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ABSTRACT

The U-Tow, a new instrument designed to sample zooplankton over large distances, was 
used to study factors affecting zooplankton community structure over large spatial scales. 
Zooplankton were collected from Swansea Bay, the North Sea, Irish Sea, and NE 
Atlantic.

The performance of the U-Tow was compared to that of the traditional WP2 net. 
The U-Tow significantly underestimated species abundance, but gave a good 
representation of species composition and size structure. It is recommended that the U- 
Tow be used as a tool to identify areas of change in plankton communities.

Size-fractionated biomass and abundance, as a measure of zooplankton size 
structure, were investigated using field collected data, theoretical models, and published 
data. The results show that the two methods often lead to different conclusions, and that 
size-fractionated abundance is generally more sensitive.

Cladoceran and copepod biomass were positively correlated with salinity in the 
Baltic, and there were changes in species composition with the salinity gradient. There 
were no changes in zooplankton size or diversity. NE Atlantic zooplankton were 
distinguished into communities from the Porcupine Bank, deep water, Celtic Shelf, Bay 
of Biscay and English Channel. Oithona spp. and Para/Pseudocalanus spp. were the 
dominant taxa. The relative biomass of Calanus was small but became more important 
over the continental shelf. Irish Sea zooplankton were distinguished into communities 
from the Welsh coast, central mixed region, summer stratified region, and Irish coast. A 
month later, the patterns were similar although Welsh coast zooplankton were not 
separate from central mixed region zooplankton.

All zooplankton samples were investigated to identify any evidence of ‘top-down’ 
control on zooplankton size structure. There were significant decreases in zooplankton 
size with an increase in a number of fish predation indices. The amount of variation in 
zooplankton size explained was relatively small indicating that other factors are involved, 
although there was no relationship with temperature.



SUMMARY

This thesis takes the form of seven discrete chapters that are written in the style of 

manuscripts, and so appear as independent units. It is hoped that individual chapters will 

form the basis of manuscripts that will be published. The result of this style is that there 

is, inevitably, some repetition of literature and methodology between chapters.

One of the fundamental aims of biological oceanography is to assess the 

abundance, species composition and size distribution of mesozooplankton (Greene et al., 

1998a; Mitson et al., 1996; UNESCO, 1968). Traditionally, mesozooplankton have been 

sampled with simple ring nets that sample over very restricted spatial scales. This limits 

our ability to understand broad spatial patterns in the zooplankton community. 

Consequently, there is an urgent need for techniques that allow mesozooplankton to be 

sampled over extended spatial scales (10s or even 100s km) (Marine Zooplankton 

Colloquium, 1989).

To date the only system capable of such sampling is the Continuous Plankton 

Recorder (CPR), which is unable to sample physical parameters and is confined to 

sampling at one depth (Hays et a l , 1998). Due to these limitations in the performance of 

the CPR, a new vehicle, the U-Tow, has been designed in recent years (Hays et al.,

1998). The original version of the U-Tow was designed and built by Valeport Limited 

(Dartmouth, Devon) in collaboration with the Sir Alister Hardy Foundation for Ocean 

Science (SAHFOS) in 1994. It is fitted with a Plankton Sampling Mechanism (PSM) 

which is based on the mechanisms used in the CPR and Longhurst Hardy Plankton 

Recorder (LHPR) (Hays et a l, 1998), and a Conductivity Temperature Depth sensor



(CTD). It can also be configured to carry additional sensors, and fitted with a servo 

control module, to actively control depth, so that an undulating depth profile can be 

achieved. This design has since been modified by W.S. Ocean Systems Limited (Alton, 

Hants.) to have improved undulating capabilities and an increased potential payload 

(Mills etal., 1998).

The aim of this thesis is to investigate some of the factors affecting zooplankton 

community structure over large spatial scales using the U-Tow. Sampling took place 

over a range of marine systems and, therefore, individual chapters are concerned with 

factors within these systems. Chapter 1 is a literature review of the types of factors that 

can affect zooplankton abundance, species composition on horizontal and vertical scales, 

and body size within species and of the community as a whole.

The performance of any new piece of equipment must be investigated before use 

so that results can be reliably compared with other studies, and so that temporal and 

spatial variation in the plankton can be distinguished from variation in sampler 

performances (Aron et a l, 1965). Therefore, chapter 2 is a comparison between the 

sampling performance of the U-Tow and the traditionally used WP2 net. The results 

show that the U-Tow significantly underestimates species abundance, but gives a very 

good representation of species composition and community size structure. It is, therefore, 

recommended that the U-Tow, in its current configuration, be used as a tool to identify 

areas of change in plankton communities.

One of the fundamental aims of this thesis was to incorporate a chapter 

investigating evidence of ‘top-down’ control on zooplankton community size structure. 

Therefore, it was important to investigate whether the method chosen to represent the size



structure would affect the conclusions reached. Chapter 3 compares the use of size- 

fractionated biomass and abundance using field collected data, theoretical models of 

different sampling scenarios, and published data. The results of this study show that the 

two methods often lead to different conclusions and that, in general, the use of size- 

fractionated abundance will yield a more sensitive and less variable measure.

Much of the sampling for this thesis comes from U-Tow trial cruises in the North 

Sea and Irish Sea, and local sampling in Swansea Bay. However, opportunities also arose 

to join the BASIC cruise in the Baltic Sea and the SEAMAR cruise in the North East 

Atlantic and Bay of Biscay. The Baltic Sea presented the ideal situation for studying the 

effects of a known salinity gradient on the zooplankton, and chapter 4 deals with this 

subject. Previous studies have noted changes in mesozooplankton biomass associated 

with salinity (Flinkman et al., 1998; Viitasalo et a l , 1995a), a decrease in the biomass 

ratio of copepods to cladocerans with salinity (Vuorinen et a l , 1998), and changes in 

species composition associated with changes in salinity (Laprise and Dodson, 1994; 

Lopes, 1994; Soetaert and Van Rijswijk, 1993). The only changes in zooplankton size 

seen in this study seem to be associated with DVM behaviour of the animals, and not the 

salinity gradient in the Baltic Sea. Total cladoceran and copepod biomass were positively 

correlated with salinity in the range sampled. By combining this result with previous 

studies in a lower salinity range (Viitasalo et a l , 1995a), it appears that salinity and 

zooplankton biomass are not related in a simple monotonic manner. The decrease in 

biomass ratio of copepods to cladocerans with salinity was found in samples with salinity 

less than 7.06%o due to the decrease in neritic copepod taxa. There were no changes in



diversity associated with salinity, however significant changes in the patterns of species 

composition were found.

Chapter 5 deals with the spatial patterns and importance of different copepod taxa 

in the North East Atlantic. Calanus spp. are often cited as being the most abundant, and 

therefore most important, copepod in the North Sea and North Atlantic (Fiksen and 

Carlotti, 1998; Gislason and Assthorsson, 1995; Hansen et al., 2000; Irigoien et a l , 1998; 

Meise and O’Reilly, 1996; Morales et a l , 1993; Parsons and Lalli, 1988; Planque and 

Batten, 2000; Planque and Fromentin, 1996; Steele, 1974; Tande, 1982; Tande and 

Miller, 2000; Williams, 1985). However, in this study the relative biomass of Calanus 

was small overall but became more important over the continental shelf, especially at the 

edge of the shelf. The most important taxa, both by number and by biomass, were 

generally Oithona spp. and Para/Pseudocalanus spp. Zooplankton communities were 

distinguished into those from the Porcupine Bank, NE Atlantic deep water, Celtic Shelf, 

Bay of Biscay and English Channel.

Chapter 6 looks at spatial patterns in Irish Sea zooplankton in relation to a tidal 

mixing front that forms seasonally (Allen et a l , 1998; Gowen et a l , 1997; Hill et a l , 

1997; Horsburgh et a l , 2000). In June, zooplankton communities were distinguished into 

those from the Welsh coast, the central mixed region, the summer stratified region, and 

the Irish Sea coast. In July, the patterns were similar although the groups tended to 

stretch further east, and the Welsh coast zooplankton were not separate from those in the 

central mixed region. No obvious size differences associated with the community 

changes were found.



The final chapter incorporates the data from all areas to investigate evidence of 

‘top-down’ control on zooplankton community size over much wider scales. In 1965, 

Brooks and Dodson (1965) put forward the size-efficiency hypothesis, from work in 

freshwater systems, which deals with the effects of size-selective predation. However, 

there has been relatively little work done in marine systems. This study found significant 

decreases in zooplankton size as the relative density of planktivorous fish biomass 

increased. The amount of variation in zooplankton size explained was relatively small 

indicating that other factors are involved. It is likely that, in such large and complex 

ecosystems as these, environmental factors play a large role although no significant 

relationship between zooplankton size and temperature was found.



CHAPTER 1

Zooplankton Community Structure: 

spatial patterns in abundance, species composition 

and size structure

1



Introduction

The marine zooplankton are one of the most diverse assemblages of animals known to 

man. Although the holoplankton only constitutes about 1% of all marine animal species, 

it is estimated that about 80% of all marine invertebrates have planktonic larval stages 

(Hallfors et al., 1981; Wyatt, 1976). In addition, most marine invertebrates depend on 

zooplankton as a source of food at some stage. Therefore, zooplankton play a vital role 

in marine ecosystems (Savidge and Williams, 2001) and changes in the zooplankton 

biomass and community structure can have widespread effects on the marine ecosystem 

(Conversi and Hameed, 1998; Skjoldal et al., 2000).

One of the most vital roles played by zooplankton in the functioning of marine 

ecosystems is the link they form in pelagic food webs, between producers and secondary 

consumers (Gislason and Assthorsson, 1995; Kane, 1993; Steele, 1974; Williams and 

Conway, 1984). The zooplankton, therefore, determine the amount of primary 

production that is converted to a form accessible to top predators (Ikeda, 1985; Lenz, 

2000; Ojaveer et al., 1998). This in turn can have major implications in determining the 

strength and distribution of fish stocks (Cushing, 1975; Rothschild, 1998). The amount 

of zooplankton available as food to fish larvae, especially in the first few weeks of their 

life, is believed to determine survival of larvae and hence the strength of the fish year 

class. Zooplankton are also important in regenerating nutrients through excretion (Ikeda, 

1985; Zhang et al., 1995), and therefore contribute towards determining the rate of 

production by autotrophic and heterotrophic plankton (Banse, 1995), and in the 

transportation of nutrients from the surface to the deeper layers of the sea through Diel
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Vertical Migration (DVM) (Al-Mutairi and Landry, 2001; Dam et al., 1993; Hays et al., 

1997a; Hemandez-Leon et al., 2001; Madin et al., 2001; Morales et al., 1993; Steinberg 

et al., 2001; Zhang and Dam, 1997).

Copepod assemblages are generally the most abundant component of 

mesozooplankton (Morales et a l, 1993) and, therefore, dominate the biomass of pelagic 

grazers having important impacts on the phytoplankton (Morales et al., 1993; Tiselius, 

1988). In fact, several studies have shown that, at certain times of the year, the grazing 

impact of the copepod community can match or exceed daily primary production (Hansen 

et al., 2000; Weeks et al., 1993).

The size structure of zooplankton communities is also an important parameter 

since physiological rates of individual organisms are consistently related to body size 

(Blackburn et al., 1993; Cyr and Pace, 1993; Dickie et al., 1987) and it has been shown 

that, across a wide variety of ecological communities, values for rates of production, 

respiration, excretion and specific production show constant patterns of change with 

individual body mass (Cyr and Pace, 1992; Cyr and Pace, 1993; Dickie et al., 1987; Reid 

et al., 2000; Rodhouse et al., 1994). Therefore, organisms of different sizes will play 

different roles in biogeochemical cycling and trophic interactions. For example, small 

zooplankters graze more per unit biomass than larger organisms (Dam et al., 1993; Peters 

and Downing, 1984). Furthermore, the magnitude of nutrient regeneration and transport 

will be related to the size structure, taxonomic composition and metabolic rates of the 

zooplankton community (Le Borgne and Rodier, 1997; Pace, 1984). This suggests that 

ecological rates should also be related to the size structure of organisms in communities. 

Indeed, it has recently become common for ecosystem ecologists, especially in aquatic

3



systems, to determine energy flow within communities from the broad size distributions 

of organisms, often with no reference to taxonomy or trophic level (Ahrens and Peters, 

1991; Alvarez-Cobelas and Rojo, 2000; Boudreau and Dickie, 1992; Cyr and Pace, 1993; 

Cyr and Peters, 1996; Dickie et al., 1987; Echevarria et al., 1990; Gin et al., 1999; Heath, 

1995; Kerr, 1974; Kobayashi et al., 1998; Pace, 1984; Platt and Denman, 1977; Platt and 

Denman, 1978; Rodhouse et al., 1994; Rodriguez et al., 1990; Rodriguez and Mullin, 

1986; Rolff, 2000; Sheldon et al., 1977; Sprules et al., 1991; Sprules and Goyke, 1994; 

Sprules and Munawar, 1986; Sprules and Stockwell, 1995; Thiebaux, 1993; Tittel et al., 

1998; Witek and Krajewska-Soltys, 1989; Zhou and Huntley, 1997).

