberg and Gool 2003).   

 

Temperature 

Migrating zooplankton were proposed by McLaren (1963) to have a 

metabolic advantage over non migrating ones leading to a higher fecundity 

and body size. By feeding in warm food rich waters by night and then 

sinking to colder water by day they save energy and so reach a larger body 

size and higher fecundity. However, lower temperatures may also inhibit 

growth rate and development both of eggs and adults (Vuorinen, 1987), 

leading to slower growth and reproductive rates. It has been shown that 

Daphnia have higher growth rates in non-migrating conditions (Stich and 

Lampert, 1984) and higher reproductive rates in warmer conditions (Orcut 

and Porter, 1983). Thus Lampert (1989) concludes that DVM is not of any 

energetic advantage and more likely entails an energetic cost. Indeed it was 

observed in the experiments by Calaban and Makarewicz (1982) that 

zooplankton limit the amplitude of DVM to avoid low temperatures. 

However, lower temperatures may lead to a larger body size as time between 

molts is increased more than growth rate is decreased (Miller et al. 1977).  

 

Biotic factors 

Food availability 

Zooplankton that perform DVM may lose the opportunity to feed during the 

day, entailing energetic costs (Stich and Lampert, 1984). DVM, when food is 

scarce, may lead to starvation which is clearly disadvantageous. “Better dead 

than unfed”, a maxim coined by Huntley and Brooks (1982), describe the 

behaviour of zooplankton that did not perform DVM until food reached high 

enough concentrations in their experiments. The phenomenon has since been 

observed in natural populations of both marine (Dagg, 1985) and freshwater 

species (Johnsen and Jakobsen, 1987). Bekilioglu et al. (2008) also 

described normally strong migrants that ceased to migrate; remaining at the 

surface should food resources drop too low. So food concentration can be an 

important causal factor governing the initiation DVM. 
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Predation 

With the maxim “better hungry than dead” (Kremer and Kremer, 1988) 

predation evasion is the most widely accepted theory to date and is 

considered the major biotic factor for DVM (e.g. Zaret and Suffern, 1976; 

Kerfoot, 1985; Gliwicz, 1986; Lampert, 1993; Hays, 2003). DVM being 

triggered or altered by the presence of predators (Haney, 1993), zooplankton 

can detect the presence of predators, chemically through kairomones 

(Dodson 1988) or by mechanical and visual cues (Bollens and Frost, 1989; 

Bollens et al., 1994). Active zooplanktivores, i.e. not filtration feeders; can 

roughly be divided into two major groups: visual predators, such as fish, or 

chemo- tactile such as many invertebrate predators. DVM is in most cases 

specific to visual predators as zooplankton does not migrate in systems that 

have only tactile or chemo sensitive predators, the risk of mortality then 

being equal both in light and darkness (Dodson, 1990). Thus predator-

evasion theory explains DVM as a  behaviour to avoid higher light levels, 

remaining in low light levels of the deep during the day to rise to feed at the 

surface at night when light intensity decreases, making it more difficult for 

visual predators to detect them (Hays et al. 2001). DVM is then a tradeoff 

between the cost of reduced foraging time at the warm, food rich surface and 

the benefit of a reduced predation risk at depth. However, reverse DVM has 

also been attributed to predation: smaller zooplankters are driven up during 

the day by larger predatory invertebrates, performing DVM to avoid visual 

predators (Ohman et al. 1983; Osgood and Frost, 1994). This kind of 

behaviour between several trophic levels has been termed “behavioural 

casacades” (Romare and Hansson, 2003; Fiksen et al. 2005) entailing that 

DVM strategy can be dependent on the presence of several strategically 

different predators (Fiksen et al. 2005).  

 

Ontogeny  

Many zooplankton have several discrete life stages, usually increasing in 

size with each stage. Copepods demonstrate this especially, with six naupliar 

stages that do not even appear similar to the adult stages and then five 

developmental stages as copepodites before reaching adulthood (Mauchline, 

1998). Bearing this in mind it would be reasonable to assume that ontogentic 

differences in DVM should be existent. According to the visual 

zooplanktivore predator theory, prey detection is related to prey visibility. 

Prey visibility can depend on several factors, e.g. prey size (Brooks and 

Dodson, 1965) and pigmentation (Zaret and Kerfoot, 1975). Larger 

zooplankton being more visible and more susceptible to predation (Brooks 

and Dodson, 1965; Hays et al. 1994). Therefore larger individuals, within 

and cross taxa, (often later instars/copopodites) should demonstrate a more 

pronounced pattern of migration with shorter periods at the surface (Hays, 
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1995; De Robertis et al. 2000). This has been observed in several studies, 

e.g. Hays, 1995 and De Robertis et al. 2000. Likewise it has been observed 

that smaller and younger life stages spend more time at the surface and in 

near surface waters, beginning their ascent earlier; and descent later than 

their larger conspecifics. As well as being more visible, larger individuals 

are also more resistant to starvation (Tessier and Consolatti, 1991) and so 

remain at depth longer. Camouflage, per definition, decreases visibility and 

in the case of small aquatic organisms it is usually most effective to be 

transparent, pigmentation appears to increase how easily predators detect 

zooplankton. Experiments where zooplankton are dyed show that pigmented 

zooplankton are much more heavily predated upon then their transparent 

counterparts (Zaret, 1972). It has also been observed that pigmentation has a 

larger effect on predation than size for visual predators whereas chemo- or 

tactile predators select more on size (Byron, 1982). 

 

Reproduction 

With visibility in mind, ovigerous females should be more obvious to 

predators; Dawidowicz and Gliwicz (1983) found that ovigenerous females 

were positively selected for by brook char (Salvelinus fontinalis). Ovigerous 

females also have a reduced escape capability making them an easier target 

(Devreker et al. 2008). Predator avoidance should then be of key importance 

and ovigerous females have been shown to remain at depth (Bollens and 

Frost, 1991). Remaining at depth not only reduces the risk of predation but 

also slows the development of the eggs (Vuorinen, 1987), increasing the 

time that the female is vulnerable to predation and slowing reproduction. 