To be able to interpret changes in the zooplankton community and understand 

oceanic fluxes, it is essential to understand the mechanisms affecting these changes and 

to determine the type of control exerted over different temporal and spatial scales (Dufour 

and Torreton, 1996). Major factors driving variation in the zooplankton community will 

be changes in the physical environment, such as temperature and salinity (Hemroth,

1981), and oceanographic processes that influence phytoplankton production by 

controlling light and nutrients (Richardson and Pedersen, 1998). The relative importance 

of abiotic and biotic factors in regulating the zooplankton communities has been widely 

debated (Carpenter et al., 1987; McQueen et al., 1986). ‘Bottom-up’ models suggest that 

nutrient availability determines the biomass and productivity of an ecosystem, whereas 

‘top-down’ or ‘cascading trophic interaction’ models emphasise the effect of predators on 

lower trophic levels (Carpenter et al., 1987; Currie et al., 1999). It is likely that, in 

nature, both ‘bottom-up’ and ‘top-down’ controls will operate in varying magnitudes in 

different temporal and spatial scales (McQueen et al., 1986; Reid et al., 2000).

4



Zooplankton abundance

One of the most obvious factors affecting the abundance of individual species seen when 

sampling zooplankton is the seasonal cycle of the species. Most herbivorous 

zooplankters have highly pronounced seasonal cycles of high and low abundance, which 

are closely related to the seasonal cycle of phytoplankton (Durbin et a l , 1995; Fransz et 

a l, 1991; Gowen et a l, 1998a; Irigoien, 1999; Lignell et a l, 1993; Madin et a l, 2001; 

Planque and Fromentin, 1996; Rodriguez et a l, 2000; Steinberg et a l, 2001; Villate, 

1991) and water temperature (Durbin et a l, 2000; Lopes, 1994), but can differ even in 

closely related species. For example, in the North East Atlantic Calanus finmarchicus 

shows a single peak in abundance from April to June and plateaus until September, 

whereas Calanus helgolandicus has a peak from May to June and a second, larger, peak 

from September to October (Planque and Fromentin, 1996).

The classic seasonal cycle for phytoplankton in temperate seas involves a major 

bloom in spring and a lesser bloom in autumn (Le Fevre, 1986). As the amount of light 

penetrating the water column decreases with depth, there is a critical depth at which 

photosynthesis can no longer exceed respiration and, therefore, phytoplankton growth can 

not take place. In winter, there is low light, resulting in a shallow critical depth, and high 

wind turbulence, which results in a deep mixed layer. During this period, there is little 

production so standing stocks are low and nutrient levels are high. With spring 

conditions, the light levels increase, which increases the critical depth, and wind mixing 

decreases, which stabilises the water column. At this time, the phytoplankton bloom is 

triggered, and lasts as long as the nutrients are not exhausted or grazing pressure is not
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too high. The autumn bloom is usually caused by the decrease in grazing pressure, due to 

increased predation on the herbivorous zooplankton, and an increase in vertical mixing, 

which introduces new sources of nutrients. In general, the zooplankton blooms follow 

phytoplankton blooms with a time lag, but the timing can vary spatially (Gaudy and 

Champalbert, 1998; Gislason and Assthorsson, 1995; Meise and O'Reilly, 1996; Planque 

and Batten, 2000; Planque et a l, 1997). For example, Meise and O’Reilly (1996) found 

that the magnitude and timing of the Calanus finmarchicus seasonal cycle varied within 

subareas of the Gulf of Maine-Georges Bank region.

The seasonal cycle is particularly noticeable in meroplanktonic species which are 

absent from the zooplankton during much of the year, but can appear in extremely high 

levels of abundance during the reproductive season of the adult animals. This 

reproductive season is often timed to coincide with phytoplankton blooms to facilitate 

higher recruitment (Hallfors et a l, 1981; Heath, 1995), termed the ‘match/mismatch’ 

hypothesis (Cushing, 1995a).

The second factor affecting the abundance of zooplankton species is the 

availability of food, and therefore productivity of the surrounding environment (Currie et 

a l, 1999; Hansson et a l, 1990; Schneider et a l, 1994; Vanni, 1987). For example, 

comparative studies have noted that primary productivity is three times higher in the Gulf 

of Aden than the Red Sea, and the difference in zooplankton biomass is of the same 

magnitude (Schneider et a l, 1994). In high food environments, the zooplankton species 

have increased growth and reproductive rates, thereby increasing the abundance relative 

to less productive areas (Currie et a l, 1999; Kiorboe et a l, 1985; Koski, 1999; Vanni, 

1987). For example, Beckmann et a l (1987) found higher phytoplankton biomass, and
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an associated higher zooplankton biomass, in a cyclonic cold-core eddy compared to 

surrounding water in the eastern North Atlantic.

Although seasonal cycles and food availability obviously affect zooplankton 

abundance, the underlying causes of these effects are changes in water properties, such as 

nutrients, turbidity, temperature and salinity. For example, the different seasonal cycles 

noted previously for Calanus finmarchicus and C. helgolandicus are attributed to their 

different temperature tolerances. C. finmarchicus prefers colder water and, therefore, has 

its major peak in spring when phytoplankton abundance is high but temperatures low. 

However, C. helgolandicus has its major peak during the autumn phytoplankton peak 

when temperatures are higher (Planque and Fromentin, 1996). Similarly, Halsband and 

Hirche (2001) concluded that copepod egg production was controlled by temperature, by 

its effect on body size, in the North Sea.

Within an area, changes in the water chemistry can cause large changes in 

productivity and therefore zooplankton abundance (Gowen et a l, 1995; Le Borgne and 

Rodier, 1997; Scrope-Howe and Jones, 1985). Roman et al. (1995) noted a drop in sea 

surface temperature, an increase in phytoplankton, and a lagged five-fold increase in 

zooplankton biomass associated with the passage of a tropical instability wave through 

their study area at the equator. Frontal systems, where different bodies of water meet, 

can cause an area with sharp horizontal gradients in water properties (e.g. temperature, 

salinity and turbidity). These areas often support enhanced production, and therefore 

high phytoplankton and zooplankton stocks (Clark et al., 2001a; Coyle et al., 1998; 

Fernandez et a l, 1993; Fransz and Gonzalez, 1997; Gaudy and Champalbert, 1998; Hays 

et a l, 2001; Le Fevre, 1986; Maranon and Fernandez, 1995; Munk, 1997; Pakhomov et
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al., 2000; Scrope-Howe and Jones, 1985). For example, Pakhomov et al. (2000), in a 

study of the Southern Ocean, found highest zooplankton densities at the Antarctic Polar 

Front and the Subtropical Convergence.

Areas of upwelling, where nutrient rich deep waters are drawn to the surface, are 

also associated with high levels of phytoplankton and zooplankton abundance (Botas et 

al., 1990; Dessier and Donguy, 1985; Paffenhofer, 1980; Smith et al., 1998; van 

Couwelaar, 1997; Verheye and Richardson, 1998). Paffenhofer (1980) describes the 

intrusion of deep nutrient rich water into Onslow Bay, causing increased phytoplankton 

growth and zooplankton biomass.

In coastal areas, there is often freshwater influence from rivers and run-off from 

the land. This can cause a decrease in salinity (Fransz et a l,  1991), but also an increase 

in nutrient input (Allen, 1997; Lenhart et a l, 1997; Patsch and Radach, 1997; Schulz et 

a l, 1991; Skogen and Moll, 2000; Smith Jr. and Demaster, 1996), and these areas can 

support high levels of zooplankton abundance (Dickey-Collas et al., 1996a; Gaudy and 

Champalbert, 1998; Gislason and Assthorsson, 1995; Huntley et al., 1995; Roman et a l, 

2000; Stelfox et a l, 1999). However, areas affected directly by river plumes can also 

have high turbidity, which can decrease phytoplankton growth by decreasing light 

penetration into the water column (Smith Jr. and Demaster, 1996; Soetaert and Van 

Rijswijk, 1993; Van den Berg et a l, 1996). Smith Jr. and Demaster (1996), whilst 

investigating the Amazon River plume, found maximum chlorophyll concentrations in 

the transition zone between turbid, high nutrient riverine waters and clear, low nutrient 

saline water. They concluded that the waters influenced by the Amazon plume were light 

limited inshore and nutrient limited offshore, de Lafontaine (1994) found that biomass



patterns were not related to water mass characteristics and freshwater runoff in the 

southern Gulf of St. Lawrence, but noted that there may have been changes in species 

composition. This was confirmed by Laprise and Dodson (1994), who found that 

zooplankton population centers were situated in the most abiotically stable regions.

The hydrodynamics of an area also play a role in determining local zooplankton 

abundance, e.g. eddies can retain animals in an area (Beckmann et a l , 1987; Hill et a l, 

1997; Huntley et a l,  1995; Mutlu, 2001; Pinca and Dallot, 1995). Pinca and Dallot 

(1995) found increased abundance of certain species in an anticyclonic eddy in the 

Ligurian sea, whilst Hill et a l (1997) describe the retention of Nephrops norvegicus 

larvae by a cyclonic gyre in the Irish Sea. Similarly, White et a l (1998) noted a dense 

dome of cold and comparatively nutrient rich water over the Porcupine Bank during 

spring and summer.

Recent studies have begun to correlate plankton and oceanographical variability 

with indices of climate variability (Aebischer et a l, 1990; Beaugrand et a l, 2000; 

Conversi and Hameed, 1998; Frid and Huliselan, 1996; Fromentin and Planque, 1996; 

George and Harris, 1985; Hanninen et a l, 2000; Planque and Taylor, 1998; Reid et a l, 

2001; Stephens et a l, 1998; Viitasalo et a l, 1995a; Villate et a l, 1997; White et a l,

1995). Planque and Taylor (1998) show a strong correlation of variation in plankton 

abundance in the North Atlantic with the position of the north wall of the Gulf Stream 

and the North Atlantic Oscillation (NAO). The changes in climate can produce changes 

in temperature, stratification levels, timing and intensity of spring phytoplankton blooms 

and the amount of advection into the North Sea. Stephens et al (1998) found that more 

than half the variance of Calanus finmarchicus abundance in the North Sea was
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accounted for by the winter inflow of Atlantic water, which in turn was related to the 

strength of the NAO. Similarly, climatic factors affect zooplankton biomass in the Baltic 

Sea through effects on hydrographic variables, such as river discharge (therefore salinity) 

and dominating wind directions (therefore temperature) (Viitasalo et al., 1995a). 

However, Beaugrand et a l (2000) found no such relationships for the Bay of Biscay, and 

concluded that the relationship between climate and plankton is difficult to generalise.

So far, all the factors considered are ‘bottom-up’ controls of zooplankton 

abundance. However, there has been recent debate as to the relative contributions of 

‘bottom-up’ and ‘top-down’ controls. Indeed, it has been shown that predation can have 

marked effects on zooplankton abundance (Arrhenius and Hansson, 1993; B&mstedt, 

1998; Bamstedt et a l , 1994; Durbin et a l , 2000; Hansson et al., 1990; Hutchings et a l, 

1995; Jeppesen et a l, 2000; Johansson and O'Gorman, 1991; Lazzaro et a l, 1992; 

Mollmann et a l, 2000; Nicholas and Frid, 1999; Ojaveer et a l, 1998; Reid et a l, 2000; 

Rudstam et a l, 1992; Scheffer et a l, 2000; Schneider and Behrends, 1998; Spencer et a l, 

1999; Vanni et a l, 1990; Verheye and Richardson, 1998; Villate, 1991; Wahlstrom and 

Westman, 1999; Williams and Collins, 1985). A model developed by Scheffer et al 

(2000), for freshwater systems, predicts that predator-prey oscillations will cause 

switches between overexploitation and underexploitation of zooplankton at a critical fish 

density. They conclude that in nature, as the zooplankton become food limited, fish 

predation will become a more important control on abundance. Vanni (1987) found that 

abundance of zooplankton was more affected by food availability than fish predation 

during field experiments in lakes. However, McQueen et a l (1986) hypothesise that:
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1. The maximum possible biomass at each trophic level is determined by ‘bottom-up’ 

controls.

2. ‘Bottom-up’ control is strongest at the base of the food web, and weakens with each 

step up, making the effects less predictable.

3. ‘Top-down’ control is strongest at the top of the food web, and weakens with each 

step down.

4. Variability in ‘bottom-up’ effects can usually be explained by ‘top-down’ effects.

5. The interplay between ‘top-down’ and ‘bottom-up’ effects depends on nutrient status; 

i.e. in low nutrient conditions, there will be little buffering of ‘top-down’ effects and 

vice versa.

It can be seen that a wide range of interrelated factors can affect zooplankton 

abundance. The response of a community will generally depend, not only on the direct 

effect of the variable, but the growth rate of the species and the effects on the interactions 

between species (Ives et al., 1999). The result of all these variables is to give 

zooplankton a very patchy distribution, on large scales as well as small scales (Currie et 

al., 1998; Greene et al., 1998b; Kidwai and Amjad, 2000; Piontkovski and Williams, 

1995; Stockwell and Sprules, 1995).

Horizontal distribution of zooplankton species

As well as high variability in zooplankton abundance, there are also spatial changes in the 

species composition of the zooplankton communities (Beaugrand et al., 2000; Duro and
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Saiz, 2000; Gislason and Assthorsson, 1995; Krause et a l, 1995; Lopez-Salgado and 

Suarez-Morales, 1998; M'harzi et a l, 1998; Sutton et a l, 2001; Viitasalo, 1992; Williams 

et a l, 1993). Much of this is due to changes in the body of water being sampled. The 

influx of different water bodies into a sample area can bring in different species 

assemblages (Ashjian et a l, 1998; Fransz et a l, 1991; Krause et a l, 1995; Magnesen, 

1989a; Villate et a l,  1997), and this has resulted in attempts to quantify the influx of 

North Atlantic water into the North Sea using the abundance of certain indicator species 

(Corten, 1999; Fransz et a l, 1991). Frontal systems also often separate distinct 

zooplankton assemblages (Burkart et a l, 1995; Clark et a l, 2001a; Gowen et a l, 1998b; 

Lindley and Williams, 1994; Nielsen and Munk, 1998; Pakhomov et a l, 2000). 

Pakhomov et a l (2000) found that the Subantarctic Front in the Southern Ocean 

separated Antarctic assemblages from subantarctic/subtropical assemblages.

Within a body of water, there can be marked gradients in factors such as salinity 

and temperature. For example, the Baltic Sea has a gradient of increasing salinity from 

north to south caused by increased freshwater run-off in the north, and the influx of North 

Sea water in the south (Flinkman et a l, 1992; Segerstrale, 1969; Viitasalo, 1992; 

Vuorinen et a l, 1998). Differences in water properties can lead to different species 

having competitive advantages (e.g. due to different salinity and temperature tolerances) 

and, therefore, a different species composition being present (Collins and Williams, 1981; 

Flinkman et a l, 1992; Lopes, 1994; Mollmann et a l, 2000; Siokou-Frangou, 1998; 

Souissi et a l, 2000; Viitasalo et a l, 1990; Vuorinen et a l, 1998; Williams, 1984). 

Laboratory experiments have shown that animals outside their preferred salinity range 

have increased respiration rates due to the need for extra energy to osmoregulate (Gaudy
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et al., 2000). In the Baltic Sea, associated with a decrease in salinity, Viitasalo et al 

(1990) noted an increase in limnetic and decrease in neritic species, Vuorinen et al.

(1998) found a decrease in the proportion of copepod biomass, and Flinkman et al.

(1992) saw a decrease in diversity.

Estuaries also have distinct salinity gradients, which result in distinct zooplankton 

assemblages (Collins and Williams, 1981; Laprise and Dodson, 1994; Lopes, 1994; 

Soetaert and Van Rijswijk, 1993; Williams, 1984). Collins and Williams (1981) 

classified four distinct zooplankton assemblages along the salinity gradient from the 

Severn Estuary to the Celtic Sea, which related to true estuarine, estuarine and marine, 

euryhaline, and stenohaline species. Williams (1984) also found that, during summer 

when freshwater run-off decreased, the higher salinity water, with its associated 

zooplankton assemblages, penetrated further up the estuary.

Differences in water properties can lead to different species of food being 

abundant (Botas et al., 1990; Gowen et al., 1998b; Van den Berg et al., 1996) and again 

the zooplankton species best adapted to feeding on, or avoiding, the particular food type 

will have a competitive advantage (Engstrom et al., 2000). For example, Hansson et al. 

(1990) found no change in total abundance of copepods with a change in feeding 

conditions, but did notice a shift in species dominance. Engstrom et al. (2000) found that 

copepods able to select against toxic cyanobacteria had an advantage. However, some 

copepods are non-selective grazers (Turner and Tester, 1989). Surprisingly, Soetaert and 

Rijswijk (1993) found that the chlorophyll content of water in the Westerschelde estuary 

was unimportant in explaining zooplankton community structure.
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Climatic variables can affect the horizontal distribution of species and species 

composition as well as abundance (Dippner et a l, 2000; Frid and Huliselan, 1996; 

Fromentin and Planque, 1996; Reid et a l , 2001; Southward et al., 1995; Villate et a l, 

1997). For example, Fromentin and Planque (1996) found that, through its affect on sea 

surface temperature, the North Atlantic Oscillation can affect the biogeographical 

boundaries of Calanus finmarchicus and C. helogolandicus. In addition, Villate et a l

(1997) found that climatic and oceanographic changes in the Bay of Biscay had increased 

the abundance of Temora stylifera.

Once again, ‘top-down’ control can play a part in structuring species composition 

of zooplankton communities. In many areas, the principal predators of zooplankton are 

fish, either adult planktivorous fish or the larvae and juveniles of other species. Fish are 

generally selective feeders, and much work has shown that certain species of zooplankton 

are preferred (Brooks, 1968; Gotceitas and Brown, 1993; Hamrin, 1983; Hansson et a l, 

1990; Mehner and Heerkloss, 1994; Munk, 1997; Rudstam et a l, 1992; Shaheen et a l, 

2001). There are a number of studies that have noted a shift in zooplankton species 

composition with an increase in zooplanktivory (Bohn and Amundsen, 1998; Brooks, 

1968; Jeppesen et a l, 2000; Rudstam et a l, 1992).

Invertebrate predation can also play a role (Kehayias et a l, 1996; Omori et a l, 

1995; Schneider and Behrends, 1998; Spencer et a l, 1999; Sullivan and Meise, 1996; 

Viherluoto and Viitasalo, 2001; Wahlstrom and Westman, 1999). Viitasalo and Rautio

(1998) conducted feeding experiments with the mysid Praunus flexuosus and found that 

they could capture cladocerans by creating a suspension feeding current, whereas 

copepods had to be attacked individually due to their escape responses. Consequently,
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the mysids fed intensively on cladocerans whenever possible. In a further study, 

Viherluoto et al. (2000) concluded that the mysids My sis mixta and M. relicta have to 

reach a minimum size of 8mm before they were able to capture copepods.

Vertical distribution of zooplankton species

Zooplankton have a very variable vertical distribution in the water column, due mainly to 

Diel Vertical Migration (DVM) behaviour (Al-Mutairi and Landry, 2001; Bradford- 

Grieve et a l, 1998; Dam et al., 1993; Falkenhaug et al., 1997; Fiksen and Carlotti, 1998; 

Hays, 1996; Hays et al., 1996; Hays et al., 1997b; Hemandez-Leon et a l, 2001; 

Madhupratap et a l, 2001; Madin et al., 2001; Magnesen, 1989a; Morales et al., 1993; 

Zhang and Dam, 1997). Normal DVM is the tendency for zooplankton to migrate to 

depth around dawn, remain there during the day, and then come towards the surface at 

dusk for the duration of the night to feed (Hays et al., 1997b). The magnitude of DVM 

can range from a few meters to several hundreds of meters, with the larger species 

generally undertaking the larger migrations.

The predator-evasion hypothesis suggests that the migrations, to light limited 

depths during the day, decrease the risk from visual predators that rely on light to 

perceive their prey (Zaret and Suffem, 1976). It has been shown that night feeding 

reduces predation risk as fish feed on copepods with full guts at significantly higher rates 

than those without (Tsuda et al., 1998). However, not all species, or individuals of a 

species, migrate (Checkley et al., 1992; Falkenhaug et al., 1997; Madhupratap et al.,
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2001), and it has been noted that different stages of a species migrate to different degrees 

(Besiktepe and Unsal, 2000; Durbin et al., 1995; Falkenhaug et al., 1997; Fiksen and 

Carlotti, 1998; Irigoien, 1999; Pedersen et al., 1995; Williams and Conway, 1980). The 

predator-evasion argument has been supported by evidence that mainly the larger, more 

visible, and less mobile species migrate (Al-Mutairi and Landry, 2001; Dam et al., 1993; 

Hays, 1996; Hays et al., 1997b; Madin et al., 2001; Magnesen, 1989a; Morales et al., 

1993). De Robertis et al. (2000) have also shown that smaller species migrate to the 

surface earlier, and migrate from the surface later, than larger species. This is attributed 

to the level of light at which visual predation becomes less of a risk. In addition, it has 

been noted that Chiridius armatus ceases DVM in periods of midnight sun, staying at 

depth, and winter darkness (Falkenhaug et al., 1997). It has also been suggested that 

long-term changes in visual predator abundance can cause long-term changes in the 

DVM behaviour of zooplankton (Hays et al., 1996).

It is possible that whether an animal migrates or not is a trade-off between body 

condition and the risk of predation (Andersen et al., 1997; Fiksen and Carlotti, 1998; 

Zaret and Suffem, 1976) since DVM is often reduced during the winter (Hays et al.,

1996). In other words, if an animal is starving it is more likely to remain at the surface 

during the day, despite the increased the risk of predation, because it is more in need of 

food. However, Durbin et al. (1995) concluded that DVM patterns showed no simple 

relationship with food availability, and suggested that predation played a more important 

role.

Other factors that affect the vertical distribution of animals are seasonal features, 

such as stratification boundaries (e.g. thermoclines and haloclines), which can produce
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seasonal patterns in the vertical distribution of species (Magnesen, 1989b). Although 

many species migrate through these (van Couwelaar, 1997), certain species or stages of 

species, have been shown to remain below ( e.g. Calanus finmarchicus in the Celtic Sea; 

Williams (1985), above (e.g. Calanus helgolandicus in the Celtic Sea; Williams (1985); 

juvenile Sagitta setosa in the Black Sea; Besiktepe and Unsal (2000), or associated with 

the thermocline (Plounevez and Champalbert, 2000). These patterns can change in 

different areas; Fransz et al (1998) noted that adjacent subregions of the North Sea could 

differ widely in the vertical distribution of Calanus finmarchicus biomass. These 

differences may be determined by the gradient in the relevant water property over the 

boundary layer in question, i.e. in certain cases it may range beyond the tolerances of the 

animal (Besiktepe and Unsal, 2000; Luo et al., 2000; Madhupratap et al., 2001; Scrope- 

Howe and Jones, 1986; Smith et al., 1998; Wishner et a l , 1998). For example, in the 

Arabian Sea, Smith et a l (1998) found virtually no DVM at a station with strong, 

persistent subsurface suboxic conditions. Gaudy et a l (2000) have shown that metabolic 

rate is increased in levels of salinity outside the tolerance range of an animal, therefore 

the animal needs more food and competes less well with animals within their salinity 

tolerance range.

An associated factor affecting the vertical distribution of zooplankton is the 

seasonal cycle and vertical distribution of the phytoplankton. Falkenhaug et a l (1997) 

noted that the vertical distribution of Calanus finmarchicus was dominated by seasonal 

migration, being found in surface waters during phytoplankton blooms and staying at 

depth in the autumn and winter. Similarly in the Barents Sea, Metridia longa only 

occupies surface waters between April and May (Pedersen et a l , 1995). There is often a
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seasonal vertical maximum in phytoplankton, the position of which can be determined by 

the position of a stratification boundary (Ahel et al., 1996; Botas et al., 1990; Harris, 

1988; Laborde et al., 1999; Nielsen et al., 1993; Richardson and Pedersen, 1998; Smith 

Jr. and Demaster, 1996; Steinberg et a l , 2001). Turbidity of the water will also play a 

role in determining the level of the phytoplankton maxima, as turbidity determines the 

depth to which sunlight can penetrate (Allen, 1997). It has been noted that certain species 

associate around the phytoplankton maxima (Harris, 1988; Scrope-Howe and Jones,

1986).

It has also been shown that different stages of a species may prefer different 

depths (Irigoien, 1999), and that this can change with season. For example, Calanus 

pacificus in the Santa Barbara Basin, have been shown to form deep water aggregations 

as diapausing fifth copepodites in autumn (Osgood, 1997; Osgood and Checkley, 1997). 