The opposite has also been observed when females remain at the surface, 

this has been stipulated to be a tactic to increase productivity and so increase 

fecundity and increase reproduction rates counteracting the increased 

mortality (Ringelberg, 2010). Mate availability may also contribute to the 

intraspecific variability in DVM; finding a mate in a three dimensional 

pelagic environment can prove difficult (Buskey, 1998) and copepods can 

migrate, aggregating in strata with other individuals receptive to mating 

(Hayward, 1981; Titelman et al. 2007). Should mates become limited then 

aggregation may become crucial for fertilization success which is often 

limiting for population growth in pelagic copepods (Kiørboe, 2007). Males 

locate females by way of chemo or hydro-mechanical signals (Katona, 1973; 

Bagøien and Kiørboe, 2005a,b), suggesting that males should follow females 

in their migrations. Copulation consists of a male grasping a female (Katona, 

1975), which has been associated with a greater risk of predation (Maier et 

al. 2000, Jersabek et al. 2007), equal to that of ovigerous females (Maier et 

al. 2000).  
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Genetic control 

With short generation times and changes in conditions driving selection in 

different directions it is possible that genetics has a role in determining the 

patterns and amplitude of DVM in zooplankton populations (Haney, 1988), 

resulting in migrating, partially migrating and non-migrating populations. 

Zooplankton populations tend to have different ratios of genotypes and 

studies have identified that DVM can be under genetic control (De Meester 

et al. 1995; Spaak and Ringelberg, 1997; Watt and Young, 2006); where two 

or more Daphnia clones have been found to be in the system at the same 

time, migratory and sedentary. The dominance of these clones within the 

populations fluctuating through the year, depending on ecological 

parameters, most often predation pressure (De Meester et al. 1995; Spaak 

and Ringelberg, 1997; Watt and Young, 2006).  

 

Seasonal: Abiotic and Biotic 

Many of the ecological factors influencing DVM, mentioned above, change 

over the course of the year; especially in temperate zones. Day length and 

light intensity varies, with shorter nights resulting, in some conditions, that 

the time window for safe feeding in the surface water becomes so short that 

zooplankton may risk being close to the surface even during the light hours 

as to avoid starvation (Hays, et al. 1995). Feeding conditions vary with 

phytoplankton abundance, influenced by nutrient availability. The 

concentration of food, determining whether the zooplankton perform DVM 

or cannot afford too due to starvation. Predation pressure increases with the 

hatching of YOY fish; increasing the concentration of kairomones in the 

water and triggering phenotypically plastic zooplankton to initiate DVM 

(Ringelberg et al. 1991). Predation can also lead too short term genetic 

selection shifting a partially migrating zooplankton population toward a 

genetically migrating population (Haney, 1988). With temperature dictating 

the rate of production, when temperatures drops toward winter the 

zooplankton either settle down to rest near the bottom and go into diapause 

or produce resting eggs and activity is halted (Jarnagin, et al. 2004).  

 

Summary of papers III and IV 

Paper III investigates the DVM of all copepodite stages of the calanoid 

copepods Acartia spp. and Eurytemora affinis. Day length, temperature, fish 

and phytoplankton abundance were taken into consideration as potentially 

explaining variation in DVM. In an effort to standardize light conditions 

zooplankton were sampled on a monthly basis around the waning quarter 

moon. The sampling was performed with a 25l tube sampler from the surface 
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down to 32m, with a vertical resolution of 2.5 meters. In this way virtually 

the entire column was sampled. Each sample was filtered through a 35 µm 

sieve and preserved in 4% buffered formaline. Weighted mean depth 

(WMD) was calculated for each species and copodite stage. Both species 

performed DVM. The DVM amplitude in Acartia spp DVM increased with 

stage and therefore size suggesting an ontogenetic shift in behaviour but they 

had a less pronounced DVM than E. affinis.  All copodite stages of E. affinis 

performed migrations of over 10 meters with only a slightly increasing with 

copodite stage.  However adult specimens of female E. affinis remained at 

depth with only slight upward movement at night, migrating only in August 

when there was low abundance of phytoplankton and return to day-night 

regime.  Though DVM amplitude increased with size indicatory of visual 

predation, fish biomass did not correlate with amplitude of DVM.  However, 

fish were present throughout the year. Nor did we find any correlations 

between day length or phytoplankton abundance. However both species 

appeared to migrate to the thermocline. We surmise that these ontogenetic 

shifts in behaviour are due to size increase and therefore visability to 

predators and that the difference in DVM between the species may well be a 

result of physiological differences and reproductive strategy. 

 

Paper IV investigates the variation in diel migratory behaviour of 

Eurytemora affinis females observed in Paper III (Holliland et al. 2012) to 

identify what variables could best explain this change in behaviour. With the 

conclusion in Holliland et al. (2012) that predation pressure was great 

enough throughout the season for Eurytemora to employ preventive 

strategies to avoid predation, we chose to concentrate on genetic differences 

and the ecological factors related to feeding and reproduction. COI 

haplotype diversity was analysed during periods when the population 

displayed differing migratory patterns. General linearized models (GLM) to 

relate the amplitude of migration to food availability and growth using 

phytoplankton abundance, degree days, prosome length and RNA:DNA 

ratios, as explanatory variables.  GLMs were also employed to relate the 

amplitude of migration to mate availability; sex ratio and total E. affinis 

abundance. The depth distributions of females in different reproductive 

stages were also analyzed. In conclusion, the diel vertical migration of 

female E. affinis is not related to mtDNA haplotype diversity but likely a 

phenotypically flexible trait. This is likely true for other organisms living in 

rapidly fluctuating environments where a directed selection is not possible. 

The shift to a fully migrating population in August is best explained by 

deterioration of feeding conditions decreasing the growth potential. 

However, unfertilized females are more likely to be higher up in the water 

column even during good feeding conditions, possibly taking advantage of 

better feeding conditions closer the surface to build an energy reserve. After 



 14 

fertilization, migration ceases, because remaining at depth minimizes 

predation risk for egg-carrying females. 

DVM and biomanipulation 

 

Experimental manipulation has shown that changes from non-migratory 

mode to migratory mode can be very fast suggesting that DVM is a 

phenotypically flexible response; that population change in DVM need not 

be due to selective pressure, but individual response (Neill, 1990). DVM 

becomes more pronounced when zooplanktivorous fish are more abundant 

(Bollens and Frost, 1989; Frost and Bollens 1992). Kairomone concentration 

increases linearly with fish biomass, allowing the zooplankton to perceive 

changes in predation pressure and alter their behaviour (Ringelberg et al. 