Richter (1995) has also shown that, in the Greenland Sea Gyre, omnivorous and 

carnivorous species showed no seasonal depth migrations, but showed vertical 

partitioning between the species. However, the herbivorous species showed pronounced 

seasonal vertical migration between the surface in the summer and great depths during 

the winter when surface chlorophyll levels were low. Falkenhaug et a l (1997) conclude 

that seasonal variations in vertical behaviour are related to food and light conditions, 

whereas inter- and intraspecific differences may be due to life history, diet and 

susceptibility to predation.
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Zooplankton size

There are three main factors affecting the size of zooplankton, and there are many debates 

over the relative importance of each. It is important to note that some of these factors 

affect the size of individuals within a species, and some affect whether large or small

bodied species are found in an area. The first factor is the temperature of the surrounding 

water. There has been much work concerning the effect of temperature on physiological 

rates, generation time, and body size of individuals within a species (Escribano and 

Hidalgo, 2000; Gillooly, 2000; Huntley and Lopez, 1992; Ikeda, 1985; Klein Breteler et 

al., 1995; Viitasalo et a l , 1995b). In short, a rise in temperature increases growth rate, 

which in turn shortens generation time and therefore decreases body size (Gillooly,

2000). Huntley and Lopez (1992) found that temperature alone explained more than 90% 

of the variance in marine copepod growth rate, and predicted a trend of decreasing size 

with increasing environmental temperature. They conclude that the influence of 

temperature on growth rates may override that of food availability in nature. Similarly, 

Dickey-Collas et a l (1996b) have shown that, as water temperature increases, the mature 

size of Sagitta elegans decreases in the Irish Sea. However, this does not mean that all 

species found in warmer waters will be smaller than all species found in colder waters.

The second factor is predation, especially by fish. As noted earlier, fish are highly 

selective feeders preying preferentially on certain species. They are also highly size- 

selective predators, generally feeding preferentially on larger animals (Akopian et a l , 

1999; Bohn and Amundsen, 1998; Brooks, 1968; Flinkman et a l, 1998; Flinkman et a l, 

1992; Gardner, 1981; Gotceitas and Brown, 1993; Hamrin, 1983; Munk, 1997; O'Brien
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and Kettle, 1979; Plounevez and Champalbert, 2000; Shaheen et a l, 2001; Wahlstrom et 

al., 2000; Wahlstrom and Westman, 1999). In addition, all components of planktivory, 

such as gape-limitation, encounter rate, prey avoidance capacity, capture success and 

handling time, are size dependent. Predation can affect both the size of animals within a 

species (because the larger individuals are taken), and the size of the dominant species 

present (through increased mortality of the larger species).

In 1965, Brooks and Dodson (1965), from work in freshwater systems, put forward 

the size-efficiency hypothesis:

1. Planktonic herbivores all compete for fine particulate matter.

2. Larger zooplankters are more efficient at grazing and can utilise larger particles.

3. When planktivory is low, the small planktonic herbivores will be eliminated by large 

forms.

4. When planktivory is high, the size-dependent predation will eliminate the larger 

forms allowing the small herbivores to become dominant.

5. When planktivory is intermediate, predation will keep the larger forms to sufficiently 

low numbers so that the smaller competitors are not eliminated.

Since this work, there has been much corroborating evidence from further freshwater 

studies, and the formulation of the trophic cascade hypothesis (Almond et al., 1996; Bohn 

and Amundsen, 1998; Brooks, 1968; Carpenter et a l, 1987; Dahl-Hansen, 1995; Devries 

and Stein, 1992; He et a l, 1994; Hurlbert and Mulla, 1981; Jeppesen et a l, 2000;

Lazzaro, 1987; Lazzaro et al., 1992; Persson et al., 1992; Rudstam et al., 1993; Vanni, 

1986; Vanni and Findlay, 1990; Vanni and Layne, 1997; Vanni et al., 1997; Wootton and 

Power, 1993; Zaret and Suffem, 1976). It has also been noted, in freshwater systems,
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that the presence of fish and fish kairomones, alters life-history traits so that reproduction 

is increased and mature body size is decreased (Lampert, 1993; Rose et al., 2001; Vanni,

1987).

There has been relatively little work done in marine systems, although Verheye 

and Richardson (1998) did note an increase in the proportion of <0.9mm zooplankton 

coupled with an increase in anchovy abundance. Similarly, Villate (1991) noted that 

variations in zooplankton size spectra were synchronised with the annual development of 

the main predators. Koslow (1983) put forward a simulation model to examine if 

predation can regulate the size structure of marine zooplankton communities, which 

resulted in the general agreement that a large increase or decrease in planktivorous fish 

led to the dominance of small or large zooplankton. However, his model failed to explain 

the 1965-70 decline seen in zooplankton communities of the North Atlantic and herring 

and mackerel stock of the North Sea. Similarly, Rudstam et al. (1994) failed to find any 

correlation between clupeid and zooplankton biomass in the Baltic Sea.

Invertebrate predation also tends to be size-selective, although falls more heavily 

on the smaller animals (Almond et al., 1996; O'Brien, 2001; O'Brien and Kettle, 1979; 

Wahlstrom and Westman, 1999). Suchman and Sullivan (2000) found that, although 

scyphomedusae selected larger animals, the avoidance behaviour of adult copepods 

diminished the risk associated with larger size. However, it is generally believed that 

invertebrate predation is less intensive, and therefore less important in affecting 

zooplankton size, than fish predation (Vanni, 1987). There are some instances described 

in the literature where invertebrate predation could be important (Amott and Vanni, 1993; 

Manca and Ruggiu, 1998; O'Brien, 2001; Pearre Jr., 1980; Wahlstrom and Westman,
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1999). For example, O'Brien (2001) showed that the introduction of the predatory 

copepod Heterocope septentrionalis, to a previously predator free pond, could eliminate 

or reduce small and medium sized zooplankton. Similarly, Wahlstrom and Westman 

(1999) concluded that predation by invertebrate planktivores results in a zooplankton 

community consisting of larger individuals. Duro and Saiz (2000) found that the impact 

of chaetognath predation on copepod standing stock in the Mediterranean appeared to be 

extremely low, but became more relevant once prey size and species specificity was 

taken into account.

Associated with size-selective predation, the depth of water can also affect the 

size structure of zooplankton communities. In deeper water, there is more refuge from 

visual predators available to the zooplankton and larger forms tend to dominate.

Similarly, in shallow waters such as coastal regions, this refuge is decreased and so 

smaller animals dominate. However, these small animals, with high egg production rates, 

may also have a competitive advantage by being able to take advantage of variable food 

regimes (Tiselius, 1988). In addition, Lougheed and Chow-Fraser (1998) noted that high 

turbidity, which is often associated with coastal sites, selected against large filter feeders 

and allowed smaller zooplankton to dominate.

A third factor that can also be important in structuring the size of zooplankton 

communities is the amount of phytoplankton available as food (Gallienne et al., 2001; 

Viitasalo et al., 1995b; Wagner et al., 1998), which can again act on both the species and 

community level. Wagner et al. (1998) found that food limited copepods were smaller 

than those reared in excess food conditions. However, on the community scale, 

Piontkovski et al. (1995) noted that, in areas of maximum primary productivity in the
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Indian Ocean, the smallest zooplankton dominated. Koslow (1983) put forward the 

hypothesis that zooplankton are food-limited rather than predator limited, and Gallienne 

et a l (2001) found changes in the zooplankton size structure associated with regions of 

high surface chlorophyll concentration. However, Huntley and Lopez (1992) suggest 

that, on the small scales appropriate to individual copepods, food may be reliably 

available and that predation mortality may eradicate the effect of food limitation on 

growth rates.

The type of phytoplankton available as food will also be important. Obviously, 

certain phytoplankton species are ‘better’ sources of food than others, i.e. are have higher 

per capita productivity (Norberg, 2000). In areas dominated by these food species, the 

zooplankton will be able to grow more efficiently and therefore larger, and produce larger 

eggs. In laboratory experiments it has been shown that copepod growth rates can depend 

on food supply (Steele and Henderson, 1995). Stelfox et a l (1999) noted that a shift in 

size structure, from large to small zooplankton, occurred in response to a shift from large 

to small phytoplankton cells. Rodriguez et al. (2001) found that mesoscale vertical 

motion, which is found in eddies and frontal systems, increases the relative proportion of 

large phytoplankton. This implies that hydrographic features could also exert control on 

zooplankton size structure.

Warren et a l (1986) found surface water temperature and fish abundance were 

both inversely correlated to adult copepod weight, and that standing stocks of important 

phytoplankton groups were positively correlated with copepod weight. Similarly, Steele 

and Frost (1977) concluded that predation is at least as important in determining 

herbivore size structure as physical or nutrient parameters, and that no single factor was
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predominant. Viitasalo et al. (1995b) found that the relative importance of temperature 

and food availability on zooplankton size varied according to species, developmental 

stage and study area. It would appear, not surprisingly, that there is not one factor 

affecting zooplankton size, but a number of interrelated variables that play a role. Reid et 

al. (2000), in a review of ‘top-down’ control in marine systems, concluded that as 

ecosystem complexity increases, environmental factors become more important and ‘top- 

down’ factors less easy to distinguish.
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CHAPTER 2

Comparison of the epipelagic zooplankton samples from 

a U-Tow and the traditional WP2 net

Cook, K.B. and Hays, G.C. (2001). Comparison of the epipelagic 

zooplankton samples from a U-Tow and the traditional WP2 net. 

Journal o f  Plankton Research 23: 953-962.

25



Abstract

The performance of a new mesozooplankton sampler, the U-Tow, was compared to that 

of the traditional WP2 net. The U-Tow significantly underestimated species abundance, 

but gave a very good representation of species composition and community size structure. 

WP2 net samples could be used to calibrate the U-Tow allowing absolute abundance to 

be determined. It is recommended that the U-Tow, in its current configuration, be used in 

conjunction with WP2 net samples to give measures of abundance, or as a tool to identify 

areas of change in plankton communities.
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Introduction

The assessment of the abundance, species composition and size distribution of 

mesozooplankton is a fundamental goal of biological oceanography (Greene et al., 1998a; 

Mitson et al., 1996; UNESCO, 1968). Traditionally, however, mesozooplankton have 

been sampled with simple ring nets which sample over very restricted spatial scales, with 

individual deployments being made over a few 10s of metres. The resulting lack of 

spatial detail in mesozooplankton surveys limits our ability to understand, for example, 

the trophic interactions and biogeochemical impact of mesozooplankton, their life-history 

strategies, and the impact of physical and biological processes on secondary production 

(Benfield et al., 1998; Greenstreet et al., 1997; Liao et al., 1999; Piontkovski et al., 1995; 

Stockwell and Sprules, 1995; Zhang et al., 2000). Consequently, there is an urgent need 

for techniques that allow mesozooplankton to be sampled over extended spatial scales 

(10s or even 100s km) (Marine Zooplankton Colloquium, 1989). To this end acoustic 

and optical techniques have been extensively explored in recent years, although both 

techniques have limited ability to resolve species composition and may also suffer from 

the presence of too many, or non-living, particles in the water (Benfield et al., 1998; 

Brierley et al., 1998a; Brierley et al., 1998b; Liao et al., 1999; Mitson et al., 1996; 

Osgood, 1997; Stanton et al., 1996; Zhang, et al., 2000). Systems that actually collect 

zooplankton samples at high speed and over extended transects would, therefore, be most 

valuable.

To date the only system capable of such sampling is the Continuous Plankton 

Recorder (CPR). This instrument has been routinely, and consistently, surveying the
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North Sea and North Atlantic plankton since 1948 (Oceanographic Laboratory 

Edinburgh, 1973; Warner and Hays, 1994). The main reason that the CPR is not used 

more widely is its inability to sample physical parameters and confinement to sampling at 

one depth (Hays et al., 1998). Due to these limitations in the performance of the CPR, a 

new vehicle, the U-Tow, has been designed in recent years for sampling of 

mesozooplankton and physical parameters at high speeds (maximum tested speed of 22 

km.h'1) and over extended spatial scales (Hays et al., 1998).

The original version of the U-Tow was designed and built by Valeport Limited 

(Dartmouth, Devon) in collaboration with the Sir Alister Hardy Foundation for Ocean 

Science (SAHFOS) in 1994. It is fitted with a Plankton Sampling Mechanism (PSM, 

Valeport Model 140) (Figure 2.1), which is based on the mechanisms used in the CPR 

and Longhurst Hardy Plankton Recorder (LHPR) (Hays et al., 1998), and a Conductivity 

Temperature Depth sensor (CTD). It can also be configured to carry additional sensors, 

and fitted with a servo control module, to actively control depth, so that an undulating 

depth profile can be achieved. This design has since been modified by W.S. Ocean 

Systems Limited (Alton, Hants.) to have improved undulating capabilities and an 

increased potential payload (Mills et a l , 1998). However, both models use the same 

PSM (Figure 2.1). Water enters the PSM via an aperture at the front of the U-Tow, and 

passes through a filtering mesh supported by a series of fine stainless steel rods. At pre

determined intervals, the filtering mesh and a covering mesh advance on to a take-up 

spool, situated in a storage chamber that contains a formaldehyde reservoir, giving a 

series of discrete samples. The U-Tow has a comparatively small inlet aperture (18mm
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Fig. 2.1 A schematic illustration o f the Plankton Sampling Mechanism (PSM). Hatched 

shading represents the PVC used in the basic construction. When submerged, all the 

chambers in the PSM become flooded and then the only flow through the unit is along the 

water tunnel (grey shading). Holes in the formalin reservoir allow formalin to gradually 

seep out into the storage chamber so that the sample is preserved. The EM flow sensor 

(black shading) measures the flow rate.
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diameter) which prevents problems with clogging of the mesh when too large a volume 

of water is filtered.

Ideally, the performance of any new piece of equipment should be investigated 

before use so that results can be reliably compared with other studies, and so that 

temporal and spatial variation in the plankton can be distinguished from variation in 

sampler performances (Aron et a l , 1965). Gear inter-comparisons, although not 

“exciting” science, are a vital component of sampling. For example, Hemroth (1987) 

found that the sampling and filtration efficiency of the Nansen net was 50-70% compared 

to the WP2 net under ideal conditions and 25-30% during periods of high particle 

abundance or long hauls; while DeVries and Stein (1991) discovered a discrepancy in 

densities of the rotifer Diaphanosoma found by a tube sampler, a vertical tow net and the 

Schindler-Patalas trap, although they performed equally for most species, emphasising 

the need for a taxon specific approach when evaluating samplers. More recently, whilst 

calibrating an optical plankton counter (OPC), Sprules et al. (1998) found it to be 

accurate up to concentrations of 100 organisms.liter'1. Above this concentration, there 

was an increasing level of coincident counts, where multiple animals are counted as one, 

resulting in underestimation of zooplankton abundance and inaccurate size distributions. 

Similarly, Zhang et a l (2000) suggests that the OPC is able to produce reasonable 

estimates of zooplankton abundance in waters with less than 100 particles of detritus 

liter'1 but only after correcting for the influence of background detritus. The most 

extensive gear inter-comparisons have concentrated on acoustic techniques. For 

example, Greene et a l (1998a) used a Dual-Beam Acoustics Deployed on a Multiple 

Opening/Closing Net and Environmental Sensing System (D-BAD MOCNESS) to collect
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acoustic data and net samples simultaneously. The results from the two samplers were 

consistent, except for samples with high quantities of siphonophores where predicted 

backscattering coefficients exceeded observed backscattering coefficients.

The most widely used mesozooplankton sampler is the simple ring net, or WP2 

net (UNESCO, 1968), which has been shown to be suitable for quantitative sampling 

(Hemroth, 1987). The WP2 net is generally used to give an integrated sample of 

mesozooplankton from either a vertical or a horizontal haul at slow speeds, usually not 

more than 3.7 km.h'1, and therefore samples over a relatively small distance (metres).

The aim of this study is to compare the performance of the U-Tow with that of the 

traditional WP2 net. Estimates of abundance, species composition, and community size 

structure are evaluated from samples collected in Swansea Bay, the North Sea and the 

Irish Sea.

Methods

Three different U-Tow systems were used in this study. A fixed depth Valeport Ltd. U- 

Tow (Hays et al., 1998) was deployed in Swansea Bay (December 1997, April, May, 

September and November 1998), an undulating Valeport Ltd. U-Tow (Hays et al., 1998) 

was deployed in the North Sea (February 1998), and an undulating W.S. Ocean Systems 

Ltd. U-Tow (Mills et al., 1998) was deployed in the Irish Sea (June and July 1998). This 

gave a total of 28 deployments over about 1668km. Tow speeds ranged between 13 and 

18.5km.li'1. All U-Tows were fitted with the same Plankton Sampling Mechanism (PSM)
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and 200 jam filtering mesh. The only difference in the three systems with respect to 

sampling zooplankton was the electromagnetic flowmeter fitted to the PSM used in the 

Valeport systems (Valeport Model 802) (Hays et al., 1998). The W.S. Ocean Systems 

Ltd. model did not have a flowmeter fitted to the PSM. In these cases, the volume of 

water filtered per sample was calculated using the distance towed multiplied by the area 

of the inlet aperture. Although this method has been shown not to be ideal due to 

clogging (Hays, 1994; Hays et a l, 1998), the short duration of each sample (average 

20min) means that this was not a significant problem. In addition, the average efficiency 

of the U-Tow was calculated from the North Sea tows, which were of a comparable 

speed, and was not significantly different from 100%.

Deployments in Swansea Bay involved towing the fixed depth U-Tow, at a depth 

of 9m and speed of 13.9km.lf1, round a triangular course, with each leg approximately 

4.5km, for approximately 3 hours. The PSM was set to a sample interval of 15 minutes. 

5-minute WP2 net tows at 9m, made possible by using a real time depth sensor, were 

taken at each comer of the triangular course. Deployments in the North Sea and Irish Sea 

involved towing the undulating U-Tow along a straight-line course, with a vertical WP2 

net haul taken at the beginning and end of each tow. As the purpose of these cmises was 

to test the capabilities of the U-Tow, the length of tow and depth range varied between 

tows. Tow duration ranged between 1.5 hours and 16 hours (average 4.5 hours) and 

depth ranged between 5m and 40m. The PSM was set at sample intervals between 15 and 

30 minutes (average 22.5 minutes). For each tow, vertical net hauls were taken from the 

maximum depth of the undulation profile to the surface. In all cases, a 56cm diameter 

WP2 net fitted with a General Oceanics flowmeter and Aladin Pro dive computer, for an
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accurate reading of depth, was deployed. After each deployment samples were 

immediately washed off the mesh and preserved in 4% borax buffered seawater 

formaldehyde.

Animals from both sets of samples were identified as far as possible, to at least 

genus for copepods and at least order for other animals, using a binocular microscope. 

Where possible the whole sample was analysed but in some cases, where total 

zooplankton abundance was very high, a sub-sample was analysed. Where possible, at 

least a hundred animals of a size that is caught 95% quantitatively by a 200pm mesh, 

calculated using mesh selection curves calculated by Nichols and Thompson (1991) were 

counted from each sample. Measurements of length and width were also made of at least 

100 animals, or all the animals present if there were less than 100, from each sample 

using a calibrated eyepiece graticule. Animal lengths were sorted into length groups of 

50pm intervals between 100pm and 1000pm, and 1000pm intervals between 1000pm 

and 10000pm.

In the analysis to compare the two gear types, only the U-Tow samples at either 

end of the tow, and therefore directly comparable to the net samples, were used.

However, samples left on the filtering section of the PSM during retrieval of the U-Tow 

were discarded. This was due to the possibility of plankton being washed off by 

turbulent water from the ships wash, and as water is drained out of the PSM. Bray-Curtis 

similarity coefficients between individual sample measures of species abundance 

(numbers.m'), species composition (proportion contributed by each species to total 

abundance), and length frequency distributions were calculated using the CLUSTER 

routine from Plymouth Routines In Multivariate Ecological Research, (PRIMER) (Carr,
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1997; Clarke and Warwick, 1994). These were mapped as non-metric multi-dimensional 

scaling (MDS) plots. Analyses of similarities (ANOSIMs) were performed to test for 

differences between all WP2 net samples and all U-Tow samples with respect to species 

abundance, species composition, and length frequency distribution. These multivariate 

techniques were used as they compare samples on the extent to which particular species 

are found at similar levels of abundance (Clarke and Warwick, 1994). This was shown to 

be important by DeVries and Stein (1991).

To further examine the proportion of animals retained by the PSM in the 

laboratory, a known number of adult Calanus (a large copepod) and Sagitta (a large 

chaetognath), that are quantitatively retained by a 200pm mesh, were pumped through the 

PSM at flow rates comparable to those on operational tows (average 1958 l.h'1). The 

number of animals retained on the mesh and the number of animals found floating in the 

tank having passed through the PSM were counted.

Results 

Absolute abundance

51 WP2 net samples and 66 U-Tow samples were analysed. In total, about 25000 

animals were identified and about 13000 measured. In almost all cases, the average total 

zooplankton abundance estimated using U-Tow samples was markedly lower than that 

estimated using WP2 net samples (Figure 2.2a). This observation was confirmed by a
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one-way ANOSIM analysis which showed that sample similarities between species 

abundance measures from the U-Tow and WP2 net groups were significantly different to 

sample similarities within groups (Global R = 0.219, p = 0.027). To test whether this 

difference was due to skewing by unusually high measures of abundance in some 

samples, the analysis was repeated with a ln(abundance +1) transformation. The 

abundance estimated from U-Tow samples were still lower than that estimated from WP2 

samples (Figure 2.2b). An ANOSIM showed this difference to be significant (Global 

R=0.203, p<0.001).

The average abundance from U-Tow samples, expressed as a percentage of 

abundance from WP2 net samples, of all taxa was 24.41% (n = 66, SD = 44.02), although 

this was very variable even within tows (Figure 2.3) and a paired t-test showed the values 

from the beginning and end of a tow to be significantly different (t28 = 2.3, p < 0.05). To 

test whether WP2 net measures of abundance could be used to calibrate the U-Tow 

measures of abundance, correlation analysis was performed between the average 

abundance from U-Tow samples, expressed as a percentage of abundance from WP2 net 

samples, at the beginning and end of tows where the values were less than 100%, and 

would therefore need calibrating. A significant positive correlation was found at the 1% 

level (Fi,27 = 57.13, r2 = 0.68, p < 0.001) (Figure 2.4) showing that a reasonable measure 

of abundance could be estimated using the WP2 net samples to calibrate abundance 

measures. From Figure 2.4 it appears that the average abundance from U-Tow samples, 

expressed as a percentage of abundance from WP2 net samples, decreases from the 

beginning to the end of the tow. However, regression analysis showed no significant
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relationship between the change in performance during the tow and the length of tow 

(Fi ,27 = 2.61, r2 = 0.09, p > 0.05). Figure 2.5 shows the result of assuming a linear 

relationship between the average abundance from U-Tow samples, expressed as a 

percentage of abundance from WP2 net samples, at the beginning and end of the June 

tows in the Irish Sea and, using this relationship, calibrating the intermediate U-Tow 

samples.

The laboratory trials showed that on average 27.45% (n = 3, SD = 6.74) Calanus 

and 37.83% (n = 3, SD = 4.36) Sagitta were retained on the mesh. Overall an average of 

29.04% (n = 3, SD = 5.86) of all the animals were retained on the mesh inside the PSM.

Species composition and size structure

When species composition was considered (i.e. for each sample, individual species 

abundances were expressed as a percentage of the total zooplankton abundance) the 

samples from the U-Tow and the WP2 net gave very similar values (Figure 2.6a) and an 

MDS plot showed no obvious separation of similarity coefficients (Figure 2.6b). A one

way ANOSIM analysis (Global R = -0.000, p = 0.451) showed that, on average, 

similarities between groups and within groups are the same.

Similarly, when comparing the size structure (i.e. proportion contributed by each 

length interval, as described in the methods, to the total number of animals measured) 

from samples taken by the U-Tow and WP2 net, the average length frequency 

distributions were comparable (Figure 2.7a) and an MDS plot showed no separation of 

sample similarity coefficients (Figure 2.7b). This was confirmed by a one-way ANOSIM
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analysis with p-value of 0.39 (Global R = 0.002).

Discussion

Data from any sampler may, broadly speaking, be internally consistent (e.g. the CPR) but 

combining or comparing data from other samplers is not possible unless the performance 

of that sampler has been thoroughly investigated. However, all too frequently, this 

important component of sampling is ignored and rigorous intercomparisons are hard to 

find in the literature.

One of the most common parameters investigated in zooplankton studies is the 

abundance of different species (numbers.m'3). In this investigation it is obvious that the 

U-Tow seriously underestimates levels of abundance (Figure 2.2a) even after a 

ln(abundance +1) transformation to reduce the effect of any skewing by unusually high 

measures of abundance (Figure 2.2b). There are several potential reasons that could lead 

to differing estimates of absolute abundance. The first consideration is the patchiness of 

plankton. The long tows of the U-Tow mean that patches of plankton will be integrated 

to give an estimate of average abundance. On the other hand, when sampling with the 

net, the samples may come entirely from a very dense or a very sparse patch of plankton. 

If this were the case, one would expect occasions where the U-Tow greatly overestimated 

abundance compared to the WP2 net but overall levels of abundance in the two nets 

would be the same. However, this was not the case since the U-Tow is always 

underestimating abundance (Figure 2.2).
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Further variation could be introduced by the extrusion of smaller plankton through 

the mesh and avoidance of the sampler by the larger and more mobile animals. It is 

generally expected that extrusion will be higher in high-speed samplers due to the higher 

water pressures pushing animals through the mesh. In contrast, avoidance will be lower 

in high-speed samplers due to the animal’s speed not being sufficient to escape.

However, small inlet apertures are also associated with increased avoidance as the 

distance that has to be crossed to escape the sampler is so much smaller (Clutter and 

Anraku, 1968). In this case, extrusion and avoidance cannot explain the discrepancy 

between the U-Tow and WP2 nets. Firstly, there is no difference in percentage species 

composition relative to total abundance (Figures 2.5a and b), whereas you would expect 

to find less of the smaller species in the U-Tow compared to the WP2 net due to 

increased extrusion, and also less of the larger species in the net suffering most from 

avoidance. Secondly, and most obviously, there is no difference in the size structure of 

the samples (Figures 2.6a and b). Thus, despite the much increased speed and reduced 

inlet aperture, there appears to be no increase in extrusion or avoidance in the U-Tow 

relative to the WP2 net.