1991, Frost and Bollens 1992). This has been observed when predation 

pressure increases naturally, e.g. the appearance of YOY fish in the spring, 

initiating the seasonal start of DVM (Ringelberg et al. 1991). A reaction has 

likewise been observed in cases where predation pressure has been reduced 

by biomanipulation, where zooplanktivorous fish have been removed; the 

zooplankton reducing the amplitude or ceasing to migrate entirely (Dini et 

al. 1993). With the overall aim of the biomanipulation project to reduce the 

populations of zooplanktivorous fish we felt it prudent to see whether the 

zooplankton in Himmerfjärden bay reacted to the changing abundance. The 

clupeids in Himmerfjärden bay spawn predominately in spring and early 

summer, fish abundance increasing rapidly in July, peaking in August 

(Axenrot and Hansson, 2004). Therefore, we sought to see if the amplitude 

of migration was affected and hence could be an indicator as to how the 

biomanipulation was progressing if clupeid abundance were to be reduced 

over a greater timespan.  
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Concluding remarks 

 

 With the biomanipulation still in its early days, having just stocked the last 

of the pikeperch it is still too early to judge whether it has been successful or 

not. The scope of this project always exceeded the time of my PhD studies 

with the interactions around the startup being in focus. However, should it 

succeed I doubt that C. pengoi poses any greater threat with a reduction in 

the seasonal peaks since invasion (Gorokhova et al. 2000, 2004). C. pengoi 

though a eurythermic species (Gorokhova, et al. 2000) only appears in the 

Baltic Sea when the water temperature exceeds 13ºC and disappearing below 

12ºC existing only for a short period of time when the water is warmest 

(Birnbaum, 2006) and so is unlikely to be able to dominate the food web for 

much of the year, even with a reduction of predation pressure.  Rearing 

environment likely affects the development of important life skills, with fish 

reared in more natural, complex environments better suited for stocking into 

natural environments; as appears to be the case with the pikeperch in our 

study. Following which, we added a clause to the contract with the breeders: 

that the pikeperch had to be reared in semi-natural ponds in order to be 

included in the biomanipulation project. However, with genetic studies still 

on-going it is of yet still too early to see which of the pikeperch had in fact 

better survival rates in situ. Having found no statistical connection between 

the abundance of zooplanktivorous fish and DVM amplitude of E. affinis or 

Acartia spp. over the season combined with the many other ecological 

factors likely involved in the mechanics of DVM it would not appear that 

DVM could be a reliable indicator for the progression of the 

biomanipulation. Which we suggest may be due to the constant presence of 

fish, throughout the period, creating a permanent threat of predation great 

enough to stimulate DVM. Previous field studies having dealt with extremes 

i.e. absence vs. presence of fish (Glivicz, 1986; Horppila, 1997) which may 

not be possible in an open system. My overall conclusion is that behavioural, 

not only direct trophic interactions are key when studying the effects of 

biomanipulations and indeed ecosystems as a whole. 

 

 



 16 

Acknowledgments   

 

Who would have thought that this day would ever arrive? The fact that I 

have reached this point, and survived, is thanks to many people. My 

supervisors, Sture Hansson and Elena Gorokhova, thank you for your help 

and support. Sture for your generosity and enthusiasm; Elena for urging me 

to think when all I wanted to do was put my head on the chopping block. My 

thanks to both of you for your knowledge, pleasant conversations, and 

conferences, may our paths cross many times. To all my friends and 

colleagues at the Department of Systems Ecology, present and past, for 

every frown on my brow there have been a multitude of smiles that one of 

you has lent me. A smile which I hope has now returned. Martin and Hedvig 

our adventures abroad will never fade. Micke and Ben who know when to 

create a distraction (skive). Ida, there are no words that give justice to the 

support and companionship that you have provided over these past years, I 

am not quite sure what the future will hold when you are not lurking nearby. 

 

Thanks are also due to: Aquaria Vattenmuseum for greeting us with open 

arms and putting their facilities at our disposal for the rearing environment 

study. The pikeperch breeders. My co-authors. The colleagues in our sister 

project on Åland: Noora, Matias, and Johanna. The inhabitants around 

Himmerfjärden, thank you, for keeping an eye out. Specifically, thank you to 

Börje Larsson for saving us so many times with his MacGuyverisms and 

patience. My apologies to those I have not mentioned here, but have helped 

me on my way, you have my gratitude. 

 

Finally, to my friends who have learnt not to ask ‘how is work?’ these last 

few months and wondered as to where I have disappeared ;-) To my 

wonderful family for being there and the love and support you give so freely. 

Lina my love, the list of things for which I need to thank you for is too long. 

Where would I be without you?  

 

The work in this thesis was funded primarily by the foundation Baltic Sea 

2020 as part of the project ‘Pikeperch in Himmerfjärden’. With assistance 

from the Swedish National Monitoring program and grants from The 

Swedish Research Council for Environment, Agricultural Sciences, and 

Spatial Planning (Formas), and the Swedish Environmental Protection 

Agency (Naturvårdsverket). 

 



 17 

References 

 

Ackefors, H. 1969. Seasonal and vertical distribution of the zooplankton in 

the Askö area (Northern Baltic proper) in relation to hydrographical 

conditions. Oikos. 20:480-492  

Andersson, K. A. 1942. Fiskar och fiske i norden. Andra bandet – Fiskar och 

fiske i sjöar och floder. Bokförlaget natur och kultur, Stockholm. (In 

Swedish) 

Antsulevich, A., and Välipakka, P. 2000. Cercopagis pengoi – new 

important food object of the Baltic herring in the Gulf of Finland. 

International Review of Hydrobiology  85: 609-619 

Arrhenius F. and Hansson S. 1996. Growth and seasonal changes in energy 

content of young Baltic Sea herring (Clupea harengus L.). ICES, J.  

Mar. Sci. 53: 792-801 

Axenrot T. and Hansson S. 2004. Seasonal dynamics in pelagic fish 

abundance in a Baltic Sea coastal area. Estuarine Coastal Shelf 

Science 60: 541–547 

Axenrot, T. and Hansson, S. 2004. Seasonal dynamics in pelagic fish 

abundance in a Baltic Sea coastal area. Estuarine Coastal and Shelf 

Science 4: 541-547  

Bagøien, E. and Kiørboe, T. 2005a. Blind dating—mate finding in 

planktonic copepods. I. Tracking the pheromone trail of 

Centropages typicus. Mar. Ecol. Prog. Ser. 300: 105–115  

Bagøien, E. and Kiørboe, T. 2005b. Blind dating—mate finding in 

planktonic copepods. III. Hydromechanical communication in 

Acartia tonsa. Mar. Ecol. Prog. Ser. 300: 129–133 

Barange, M. 1990. Vertical migration and habitat partitioning of six 

euphasiid species in the Benguela upwelling system. J. plankton res. 