An additional consideration for deriving absolute abundance is the filtration 

efficiency of the samplers, which decreases as the mesh clogs, and the measurement of 

the flow rates. Filtration efficiency is defined as the percentage of the water presented to 

a sampler that is filtered (UNESCO, 1968). A drop in efficiency causes a larger 

acceleration front that is more easily detected by animals. Consequently, this could cause 

an increase in avoidance. If flow is underestimated, the volume of water filtered will be 

underestimated and, therefore, the measure of abundance will be overestimated. It is
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possible that, due to the lack of flowmeter on the PSM, the volumes of water filtered in 

samples from the Irish Sea tows were overestimated resulting in an underestimation of 

abundance. However, a one-way ANOVA, performed on the average ratios of U-Tow 

abundance to WP2 net abundance, showed no significant differences between tows from 

Swansea Bay, the North Sea or the Irish Sea (F = 1.575, p > 0.05), i.e. our assumption of 

flow rates through the PSM when no flowmeter was fitted are probably valid.

Pumping experiments in the laboratory resulted in an average 29.04% of animals 

being retained on the PSM mesh, the rest being found in the outlet water or in other parts 

of the PSM. The animals were not extruded through the mesh since they were much 

wider than the mesh size (Nichols and Thompson, 1991), implying that they travelled 

through the PSM without being retained on the plankton mesh. This would explain why, 

although there are large discrepancies in abundance estimates, species composition and 

size structure does not differ between the two samplers. Variations in the tautness of the 

mesh, which could differ with each tow and between PSMs, could also allow different 

numbers of animals to pass under the mesh. This could explain the variation in the levels 

of discrepancy between the WP2 net and the U-Tow. In a recent comparison between 

CPR data and that derived from WP2 nets, it has been shown that levels of abundance 

were much lower in the CPR (Clark et al., 2001b). It therefore seems to be a general 

feature that high speed samplers may underestimate zooplankton abundance. It is widely 

known that for many samplers performance may vary from deployment to deployment 

due to changes in conditions, e.g. particle abundance in the Nansen net (Hemroth, 1987) 

and the OPC (Sprules et a l , 1998). It is also possible that some of the variation is caused
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by differences in the performance of the WP2 net, although this has been shown to be 

relatively stable (UNESCO, 1968).

Evidence suggests that if the average abundance from U-Tow samples, expressed 

as a percentage of abundance from WP2 net samples, is low at the beginning of a tow it 

will also be low at the end of a tow, and vice versa. Therefore, it is probably justifiable to 

assume a linear relationship of sampling performance within a tow.

The main conclusion from this study is that the U-Tow cannot be the only sampler 

used for investigations that require accurate measures of abundance or, therefore, 

biomass. It is necessary to take samples with another sampler, such as the WP2 net, at 

the beginning and end of a tow to calibrate the results from the U-Tow. However, it 

would be perfectly acceptable to use the U-Tow in studies based on the species 

composition and size structure of plankton communities. The U-Tow would be an ideal 

tool to use between sampling stations to identify where changes in plankton communities 

occur.

Conclusions

• The average total zooplankton abundance estimated using U-Tow samples was 

always markedly lower than that using WP2 net samples, and was very variable 

within and between tows.

• Laboratory trials showed that on average 29% of animals (too large to be extruded 

through the mesh) pumped through the PSM were retained. This implies that water is 

passing through the PSM without passing through the mesh.
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• Samples from the U-Tow and WP2 net gave significantly similar measures of species 

composition and size structure.

• The U-Tow cannot be used for studies that require accurate measures of abundance 

unless additional samples are taken with another sampler, such as the WP2 net, to 

calibrate the U-Tow results.

• The U-Tow would be an ideal tool to use between sampling stations to identify where 

changes in plankton communities occur.
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CHAPTER 3

Biomass versus abundance for investigating mesozooplankton

community size structure
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Abstract

The use of size-fractionated measures of biomass and abundance, as a measure of 

zooplankton community size structure, was investigated to make conclusions on the most 

useful method. This was done using field collected data, theoretical models of different 

sampling scenarios, and published data. The results of this study show that the two 

methods often lead to different conclusions and that, in general, the use of size- 

fractionated abundance will yield a more sensitive and less variable measure.

49



Introduction

Zooplankton play an essential role in the functioning of marine ecosystems as 

they form a link in pelagic food webs between producers and secondary consumers. The 

amount of zooplankton available as food to fish larvae, especially in the first few weeks 

of their life, is believed to determine survival of larvae and hence the strength of the fish 

year class. This has major implications in fisheries biology (Cushing, 1975).

Zooplankton are also important in regenerating nutrients, and transporting nutrients from 

the surface to the deeper layers of the sea through Diurnal Vertical Migration (DVM) 

(Hays et al., 1997a; Zhang and Dam, 1997).

The assessment of the abundance, species composition and size distribution of 

mesozooplankton is a fundamental goal of biological oceanography (Greene et al., 1998a; 

Mitson et al., 1996; UNESCO, 1968). The size structure of zooplankton communities is 

an important parameter since organisms of different sizes play different roles in 

biogeochemical cycling and trophic interactions. For example, small zooplankters graze 

more per unit biomass than larger organisms (Peters and Downing, 1984). Furthermore, 

the magnitude of nutrient regeneration and transport will be related to the size structure, 

taxonomic composition and metabolic rates of the zooplankton community (Le Borgne 

and Rodier, 1997). The trophic cascade hypothesis (Pace et a l, 1999; Vanni and Findlay, 

1990) describes how phytoplankton and nutrients at the base of the food web, and hence 

primary production, can be governed by predatory effects on the size and composition of 

zooplankton. Similarly, factors affecting predator-prey relationships, such as encounter 

rate, prey avoidance ability and handling time, are also strongly influenced by size
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(Gardner, 1981; Wahlstrom et a l , 2000). Many models describing the structure and 

function of pelagic communities are based on allometric relationships between body size 

and biological processes (e.g. food intake, growth and metabolism) (Kerr, 1974; Platt and 

Denman, 1977; Platt and Denman, 1978; Sheldon et a l, 1977) and the distribution of 

sizes within animal groups in the community (Dickie et al., 1987).

Given the importance of the zooplankton community, it is essential that the size 

structure can be measured accurately so that the influence of environmental, biological 

and anthropogenic variables can be identified. Generally, for simplicity, zooplankton 

community ecologists have focused on measuring the abundance or biomass of animals 

falling within size classes to describe patterns of community structure, production and 

nutrient recycling (Dam et al., 1993; Morales et a l , 1991; Morales et al., 1993; Roman et 

al., 2000; Roman et al., 1995). The measurement of both the abundance and biomass of 

zooplankton populations have inherent problems associated with the spatial and temporal 

variability of the zooplankton, especially in the larger size-fractions where animals are 

rarer (Echevarria et al., 1990). In addition, biomass measurements can be greatly skewed 

by the occurrence of a single large animal, or detritus, making patterns difficult to 

distinguish (Rojo and Rodriguez, 1994).

The aim of this study is to investigate the use of size-fractionated measures of 

biomass and abundance, and make conclusions on the most accurate method for 

determining zooplankton community size structure. This has been done using field 

collected data, theoretical models of different sampling scenarios, and published data.
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Methods

Field sampling

Sampling took place in Swansea Bay (December 1997, April, May, September 

and November 1998), the North Sea (February 1998), and the Irish Sea (June and July 

1998). Five-minute WP2 net tows at 9m, made possible by using a real time depth 

sensor, were taken in Swansea Bay. Vertical WP2 net hauls, to a depth of between 10m 

and 50m depending on the water depth, were taken in the North Sea and Irish Sea. In all 

cases, a 56cm diameter WP2 net fitted with 200pm mesh, a General Oceanics flowmeter 

and Aladin Pro dive computer, for an accurate reading of depth, was deployed.

After each deployment, samples were immediately split into two. Half was 

preserved in 4% borax buffered seawater formaldehyde for subsequent sizing. Length 

and width of at least a hundred animals of a size that is caught 95% quantitatively by a 

200pm mesh, using mesh selection curves calculated by Nichols and Thompson (1991) 

were measured using a calibrated eyepiece graticule. Animal widths were sorted into 

groups corresponding to 200-500pm, 500-1000pm and 1000-2000pm.

The other half of the sample immediately underwent size-fractionation and dry 

weight analysis. The zooplankton were wet-sieved through 200pm, 500pm, 1000pm and 

2000pm meshes. These size-fractions were then filtered onto 47mm ashless filters, 

washed with distilled water to remove salt, placed in a drying oven at 50°C for 48 hours 

and weighed.
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Models of different sampling scenarios

The initial model was based on a virtual population of 1000000 animals, with 

900000 animals in the 200-500pm size-fraction, 90000 in the 500- 1000pm fraction and 

10000 in the 1000-2000pm fraction. The coefficient of variation (i.e. CV = (SD / mean) 

x 100, where CV is coefficient of variation and SD is standard deviation) associated with 

sampling the populations in each size-fraction were calculated from samples taken in 

Swansea Bay, where ten samples were taken at the same position on three different 

occasions. The respective coefficients of variation for the 200-500pm, 500- 1000pm and 

1000-2000pm size-fractions were 5%, 15% and 30%. The same samples were also used 

to determine that the variation in abundance was normally distributed using a 

Kolmogorov-Smimov test for goodness of fit (D = 0.14, df = 10, p = 0.200).

The first step was to investigate whether the proportion of the population sampled 

made any difference to the results obtained, so models were run for sampling 100%, 75%, 

50%, 25%, 10%, 5%, 1%, 0.1% and 0.01% of the population. In each case, the mean 

number of animals expected in each size-fraction was calculated (e.g. when sampling 

75% of the population, the mean number of animals caught in the 200-500pm fraction 

would be: (75 x 900000) / 100 = 675000). The expected standard deviation of animals 

caught in the 200-500pm fraction was then calculated using this expected mean and the 

coefficient of variation calculated previously. Sampling was simulated by generating a 

random number from a normal distribution with the expected mean and standard 

deviation calculated. Each random number represents the abundance of animals in that 

size fraction of a simulated sample. This process was repeated 10000 times, for each size 

fraction, to represent 10000 simulated samples for each size fraction. Biomass was
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calculated by multiplying the abundance by an average biomass measure for each size- 

fraction. This was obtained from the average length of animals in each size-fraction 

using the length-weight regression for total copepods from Uye (1982). The average 

length or average biomass was calculated for each ‘sample’ using the formulae:

Average length: W = £  S '((M l + My) / 2) x Ps
S=1

L = W x 3

S = j
Average biomass: B = £  b x P s

S=1

where W is the average width of animals in the sample, S is the size fraction, M l is the 

lower mesh size for the size fraction, Mu is the upper mesh size for the size fraction, Ps is 

the proportion of total animals or total biomass in that size fraction, L is the average 

length of animals in the sample, B is the average biomass of animals in the sample, and b 

is the average biomass of animals in the appropriate size fraction. W was then converted 

to an average length by assuming a typical width:length ratio for mesozooplankton of 1:3 

(Herman et al., 1992). This process is shown schematically in Figure 3.1.

The next step was to simulate sampling populations with different size structure. 

As the coefficients of variation were calculated from samples where about 100 animals 

were measured, it was decided to use simulated samples of the same size. To this end, 

the same random number generation process was repeated with the population size 

structures shown in Table 3.1. The average lengths from a sample were then tested 

against all other samples using an independent samples t-test to find populations that 

significantly differ, and the same was done for the biomass samples to see if  differences 

occurred between the same populations.
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Initial 200-500pm 500-1000pm 1000-2000pm
population: 900000 animals 90000 animals 10000 animals

To sample 75% of the population

Expected mean: (75x 900000)/ 100 (75 x 90000)/ 100 (75 x 10000)/ 100

= 675000 = 67500 = 7500

Coefficient of 
variation:

Expected SD, 
calculated from 
mean and 
coefficient of 
variation (see

5% 15% 30%

(5 x 6 7 5 0 0 0 )/1 0 0 (1 5 x 6 7 5 0 0 )/1 0 0 (3 0 x 7 5 0 0 )/1 0 0

= 33750 = 10125 = 2250

Generate a random number from a normal distribution with:

Simulated sample Mean = 675000 Mean = 67500 Mean = 7500

abundance: SD = 33750 SD =10125 SD = 2250

e.g. 617948 animals e.g. 67625 animals e.g. 8562 animals

Average length 
of animals in 
size fraction, 
assuming 
width: length 
ratio of 3:1:

Biomass, 
calculated using 
length-weight 
regression:

Average width: Average width: Average width:

(200 + 500) / 2 = 350pm (500 + 1000)/2  = 750pm (1000 + 2 0 0 0 )/2  = 1500pm

Average length: Average length: Average length:

(3 5 0 x 3 ) = 1050pm (750 x 3) = 2250pm (1500 x 3) = 4500pm

Log dry weight:

3.13 log (1 0 5 0 )-8 .18  

= 1.28

Dry weight: 18.89pg.ind'1 

Dry weight of ‘sample’: 

18.89x617948 =

11673037.72pg

Log dry weight:

3.13 log (2 2 50 )-8 .18  

= 2.31

Dry weight: 205.3pg.ind'1 

Dry weight of ‘sample’: 

205.3 x 67625 =

13883412.5pg

Log dry weight:

3.13 log (4 5 0 0 )-8 .1 8  

= 3.25

Dry weight: 1797pg.ind'1 

Dry weight of ‘sample’: 

1797 x 8562 =

15385914pg

Repeat 10000 times to give 10000 simulated sample for each size fraction

4 -
Calculate average length from 10000 samples (see text for formula)

4 -
Calculate average biomass from 10000 samples (see text for formula)

Fig. 3.1 Schematic illustration of simulated sample generation (SD = standard deviation)
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200-500pm 500-1000pm 1000-2Q00pm

90 10 0

90 9 1

90 0 10

80 10 10

70 20 10

70 10 20

60 20 20

50 30 20

50 25 25

50 20 30

34 33 33

30 40 30

30 30 40

25 50 25

25 25 50

20 40 40

10 50 40

10 40 50

0 90 10

0 50 50

0 10 90

Table 3.1 Average population size structures used to generate random samples for models.
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Published data

Three studies were used for this part of the investigation. Brooks and Dodson (1965) 

were the first study to formulate the Size Efficiency Hypothesis, which describes the size 

selective effects of fish predation and competition, from an investigation into the numbers of 

animals falling into different length classes. Dam et a l (1993) investigated the trophic role of 

mesozooplankton using size-fractionated dry weight measurements in the North Atlantic, and 

Nielsen and Munk (1998) measured zooplankton biomass (mgCm'2) at the Fisher Banks in the 

North Sea.