12: 1223-12137 

Beardsley, T. M. 2006. Predicting Aquatic Threats. BioScience 56: 459 

Beklioglu, M., Gozen A. G., Yildirim, F., Zorlu, P. and Onde, S. 2008. 

Impact of food concentration on diel vertical migration behaviour of 

Daphnea pulex under fish predation risk. Hydrobio. 614: 321-327 



 18 

Bella, D. A. 1970. Simulating the Effect of Sinking and Vertical Mixing on 

Algal Population Dynamics. J. Water Pollution Control Federation. 

42:5 Res. Supp to: 42, 5, Part II  

Berejikian,  B. A. 1996. Instream postrelease growth and survival of chinook 

salmon smolts subjected to predator training and alternate feeding 

strategies, 1995. In: Maynard, Desmond, Thomas Flagg, Conrad 

Mahnken, Barry Berejikian, Gail McDowell, E. Tezak, Michael 

Kellett, W. McAuley, Michael Crewson, Steven Schroder, Curt 

Knudsen, Bori Olla, Michael Davis, Clifford Ryer, Brian Hickson, 

Dave Leith, “Development of a Natural Rearing System to Improve 

Supplemental Fish Quality”, 1991-1995 Progress Report, Project 

No. 199105500, 233 electronic pages, (BPA Report DOE/BP-

20651-1). Bonville Power Administration, Portland OR, pp. 113-

127 

Birnbaum, C. 2006. NOBANIS – Invasive alien species fact sheet – 

Cercopagis pengoi. Online Database of the North European and 

Baltic Network on Invasive Alien Species (NOBANIS). Available 

at: http://www.nobanis.org (accessed on 15 February 2011) 

Bollens, S. M. and Frost, B. W. 1989. Zooplanktivorous fish and variable 

diel vertical migration in the marine copepod Calanus pacificus. 

Limnol. Oceangr. 34: 1072-1083 

Bollens, S. M. and Frost, B. W. 1991. Diel vertical migration in 

zooplankton- rapid individual response to predators. J. of plankton 

research 6: 1359-1365 

Bollens, S. M. and Frost, B. W. 1991. Ovigerity, selective predation, and 

variable diel vertical migration in Euchaeta elongata (Copepoda: 

Calanoida). Oecologica 87: 155-161 

Bollens, S. M., Frost, B. W. and Cordell, J.R. 1994. Chemical, mechanical 

and visual cues in the vertical migration behavior of the marine 

planktonic copepod Acartia hudsonica. J. of plankton research 5: 

555-564  

Braithwaite, V. A. and Salvanes, A. G. V.  2005. Environmental variability 

in early rearing environment generates behaviourally flexible cod: 

implications for rehabilitating wild populations. Proc. R. Soc. B. 

272: 1107-1113 

http://www.nobanis.org/


 19 

Brockmark, S. and Johnsson, J. I. 2010. Reduced hatchery rearing density 

increases social dominance, post-release growth and survival in 

brown trout (Salmo trutta). Can. J. Fish. Aquat. Sci. 67: 288-295 

Brockmark, S., Adriaenssens B. and Johnsson, J. I. 2010. Less is more: 

density influences the development of behavioural life skills in 

trout. Proc. R. Soc. Published online. B doi:10.1098/rspb.2010.0561  

Brown C. and Laland K. 2001. Social learning and life skills training for 

hatchery reared fish. J. Fish Biol. 59: 471-493 

Brown, C., Davidson, T. and Laland, K. 2003. Environmental enrichment 

and prior experience of live prey improve foraging behaviour in 

hatchery-reared Atlantic salmon. J. Fish Biol. 63: 187-196 

Buchanan, C. and Haney, J. F. 1980. Vertical migrations of zooplankton in 

the arctic: a test of environmental controls. In Kerfoot, W.C. (ed), 

Evolution and ecology of zooplankton communities. University 

press, Hanover, NH, pp. 69-79  

Buskey, E. J. 1998. Components of mating behaviour in planktonic 

copepods. J. Mar. Syst. 15: 13-21 

Byron, E. R. 1982. The Adaptive Significance of Calanoid Copepod 

Pigmentation: A Comparative and Experimental Analysis. Ecology 

6: 1871-1886  

Calaban, M. J. and Makarewicz,  J. C. 1982. The effect of temperature and 

density on the amplitude of vertical migration of Daphnia magna. 

Limnol. Oceanogr. 2: 262-271 

Cardinale M., Casini M., Arrhenius F. and Hakansson, N. 2003. Diel spatial 

and feeding activity of herring (Clupea harengus) and sprat 

(Sprattus sprattus) in the Baltic Sea. Aquatic living resources 16: 

283-292 

Cushing, D. H. 1951. The vertical migration of planktonic crustacean. Bio. 

Rev. of the Cambridge phil. soc. 26:2: 158-192 

Chapman, B. B., Ward, A. J. W. and Krause, J. 2008. Schooling and 

learning: early social environment predicts social learning ability in 

the guppy, Poecilia reticulata. Anim. Behav. 76, 923–929. 03.022) 

Cowx, I. G. 1994. Stocking strategies. Fish. Man. Ecol. 1: 15-30 

http://www.jstor.org/action/showPublication?journalCode=ecology
http://www.jstor.org/action/showPublication?journalCode=ecology
http://www.jstor.org/action/showPublication?journalCode=ecology


 20 

Cushing, D. H. 1955. Some experiments on the vertical migration of 

zooplankton. J. Anim. Ecol. 24: 137-166 

Dagg, M. J. 1985. The effects of food limitation on diel vertical behavior in 

marine zooplankton. Arch. Hydrobiol./Beih. Ergeb. Limnol. 21: 

247-255 

Dannewitz, J., Florin, A. B., Petersson, E., Nielsen, E., Magnussen, E., 

Dahle, G., Merilä, J., Heino, M., Skúlason, S., Aho, T., Järvi, T. and 

Johansen, T. 2006 Genetic consequences of fisheries and fisheries 

management. Report from a multi-disciplinary workshop in Rönne, 

Bornholm, 25-26 October 2006. TemaNord 2007:573. 51pp 

Dawidowicz, P. and Gliwicz, Z. M. 1983. Food of brook char in extreme 

oligotrophic conditions of an alpine lake. Environmental Biology of 

fishes 8: 55-60 

De Robertis, A., Jaffe, J. S. and Ohman, M. D. 2000. Size-dependent 

predation risk and the timing of vertical migration in zooplankton. 