Data from Brooks and Dodson (1965) were taken from their Figure 4, and converted to 

dry weight using the total copepod length-weight regression from Uye (1982). Data from Dam 

et a l (1993) were taken from their Figure 1, and converted to abundance by dividing by an 

average carbon value calculated using the Uye (1982) equation and the Wiebe (1988) 

relationship between dry weight and carbon. Data from Nielsen and Munk (1998) were taken 

from their Table 1, and converted to abundance in the same way.

Results

In the literature there are a number of studies where the average body size of a sample is 

characterised by sieving the sample through a series of meshes, and then calculating the slope of 

a line fitted through the cumulative biomass in each size fraction against the log,0 of the mesh 

size (Magnesen, 1989b; Seda and Dostalkova, 1996). However, a quick comparison of this 

method and using the average length in a sample revealed that the latter method represented the
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actual size structure better (Figure 3.2). For example, the slope index indicates that animals are 

larger in a sample where all animals fall into the 500-1000pm fraction than a sample where all 

animals fall into the 1000-2000pm fraction. In addition, average length is an easier index to 

visualise, and therefore understand what is happening.

Field sampling

Figure 3.3 shows the average length (pm) and the average biomass (pg dry weight) of 

animals in samples from Swansea Bay, the North sea and the Irish Sea at different times of the 

year. In general, the patterns of change in average length or biomass are similar. However, 

there are exceptions such as the December sample from Swansea Bay, which has one of the 

smallest average lengths of animals, but the highest average biomass. Also, the February North 

Sea sample has a smaller average length of animals than the June Irish Sea sample, but a higher 

average biomass value. A one-way ANOVA finds a significant difference in the three sample 

areas with respect to average animal length (F2>64 = 9.6, p < 0.001) but not with respect to 

biomass (F2)64 = 0.05, p = 0.952).

Models of different sampling scenarios

There were no significant differences in the estimates of average length (Fg,8999i = 1.1, p 

= 0.335) or average biomass (F8,8999i = 0.7, p = 0.649) obtained when sampling different 

proportions of the zooplankton ‘population’. When the population size structures were
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Fig. 3.2 Theoretical zooplankton community size structure represented as percentage of animals 

in 200-500pm, 500- 1000pm and 1000-2000pm size fractions (a), and the average length (pm) 

and slope (see text) calculated from these size structures.
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altered and tested against each other, most samples were significantly different from each other 

using an independent samples t-test. However, there were a few exceptions (Table 3.2).

Overall, when using the average length significant differences were found between 92 out of 94 

populations, whilst when using the average biomass significant differences were found between 

77 out of 94 populations.

Published data

Brooks and Dodson (1965) investigated the length of zooplankton in Crystal Lake before 

and after the introduction of the planktivorous fish AI os a aestivalis. They found that the modal 

length decreased from 0.8mm to 0.3mm in the presence of the fish. Figure 3.4a shows the 

results from their study using the numbers of animals in length classes, whereas figure 3.4b 

shows the results after they have been converted to dry weight in the same length classes. 

Although the conclusions made from both sets of data would be the same, it is much more 

clearly seen when using the numbers of animals in the length classes.

Dam et al. (1993) measured biomass (mgCm‘3) in 0.2-0.5mm, 0.5-1.0mm and 1.0- 

2.0mm size-fractions for day and night zooplankton samples. Figure 3.5 shows the increase 

seen in both average biomass and average animal length at night compared to during the day.

An independent samples t-test found this difference to be significant when considering average 

biomass (tg = -3.2, p < 0.05) but not when considering average length (tg = -1.0, p = 0.36).

Nielsen and Munk (1998) investigated zooplankton biomass across the front off the 

Jutlandic coast in the size classes 460-560pm, 560-700pm, 700-880|um, 880-1120pm
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during the day in the North Atlantic. Data taken from Dam et al. (1993).
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and >1120pm. The open ended nature of the last size class means that it is impossible to 

calculate an average length of animal expected, and therefore this data was ignored. Figure 3.6 

shows the increase seen in both average biomass and average animal length in coastal water 

compared to frontal water. An independent samples t-test found this difference to be significant 

when considering average length (t3 = -4.3, p < 0.05) but not when considering average biomass 

(t3 = -2.7, p = 0.08). When comparing the North Sea data from Nielsen and Munk (1998) with 

the North Atlantic data from Dam et al. (1993), there is another discrepancy in the conclusions 

made when using biomass or length. An independent samples t-test found the sampling areas 

significantly different when considering average length (t]4 = -4.3, p < 0.001) but not when 

considering average biomass (tn =  1.0, p = 0.32).

Discussion

Several studies have found zooplankton biomass to be an inadequate descriptor of changes in 

phytoplankton (Elser et a l, 1987) and phosphorous-chlorophyll a relationships (Pace, 1984), 

these factors being better related to the taxonomic composition of zooplankton. Others have 

found that different elements of a community relate to either total biomass or size structure of 

zooplankton. For example, Currie (1999) found that zooplankton size structure, rather than 

biomass, was related to the trophic status of the water and piscivore presence; but that algal 

biomass was related to zooplankton biomass and not size structure. Similarly, Cyr (1992) found 

zooplankton grazing rates to be related to biomass but not size structure, although taxonomic
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composition was also a significant factor in explaining grazing rates. Therefore, the method of 

defining zooplankton size structure is obviously important.

The results from each aspect of this study demonstrate the variability in results obtained 

from using average zooplankton length or biomass. The method of getting biomass data used in 

this field study means there will be problems associated with detrital contamination. This could 

explain the high average biomass values found in samples from Swansea Bay and the North Sea 

with small average length values. Both these sampling dates occurred in periods of rough 

weather, which can increase problems with detritus and suspended sediments. However, the 

models of different sampling scenarios is free of such problems, and yet still shows average 

length to be, on the whole, a more sensitive measure of zooplankton size than biomass. The 

very large number of replicate ‘samples’ used in the model decreases problems with 

zooplankton spatial variability that would be found in real sampling. Obviously, it would be 

impossible to take 10000 replicate samples in a real situation and, for this reason, the models 

used may have been over sensitive. However, the nature of biomass measurements mean that 

the value is heavily influenced by the large size-fraction which, due to the lower numbers 

involved, is the most variable size-fraction (Echevarria et al., 1990; Rojo and Rodriguez, 1994). 

On the other hand, values of average length, calculated using the abundance in each size- 

fraction, is heavily influenced by the small, least variable, size-fraction. This is probably the 

reason for the significant day/night differences in average biomass, but not average length, 

found in the data from Dam et al (1993). At night larger animals come to the surface but the 

proportion of large to small animals is still very low, and does not result in a significant increase 

in average length. However, because a small increase in the length of an animal can lead to a 

proportionately much larger increase in biomass, a small increase in the numbers of large
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animals will heavily influence the average biomass leading to the significant difference seen in 

these results. In the results from Nielsen and Munk (1998), and when comparing their North 

Sea data to the North Atlantic data from Dam et al (1993), the difference in biomass results are 

probably masked to some degree by biomass variability and hence is not significant.

Despite these minor problems, it is obvious from this study that it is essential to choose 

the method of describing size structure very carefully. Clearly, the choice you make depends on 

the aim of the study. There are two main types of study that look at the size structure of 

communities: those looking to understand community production dynamics and yield (Boudreau 

and Dickie, 1989; Boudreau and Dickie, 1992; Carpenter et al., 1987; Dickie et al., 1987; Ikeda, 

1985), and those looking to understand factors that affect individual body sizes and patterns of 

community organisation (Bogdan and Gilbert, 1984; Brooks and Dodson, 1965; Munk, 1997; 

Omori, 1997; Suchman and Sullivan, 1998; Twombly and Tisch, 2000; Warren et al., 1986). 

Studies looking at community production dynamics will obviously need to measure biomass as 

the processes involved, such as metabolism and respiration, are a function of body weight 

(Dickie et al., 1987; Platt and Denman, 1977). However, the results of this study show that, 

when trying to understand factors affecting size structure, the use of size-fractionated abundance 

will yield a more sensitive and less variable measure.

Conclusions

• A quick comparison of the slope index method (Seda and Dostalkova, 1996) and average 

length of animals in a sample as a measure of zooplankton size found the latter to be more 

accurate.
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• From field sampling the use of average length or average biomass, to describe zooplankton 

size, yielded similar results except for one occasion where increased detritus and suspended 

sediment probably produced inaccurate biomass results.

• From models of different sampling scenarios, where population size structures were altered 

and tested against each other, the use of average length as the measure of size structure 

found significant differences between a greater number of populations than the use of 

average biomass.

• From published data it is concluded that biomass measurements are heavily influenced by 

the number of animals in the large size fraction which tends to be more variable due to the 

lower numbers involved. As such, differences in size structure are often masked whereas 

when comparing average length measurements (which are influenced by the small, least 

variable, size fraction) differences in size structure are seen more clearly.

• It is essential to choose the method of describing size structure very carefully to reflect the 

aims of the individual study.
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CHAPTER 4

Mesozooplankton community structure along 

a salinity gradient in the Baltic Sea
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Abstract

The Baltic Sea has a known salinity gradient from more saline water in the south to less saline 

water in the north. The aim of this study was to test the hypotheses that there are changes in 

mesozooplankton biomass associated with salinity, the biomass ratio of copepods to cladocerans 

decreases with salinity, and there are patterns in species composition associated with changes in 

salinity. The only changes in zooplankton size seen in this study seem to be associated with 

DVM behaviour of the animals, and not the salinity gradient in the Baltic Sea. However, 

cladoceran and copepod biomass was positively correlated with salinity. The decrease in 

biomass ratio of copepods to cladocerans with salinity was only found in samples with salinity 

less than 7.06%o. There were no changes in diversity associated with salinity. However, there 

were significant changes in the patterns of species abundance with the salinity gradient.
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Introduction

Zooplankton play a vital role in the pelagic food web by determining the amount of 

primary production that is converted to a form accessible to top predators (Lenz, 2000; Ojaveer 

et al., 1998) and hence have major implications in determining strength and distribution of fish 

stocks (Cushing, 1975). As most marine species have planktonic life stages, or depend on 

zooplankton as a source of food at some stage, changes in the zooplankton biomass and 

community structure can have widespread effects on the whole marine ecosystem (Conversi and 

Hameed, 1998; Skjoldal et al., 2000). Major factors driving variation in the zooplankton 

community will be changes in the physical environment. For example, temperature and salinity 

tolerances can determine the horizontal and vertical distributions of zooplankters (Hemroth, 

1981).

There have been many observations concerning the effects of salinity on zooplankton 

communities, although formulation of these observations into generally applicable hypotheses is 

scarce. With a decrease in salinity, Viitasalo et al. (1995a) found an increase in total biomass 

and that of cladocerans and many dominant species, whilst Vuorinen et al. (1998) detected a 

decrease in the ratio of copepods to cladocerans. Flinkman et al. (1998) stated that numbers of 

animals of larger biomass (greater than 20pg wet weight) also decreased with salinity, although 

there was no decreasing trend in total mesozooplankton biomass. Similarly, Soetaert and Van 

Rijswijk (1993), Laprise and Dodson (1994), and Lopes (1994) all found that a salinity gradient 

explained most variation in zooplankton species composition, and Flinkman et al. (1992) 

discovered a decrease in the diversity of planktonic species along a gradient from high to low 

salinity. Vuorinen and Ranta (1987) studied long-term variations in zooplankton in the Northern
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Baltic Sea and concluded that, although most mesozooplankton taxa responded either positively 

or negatively to salinity change, the changes were not distinguishable from random fluctuations. 