Limnol. Oceanogr. 45: 1838-1844 

Devrekker, D., Souissi, S., Molinero, J. K. and Nkubito, F. 2008. Trade-offs 

of the copepod Eurytemora affinis in mega-tidal estuaries: insights 

from high frequency sampling in the seine estuary. Journal of 

plankton research 12: 1329-1342 

Dini, M. L., Soranno, M., Scheurell, M. and Carpenter, S. R. 1993. Effects 

of predators and food supply on diel vertical migration of Daphnia. 

In Carpenter, S. R., and Kitchell, J. F. (eds), The Trophic Cascade in 

Lakes: pp. 153-171. Cambridge University Press, Cambridge, Great 

Britain 

Dodson, S. 1988. The ecological role of chemical stimuli for the 

zooplankton: Predator-avoidance behavior in Daphnia. Limnol. 

Oceanogr. 33: 1431-1439 

Dodson, S. 1990. Predicting diel vertical migration of zooplankton. Limnol. 

Oceanogr. 35: 1195-1200 

Eshenroder R.L. and Burnham-Curtis M.K. 1999. Species succession and 

sustainability of the Great lakes fish community. In Great Lakes 

Fisheries Policy and Management (Taylor, W.W. and Ferreri C.P., 

eds), pp. 145-184. East Lansing, MI: Michigan State University 

Press 



 21 

Fickling, N. J.  and Lee R. L. G. 1983. A Review of the Ecological Impact of 

the Introduction of the Zander (Stizostedion lucioperca L.) into 

Waters of the Eurasian Mainland. Fish. Mgmt. 3: 151-155 

Fiksen, Ø. 1997. Allocation patterns and diel vertical migration: modelling 

the optimal Daphnia. Ecology 78: 1446-1456 

Fiksen, Ø. and Giske, J. 1995.Vertical distribution and population dynamics 

of copepods by dynamic optimization. ICES J. Mar. Sci. 52: 483-

503  

Fiksen, Ø., Eliassen, S. and Titelman, J. 2005. Multiple predators in the 

pelagic; modeling behavioural cascades. J. Animal Ecology. 74:3: 

423-429 

Swedish Board of Fisheries. 2001. Utsättning och spridningav fisk Strategi 

och bakgrund. Finfo (Fiskeriverket informerar) 2001:8. Eds. 

Sparrevik, E., Fiskeriverket, Avdelningen för kust- och 

sötvattensresurser (in swedish) 

Frost, B. W. and Bollens, S. M. 1992. Variability of diel vertical migration 

in the marine planktonic copepod Pseudocalanus newmani in 

relation to its predators. Can. J. Fish. Aquat. Sci. 49: 1137-1141 

Gliwicz, M. Z. 1986. Predation and the evolution of vertical migration in 

zooplankton. Nature 320: 746-748 

Gorokhova, E. 1998. Zooplankton spatial distribution and potential predation 

by invertebrate zooplanktivores. In Second BASYS Annual Science 

Conference, 23-25.09.1998, Stockholm, Sweden. Paper Abstracts: 

7. http: //www.iowarnemuende.de/public /bio/basys/con2/ con2pap. 

html SP2–4 

Gorokhova, E., Aladin, N. and Dumont, H. 2000. Further expansion of the 

genus Cercopagis (Crustacea, Branchiopoda, Onychopoda) in the 

Baltic Sea, with notes on the taxa present and their ecology. 

Hydrobiologia 429: 207-218  

Gorokhova, E., Fagerberg, T. and Hansson, S. 2004. Predation by herring 

(Clupea harengus) and sprat (Sprattus sprattus) on Cercopagis 

pengoi in a western Baltic Sea bay. ICES Journal of Marine Science 

61: 959-965 



 22 

Gorokhova E., Hansson S., Höglander H. and Andersen C. M. 2005. Stable 

isotopes show food web changes after invasion by the predatory 

cladoceran Cercopagis pengoi in a Baltic Sea bay. Oecologia 143: 

251-259 

Hajdu, S., Höglander, H. and Larsson, U. 2007. Phytoplankton vertical 

distributions and composition in Baltic Sea cyanobacterial blooms. 

Harmful Algae 6: 189-205 

Han, B. P. and Straškraba, M. 1998. Modeling patterns of zooplankton diel 

vertical migration. J. Plankton Res. 8: 1463-1487 

Han, B. P. and Straškraba, M. 2001. Control mechanisms of diel vertical 

migration: theoretical assumptions, J. Theor. Biol. 210: 305-318 

Haney, J. F. 1988. Diel patterns of zooplankton behavior. Bul. Mar. Sci. 3: 

583-603 

Haney, J. F. 1993. Environmental control of diel vertical migration behavior. 

Arch Hydrobiol Beih Limnol 39: 1–17 

Hansen, F. C., Möllmann, C., Schütz, U. and Neumann. T., 2006. Spatio-

temporal distribution and production of calanoid copepods in the 

central Baltic sea. Journal of plankton research 1: 39-54 

Hansson, L-A., Becares, B., Fernández-Aláez, M., Fernández-Aláez, C., 

Kairelsalo, T., Miracle, M. R., Romo, S., Stephen, D., Vakkilainen, 

K., van de Bund, W., van Donk, E., Balayla, D. and Moss, B. 2007. 

Relaxed circadian rhythm in zooplankton along a latitudal gradient. 

Oikos. 116: 585-591  

Hansson, S., Arrhenius, F. and Nellbring, S. 1997. Benefits from fish 

stocking – experiences from stocking young-of-the-year pikeperch, 

Stizostedion lucioperca L. to a bay in the Baltic Sea. Fish. Res. 32: 

123-132 

Hays, G. C. 1995. Ontogenetic and seasonal variation in diel vertical 

migrationof the copepods Metridia lucens and Metridia longa. 

Limnol. Oceangr. 40: 1461-1465 

Hays, G. C. 2003. A review of the adaptive significance and ecosystem 

consequences of zooplankton diel vertical migrations. Hydrobiol. 

503: 163-170 



 23 

Hays, G. C., Kennedy, H. and Frost, B. W. 2001. Individual variability in 

diel vertical migration of a marine copepod: why some individuals 

remain at depth when others migrate. Limnology and Oceanography 

8: 2050-2054 

Hays, G. C., Proctor, C. A., John, A. W. G. and Warner, A. J. 1994. 

Interspecific differences in the diel vertical migration of marine 

copepods: the implications of size, colour, and morphology. 

Limnology and Oceanography 39: 1621-1629  

Hayward, T. L. 1981. Mating and the depth distribution of an oceanic 

copepod. Limnology and Oceanography 2: 374-377 

Herman, A. W. 1992. Design and calibration of a new optical plankton 

counter capable of sizing small zooplankton. Deep-Sea Res 39(3/4): 

395-415 

Herman, A. W., Beanlands, B. and Phillips, E. F. 2004. The next generation 

of Optical Plankton Counter: the Laser-OPC. J Plankton Res 19: 

1135-1145 

Hernroth, H. and Ackefors, H. 1977. The zooplankton of the Baltic proper: 

A longterm investigation of the fauna, its biology and ecology. 

Institute of Marine Research, Lysekil, Sweden 

Horppila, J. 1997. Diurnal changes in the vertical distribution of cladocerans 

in a biomanipulated lake. Hydrobiologia. 2-3: 215-220  

Huntley, M. and Brooks, E. R. 1982. Effects of age and food availability on 

diel vertical migration of Calanus pacificus. Mar. Biol. 71: 23-31  

Hutchinson, G. E. 1967. A treatise on limnology, v. 2. Wiley. 1115 p. 

Iwasa, Y. 1982. Vertical migration of zooplankton: A game between 

predator and prey. Am. Nat. 120: 171-180 

Jarnagin, T, S., Kerfoot, C. W. and Swan, B. K. 2004. Life Cycles: Direct 

Documentation of Pelagic Births and Deaths Relative to Diapausing 

Egg Production. Limnology and Oceanography, 4:1317-1332. Part 

2; Planktonic Biodiversity: Scaling up and down  

Jersabek, C. D., Luger, M. S., Schabetsberger, R., Grill S. and Strickler, J. R. 

2007. Hang on or run? Copepod mating versus predation risk in 

contrasting environments. Oecologia 153: 761–773 



 24 

Johnsen, G. H. and Jakobsen, P. J. 1987. The effect of food limitation on 

vertical migration in Daphnia longispina. Limnology and 

Oceanography 32: 875-880  

Johnson, B. M. and Marenau, T. L. 1993. Growth and Size-Selective 

Mortality of Stocked Muskellunge: Effects on Size Distributions. N. 

Amer. J. Fish. Man. 13: 625-629 

Kahilainen, K. K., Malinen, T. and Lehtonen, H. 2009. Polar light regime 

and piscivory govern diel vertical migrations of zooplanktivorous 

fish and zooplankton in a subarctic lake. Ecology of freshwater fish. 

18: 481-490  

Katona, S. K. 1973. Evidence for sex pheromones in planktonic copepods. 

Limnology and Oceanography 18: 574–583 

Katona, S. K. 1975. Copulation in the Copepod Eurytemora affinis (Poppe, 

1880). Crustaceana 1: 89-95 

Kelly, J. L., Magurran, A. E. and Macías-Garcia, C. 2005. The influence of 

rearing experience on the behaviour of an endangered Mexican fish, 

Skiffia multipunctata. Biol. Conserv. 122: 223-230 

Kerfoot, W. C. 1985. Adaptive value of vertical migration: comments on the 

predation hypothesis and some alternatives. In Migration: 

Mechanisms and Adaptive Significance (ed. M.A. Rankin), pp. 91-

113. Contributions in Marine Science 27, University of Texas, Port 

Aransas 

Kishlinger, R. L. and Newitt, G. A. 2006. Early rearing environment impacts 

cerebellar growth in juvenile salmon. J. Exp. Biol. 209: 504-509 

Kiørboe, T. 2007. Mate finding, mating, and population dynamics in a 

planktonic copepod Oithona davisae: There are too few males. 

Limnology and Oceanography 4: 1511-1522 

Kotta, J., Kotta, I., Simm, M., Lankov, A., Lauringson, V., Pollumae, A. and 

Ojaveer, H. 2006. Ecological consequences of biological invasions: 

three invertebrate case studies in the north-eastern Baltic Sea. 

Helgoland Marine Research 60: 106-112 

Kremer, P. and Kremer, J. N. 1988. Energetic and behavioral implications of 

pulsed food availability for zooplankton. Bul. Mar. Sci. 43: 797-809 



 25 

Krylov, P. I., Bychenkov, D. E., Panov, V. E., Rodionova, N. V. and Telesh, 

I. V. 1999. Distribution and seasonal dynamics of the Ponto-Caspian 

invader Cercopagis pengoi (Crustacea, Cladocera) in the Neva 

Estuary (Gulf of Finland). Hydrobiologia 393: 227-232 

Lampert, W. 1989. The adaptive significance of diel vertical migration of 

zooplankton. Bri. Ecol. Soc. 1: 21-27 

Lampert, W. 2001. Survival in a varying environment: phenotypic and 

genotypic responses in Daphnia populations. Limnetica. 1: 3-14 

Lampert, W. 1993. Ultimate causes of diel vertical migration of 

zooplankton: New evidence fro the predator avoidance hypothesis. 

Arch. Hydrobiol. Beih. Ergebn. Limnol. 39: 79-88 

Laxson, C. L., McPhedran, K. N., Makarewicz, J. C., Telesh, I. V. and 

Macisaac, H. J. 2003. Effects of the non-indigenous cladoceran 

Cercopagis pengoi on the lower food web of Lake Ontario. 

Freshwater Biology 48: 2094-2106 

Lehtiniemi, M. and Gorokhova, E. (2008) Predation of the introduced 

cladoceran Cercopagis pengoi on the native copepod Eurytemora 

affinis in the northern Baltic Sea. Mar. Ecol. Prog. Ser. 362, 193-

200 

Lehtiniemi, M. and Lindén, E. 2006. Cercopagis pengoi and Mysis spp. alter 

their feeding rate and prey selection under predation risk of herring 

(Clupea harengus membras). Marine Biology 4: 1432-1793 

Leppäkoski, E. and Olenin, S. 2000. Non-native Species and Rates of 

Spread: Lessons from the Brackish Baltic Sea. Biological Invasions 

2: 151-163 

Loose, C. J. 1993. Lack of endogenous rhythmicity in Daphnia diel vertical 

migration. Limnology and Oceanography 38: 1837-1841 

Loose, C. J. and Dawidowicz, C. 1994. Trade-offs in diel vertical migration 

by zooplankton: the costs of predator avoidance. Ecology 75: 2255-

2263 

Lougee, L. A., Bollens, S. M. and Avent, S. R. 2002. The effects of 

haloclines on the vertical distribution and migration of zooplankton. 

Journal of Experimental Marine Biology and Ecology, 278(2): 111-

134  



 26 

Maier, G., Berger, I., Burghard, W. and Nassal, B. 2000. Is mating 

associated with increased risk of predation? J. Plankton Res. 10: 

1977-1987 

Mauchline, J. 1998. The biology of calanoid copepods. Adv. Mar. Biol. 33: 

1-710  

Maynard, D. J., Tezak, E. P., Berejikian, B. A. and Flagg, T. A. 1996. The 

effect of feeding spring Chinook salmon a live food supplemented 

diet during acclimation, 1995. In:  Maynard, Desmond, Thomas 

Flagg, Conrad Mahnken, Barry Berejikian, Gail McDowell, E. 

Tezak, Michael Kellett, W. McAuley, Michael Crewson, Steven 

Schroder, Curt Knudsen, Bori Olla, Michael Davis, Clifford Ryer, 

Brian Hickson, Dave Leith, “Development of a Natural Rearing 

System to Improve Supplemental Fish Quality”, 1991-1995 

Progress Report, Project No. 199105500, 233 electronic pages, 

(BPA Report DOE/BP-20651-1), Bonville Power Administration, 

Portland OR, pp. 98-112 

McLaren, I. A. 1963. Effect of temperature on growth of zooplankton and 

the adaptive value of vertical migration. Journal of the Fisheries 

Research Board of Canada 20: 685-727 

Mehner, T. H. and Heerkloss R. 1994. Direct estimation of food 

consumption of juvenile fish in a shallow inlet of the southern 

Baltic. – Internationale Revue der gesamten Hydrobiologie 79: 295-

304 

Miller C. M., Johnson J. K. and Heinle D. R. 1977. Growth rules in the 

marine copepod genus Acartia. Limnology and Oceanography 2: 

326-335 

Neill, W. E. 1990. Induced vertical migration in copepods as a defence 

against invertebrate predation. Nature 345: 524-526 

Niermann, U. 2004. Mnemiopsis leidyi: distribution and effect on the Black 

Sea ecosystem during the first years of invasion in comparison with 

other gelatinous blooms, pp. 3-31 in Aquatic Invasions in the Black, 

Caspian, and Mediterranean Seas, H. Dumont, T. Shiganova and U. 

Niermann (ed.). Kluwer Academic Publishers, Dordrecht, The 

Netherlands 



 27 

Noonburg, E. G. and Byers J. E. 2005. More harm than good: When invader 

vulnerability to predators enhances impact on native species. 

Ecology 86: 2555-2560 

Occhipinti-Ambrogi, A. and Savini, D. 2003. Biological invasions as a 

component of global change in stressed marine ecosystems. Marine 

pollution bulletin 46: 542-551 

Ohman, M. D. 1990. The Demographic Benefits of Diel Vertical Migration 

by Zooplankton. Ecological Monographs 3: 257-281 

Ohman, M. D., Frost, B. W. and Cohen, E. B. 1983. Reverse diel vertical 

migration: an escape from invertebrate predators. Science 220: 

1404-1407 

Ojaveer, H. and Kotta, J. [eds.] 2006. Alien invasive species in the north-

eastern Baltic Sea: population dynamics and ecological impacts. 

Estonian Marine Institute Report Series, Tallinn 14: 1-66 

Ojaveer H., Simm M. and Lankov A. 2004. Population dynamics and 

ecological impact of the non-indigenous Cercopagis pengoi in the 

Gulf of Riga (Baltic Sea). Hydrobiologia 522: 261-269 

Ojaveer, H., Simm, M., Lankov, A. and Lumberg, A. 2000. Consequences of 

invasion of a predatory cladoceran. ICES C.M. 2000/U:16, 14pp. 

Ojaveer, H. and Lumberg, A. 1995. On the role of Cercopagis (Cercopagis) 

pengoi (Ostroumov) in Pa¨rnu Bay and the NE part of the Gulf of 

Riga ecosystem. Proceedings of the Estonian Academy of Sciences, 

Ecology 5: 20–25 

Olla, B. L., Davis, M. W. and Ryer, C. H. 1998. Understanding how the 

hatchery environment represses or promotes the development of 

behavioural survival skills. Bul. Mar. Sci. 62: 531-550 

Orcutt, J. D. Jr. and Porter, K. G. 1983. Diel migration by zooplankton: 

constant and fluctuating temperature effects on life history 

parameters of Daphnia. Limnology and Oceanography 28: 720-730 

Osgood, K. E. and Frost, B. W. 1994. Comparative life histories of three 

calanoid copepods in Dabob Bay, Washington. Mar. Biol. 118: 627-

636 



 28 

Panov, V. E., Krylov, P. I. and Telesh, I. V. 1999. The St. Petersburg 

harbour profile. In: Gollasch S and Leppäkoski E (eds) Initial risk 

assessment of alien species in Nordic coastal waters, pp 225-244. 

Nordic Council of Ministers, Nord 8, Copenhagen  

Pauly, D., Graham, W., Libralato, S., Morissette, L. and Palomares, M. L. D. 

2009. Jellyfish in ecosystems, online databases, and ecosystem 

models. Hydrobiologia 616: 67-85 

Pearre, S. Jr. 2003. Eat and run? The hunger/satiation hypothesis in vertical 

migration: history, evidence and consequences. Biol. Rev. 78: 1-79 

Peterson, B.J. and Fry, B. 1987. Stable isotopes in ecosystem studies. Annu. 

Rev. Ecol. Syst. 18: 293–320 

Phillips, D. L., Newsome, S.D. and Gregg, J.W. 2003. Source partitioning 

using stable isotopes:coping with too many sources. Oecologia 136: 

261-269 

Phillips, D. L., Newsome S. D. and Gregg J. W. 2005. Combining sources in 

stable isotope mixing models: alternative methods. Oecologia 144: 

520-527 

Post, D. M. 2002. Using Stable Isotopes to Estimate Trophic Position: 

Models, Methods, and Assumptions. Ecology 83: 703-718  

Purcell, J. E., Uye S. and Lo, W. T. 2007. Anthropogenic causes of jellyfish 

blooms and their direct consequences for humans: a review. Marine 

Ecology Progress Series 350: 153-174 

Renz, J. and Hirche, H-J. 2006. Life cycle of Pseudocalanus acuspes 

Giesbrecht (Copepoda, Calanoida) in the Central Baltic Sea: I. 

Seasonal and spatial distribution. Marine Biology 148: 567-580 

Ricklefs, R. E. 2007. The economy of nature: fifth edition. W.H. Freeman 

and company, New York, USA.  pp.172 

Ringelberg, J. 1999. The photobehaviour of Daphnia spp. As a model to 

explain diel vertical migration in zooplankton. Biol. Rev. 74: 397-

423 

Ringelberg, J. 2010. Diel migration of zooplankton in lakes and oceans; 

Causes explanations and adaptive significance. Springer, London, 

UK   



 29 

Ringelberg, J. and Gool, E. V. 2003. On the combined analysis of proximate 

and ultimate aspects in diel vertical migration (DVM) research. 

Hydrobiologia 491: 85-90 

Ringelberg, J., Flik, B. L. G., Lindenaar, D. and Royackers, K. 1991. Diel 

vertical migration of Daphnia hyalina (sensu latiori) in Lake 

Maarsseveen: part: 1. Aspects of seasonal and daily timing. Arch. 

Hydrobiologia 121: 129-145 

Rivier, I. K. 1998. The predatory Cladocera (Onychopoda: Podonidae, 

Polyphemidae, Cercopagidae) and Leptodorida of the World. 

Guides to the Identification of the Micro-Invertebrates of the 

Continental Waters of the World, Backhuys Publishing, Leiden 13: 

1-213 

Romare, P. and Hannson, L-A. 2003. A Behavioral cascade: Top-predator 

induced behavioral shifts in planktivorous fish and zooplankton. 

Limnol. Oceanogr. 48: 156-1964 

Rudstam, L.G., Hansson, S., Johansson, S. and Larsson, U. 1992. Dynamics 

of planktivory in a coastal area of the northern Baltic Sea. Marine 

Ecology Progress Series 80: 159-173 

Sameoto, D. D. 1984. Environmental factors influencing diurnal distribution 

of zooplankton and ichthyoplankton. J. Plankton Res. 6:767–792 

Schulz, J., Möllman, C. and Hirche, H-J. 2007. Vertical zonation of the 

zooplankton community in the Central Baltic Sea in relation to 

hydrograhic stratification as revealed by multivariate discriminant 

function and canonical analysis. Journal of marine systems 67: 47-

58 

Spence, R., Magurran, A. E. and Smith, C. 2011. Spatial cognition in 

zebrafish: the role of strain and rearing environment. Anim. Cogn. 

14: 607-612 

Stearns, D. E. and Forward, R. B. 1984. Copepod photobehaviour in a 

simulated natural light environment and its relation to nocturnal 

vertical migration. Mar. Biol. 82: 91-100 

Stich, H.B. and Lampert, W. 1984. Growth and reproduction of migrating 

and non –migrating Daphnia species under simulated food and 

temperature conditions of diurnal vertical migration. Oecologica 61: 

192-196 



 30 

Tessier, A. J. and Consolatti, L. N. 1991. Resource quantity and offspring 

quality in Daphnia. Ecology 72: 468-478 

Therriault, T. W., Grigorovich, I.A., Kane, D. D., Haas, E. M., Culver, D. A. 

and MacIsaac, H. J. 2002. Range expansion of the exotic 

zooplankter Cercopagis pengoi (Ostroumov) into western Lake Erie 

and Muskegon Lake. Journal of Great Lakes Research 28: 698-701 

Titelman, J., Varpe, Ø, Eliassen, S. and Fiksen, Ø. 2007. Copepod mating: 

chance or choice? J. Plankton Res. 12: 1023-1030 

Uitto A., Gorokhova E. and Välipakka P. 1999. Distribution of the non-

indigenous Cercopagis pengoi in the coastal waters of the eastern 

Gulf of Finland. ICES J. Mar. Sci. 56: 49-57 

Vanderploeg, H.A., Nalepa, T.F., Jude, D.J., Mills, E.L., Holeck, K.T., 

Liebig, J.R., Grigorvich, I.A. and Ojaveer, H. 2002. Dispersal and 

emerging ecological impacts of Ponto-Caspian species in the 

Laurentian Great Lakes. Can. J. Fish Aquat. Sci. 59: 1209-1228 

Weisman, A. 1887. Das Tierleben im Bodensee. Schr. Ver. Gesch. Bodensee 

Umgebung 7: l-31 

Welcomme, R. L. 1988. International introductions of inland aquatic species. 

FAO Fish. Tech. Pap. 294. 318 pp. 

Wright, D., O’Brien, W. J. and Vinyard, G. L. 1980. Adaptive value of 

vertical migration: a simulation model argument for the predation 

hypothesis. In: W. C. Kerfoot (ed.) Evolution and ecology of 

zooplankton communities. University press of New England, 

Hanover, N.H., USA, pp. 138-147 

Vuorinen, I. 1987. Vertical migration of eurytemora (crustacea, copepoda) – 

a compromise between the risks of predation and fecundity. J. 

Plankton Res. 6: 1037-1046 

Zanden, M. J. V. and Rasmussen, J. B. 2001. Variation in δ15N and δ13C 

trophic fractionation: implications for aquatic food web studies. 

Limnology and Oceanography 8: 2061–2066   

Zaret, T. M. and Suffern, J. S. 1976. Vertical migration in zooplankton as a 

predator avoidance mechanism. Limnology and Oceanography 21: 

804-813 



 31 

Zaret, T. M. 1972. Predators, Invisible Prey, and the Nature of 

Polymorphism in the Cladocera (Class Crustacea). Limnology and 

Oceanography 2: 171-184 

Internet: 

 http://fishbase.org/summary/Sander-lucioperca.html 

 http://www.helcom.fi/environment2/biodiv/alien/en_GB/alienspecies/ 

 