Viitasalo et a l (1990) stated that salinity was the most influential factor for crustacean 

zooplankton living mostly below the thermocline, whilst temperature and nutrients were more 

important for those living above it. However, there have also been studies that have found no 

relation between salinity and zooplankton species abundance (Pedersen et a l , 1995) or biomass 

(de Lafontaine, 1994).

The Baltic Sea is an ideal environment to examine the interaction between salinity and 

zooplankton community structure since there is a gradient in salinity from l-4%o in the north to 

7-8%o in the south (Rudstam et a l, 1994), and salinity is the most important environmental 

factor affecting zooplankton in the Baltic (Viitasalo et a l, 1990). The Baltic Sea is one of the 

largest bodies of brackish water in the world, virtually an enclosed sea, with only a narrow 

connection, the Oresund, to the North Sea. Sporadic saline water pulses enter via this channel 

forming layers of more saline deep waters. There is also considerable run-off from the 

surrounding land masses which generates a brackish surface layer (Ehlin, 1981; Kullenberg, 

1981). These saline pulses and run-off are, in turn, controlled by climatic factors such as the 

North Atlantic Oscillation index and westerly winds (Hanninen et a l, 2000).

The aim of this study was to collect zooplankton in a consistent manner throughout the 

Baltic in order to test the following hypotheses: initially, that there are changes in 

mesozooplankton biomass associated with salinity (Flinkman et a l, 1998; Viitasalo et a l, 

1995a); secondly, that the biomass ratio of copepods to cladocerans decreases with salinity 

(Vuorinen et a l, 1998); and finally, that there are patterns in species composition associated
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with changes in salinity (Laprise and Dodson, 1994; Lopes, 1994; Soetaert and Van Rijswijk, 

1993).

Methods

Zooplankton samples were collected at a depth of 18m with a U-Tow, a towed body 

designed to sample continuously over extended spatial scales (Hays et a l , 1998) and so 

overcome effects of zooplankton patchiness. The U-Tow was fitted with a Plankton Sampling 

Mechanism (PSM), containing 200pm mesh, an electromagnetic flowmeter, and a CTD. 

Sampling took place between 12 and 19 June 1999. Sunrise and sunset were defined as the time 

when the elevation of the sun was 0°, and was determined using almanacs (TELONICS Real- 

Time Satellite Display).

After each deployment, samples were immediately washed off the mesh and preserved in 

a 4% borax buffered seawater formaldehyde solution. Alternate samples were wet sieved into 

the size fractions 200-500pm, 500- 1000pm, and 1000-2000pm. Using a binocular microscope, 

the animals in each size fraction were identified, to at least genus for copepods and at least order 

for other animals, and counted to give measures of abundance for the species present and the 

size structure of the zooplankton community. The average size of animals in a sample was 

calculated using the formula:

W = Z S"'((Ml + Mu) / 2 ) x Ps
S=1

where W is the average width of animals in the sample, S is the size fraction, Ml is the lower 

mesh size for the size fraction, Mu is the upper mesh size for the size fraction, and Ps is the
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proportion of animals in that size fraction. W was then converted to an average length by 

assuming a typical width:length ratio for mesozooplankton of 1:3 (Herman et al., 1992). 

Biomass was calculated using wet weight values (pg.ind"1) from Flinkman et al. (1998).

Bray-Curtis similarity coefficients between individual sample measures of species 

composition (proportion contributed by each species to total abundance) were calculated using 

the CLUSTER routine from Plymouth Routines In Multivariate Ecological Research (PRIMER) 

(Carr, 1997; Clarke and Warwick, 1994). These were mapped as non-metric multi-dimensional 

scaling (MDS) plots.

Results

There were four individual tows covering a total distance of 665 km (Figure 4.1).

Twenty samples were collected, each constituting approximately 18.5 km of sampling. There 

was a strong relationship between latitude and mean salinity per sample (Fi.is = 85.2, r = 0.83, 

p < 0.001), confirming the salinity gradient from south to north (Figure 4.2). There were also 

weaker trends with latitude and temperature (F i, i s = 6.4, r2 = 0.26, p < 0.05), and temperature 

and salinity (Fijg = 7.4, r2 = 0.29, p < 0.05) (Figure 4.2).

Acartia spp. (mostly Acartia bifilosa) were the most abundant constituting 43% of all 

identified zooplankton. Evadne spp., Temora spp., and Pseudocalanus spp. made up a further 

15%. The remainder consisted of, in descending order, Centropages spp., bivalve larvae, Podon 

spp., copepod nauplii, Eurytemora affinis, Bosmina spp., larvaceans (mainly Fritillaria spp.), 

mysids, fish eggs, and Sagitta spp. The average length of mesozooplankton from all samples
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was 1.11mm, with the ratio of mean abundance of animals in the size ranges 200-500pm, 500- 

1000pm, and 1000-2000pm being 1:0.06:0.0002.

There was no significant relationship between salinity and the average length of animals 

in a sample (Fijg = 2.0, r2 = 0.10, p = 0.173). The average length of animals from samples taken 

in daylight hours (mean =1.10 mm, n = 10, SD = 0.01) was slightly lower than the average 

length of animals from samples taken during the night (mean =1.13 mm, n = 10, SD = 0.05), 

but this was not significant (t-test: tio = 1.9, p = 0.082).

Log-transformed total copepod biomass (Fi,ig = 8.5, r2 = 0.32, p < 0.01) and total 

cladoceran biomass (Fi.is = 2 .0 , r2 = 0.28, p < 0.05) were both positively correlated with salinity 

(Figure 4.3a). There was no relationship between the biomass ratio of copepods to cladocerans 

and salinity (Fi,ig = 0.0, r2 = 0.00, p = 0.923). However, the average biomass ratio of copepods 

to cladocerans in samples taken during the night (mean = 1.19, n = 10, SD = 0.12) was 

significantly higher than in samples taken in daylight hours (mean = 1.10, n = 10, SD = 0.06) (t- 

test: t ]4 = 2.2, p < 0.05). This was due to the fact that the average log-transformed biomass of 

copepods in samples taken during the night (mean = 9.62 pg, n = 10, SD = 0.51) was 

significantly higher than in samples taken in daylight hours (mean = 8.78 pg, n = 10, SD = 0.80) 

(t-test: tis = 2.8, p < 0.05), but no such pattern was found for the log-transformed biomass of 

cladocerans (t-test: fig = 0.4, p = 0.664). To remove possible effects of Diel Vertical Migration 

(DVM) behaviour by copepods, the biomass ratio of copepods to cladocerans for day and night 

samples were standardised separately, by reducing values to zero mean and unit variance, and 

reanalysed. However, the relationship between ratio of copepods to cladocerans and salinity 

was still not significant (Fijg = 0.5, r2 = 0.03, p = 0.504).
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Significant patterns in log-transformed abundance and salinity were found. Total zooplankton, 

total copepods, total cladocerans (Figure 4.3b), Evadne, Temora, Centropages, and Podon 

(Figure 4.3c) were positively correlated with salinity; whilst Eurytemora affinis (Figure 4.3d) 

was negatively correlated with salinity (also see Table 4.1). There was no significant 

relationship between salinity and the log-transformed abundance of Acartia, Pseudocalanus, 

polychaete larvae, Sagitta, Bosmina, Fritillaria, mysids, and bivalve larvae (Table 4.1).

There were no significant changes with salinity in measures of diversity such as total 

number of species (Fijg = 0.0, r2 = 0.00, p = 0.941), richness (Fi.is = 2.2, r2 = 0.11, p = 0.151), 

the Shannon index (Fi,i8 = 0.6, r2 = 0.03, p = 0.440), or evenness (F\,\s = 0.6, r2 = 0.03, p = 

0.455). When the Bray-Curtis similarity coefficients between all samples were plotted as a non

metric multi-dimensional scaling (MDS) plot, the samples divided into three distinct groups 

which can be related to the salinity gradient (Figure 4.4a). The average salinity of the groups 

was 7.23%o (n = 8, SD = 0.10) for group A, 6.99%o (n = 6, SD = 0.07) for group B and 6.76%o (n 

= 6, SD = 0.13) for group C. These were confirmed as significantly different by a one-way 

ANOVA (F2,17 = 35.1, p < 0.001). Figure 4.4b shows where, along the transect, the groups 

occurred and Figure 4.5 shows the species composition of these three groups.

Those taxa which showed significance between group differences in log-transformed 

abundance, from a one-way ANOVA, were Centropages (F2,n = 2.5, p < 0.005), Temora (F2ji7 =

8.9, p < 0.005), Eurytemora (F2,n = 41.4, p < 0.001), Evadne (F2,n = 10.2, p < 0.001), Podon 

(F2.17 = 25.6, p < 0.001), and bivalve larvae (F2,n = 7.1, p < 0.01). Centropages and Temora 

showed a gradual decrease along the groups from A to C, while Acartia were dominant in all 

three groups but showed a decrease in group B that was coupled with an increase in
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SPECIES df F r2 SIGNIFICANCE

Centropages spp. 19 23.5 0.57 0.001

Temora spp. 19 33.6 0.65 0.001

Acartia spp. 19 4.1 0.18 NS

Pseudocalanus spp. 19 1.3 0.07 NS

Eurytemora affinis 19 9.2 0.34 0.01

Polychaete larvae 19 0.6 0.03 NS

Sagitta spp. 19 2.2 0.11 NS

Evadne spp. 19 5.5 0.23 0.05

Podon spp. 19 13.5 0.43 0.005

Bosmina spp. 19 4.0 0.18 NS

Fritillaria 19 4.3 0.19 NS

Mysids 19 0.0 0.00 NS

Bivalve larvae 19 3.6 0.17 NS

Total zooplankton 19 9.2 0.34 0.01

Total cladocerans 19 6.8 0.28 0.05

Total copepods 19 8.8 0.33 0.01

'I

Table 4.1 Results from regressions of log-transformed abundance (n .m ') against salinity (%o). 

NS = not significant.
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distribution o f samples comprising groups A, B and C.
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Fig. 4.5 Log-transformed species abundance o f a) group A, b) group B, and c) group C. 

The smaller pie charts represent the composition o f the less abundant species making up 

the white segments.
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□ Podon spp.

■ Bivalve larvae
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Pseudocalanus. Eurytemora afjinis was only present in group C. Evadne was present in similar 

proportions in groups A and C but reduced in group B, whereas Podon was present in group A 

but virtually absent in groups B and C. Bivalve larvae and nauplii were both present at a similar 

abundance in groups B and C, but at a reduced level in group A.

Discussion

There has been a substantial amount of work on the zooplankton in the Baltic Sea 

(Dippner et al., 2000; Flinkman et al., 1998; Flinkman et al., 1992; Mollmann et al., 2000; 

Ojaveer et al., 1998; Viitasalo, 1992; Viitasalo et al., 1990; Viitasalo et al., 1995a; Vuorinen et 

al., 1998; Vuorinen and Ranta, 1987), but these studies concentrated on temporal changes, or 

relied on net samples from fixed stations. Sampling at fixed stations can produce biased results 

due to the patchiness of zooplankton (Viitasalo et al., 1995a). This study is the first to employ a 

continuous, large scale, sampler that overcomes this problem, and can identify where, in the 

horizontal range, changes occur in the zooplankton community.

The broad composition of the zooplankton found in this study compares well to that 

found in earlier studies (Dippner et al., 2000; Flinkman et al., 1992; Hemroth, 1981; Ojaveer et 

al., 1998; Rudstam et al., 1994; Viitasalo, 1992; Viitasalo et al., 1990; Vuorinen et al., 1998; 

Vuorinen and Ranta, 1987). However, Mollmann et al. (2000) found Pseudocalanus spp. to be 

the most abundant copepod. It has previously been noted that Pseudocalanus, especially adults, 

are more abundant below 100m in the deeper basins of the Baltic (Mollmann et al., 2000;
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Ojaveer et a l, 1998). This means that, with the sampling depth of 18m in this study, many 

Pseudocalanus will have been missed.

The ratio of animals in the size ranges 200-500pm, 500-1000pm, and 1000-2000pm 

(1:0.06:0.0002) indicates that the plankton found in the Baltic Sea is dominated by smaller 

planktonic species in comparison to other oceans, such as the Pacific where at times the biomass 

in the > 1000pm size fraction can be dominant (White et a l, 1995), and the Arabian Sea where 

most of the biomass occurs in the large size fraction (Wishner et a l, 1998). The lack of large 

organisms in the Baltic is probably due to the low salinity, but may also indicate high predation 

pressure from planktivorous fish, which are known to selectively feed on larger animals 

(Flinkman et a l, 1998; Flinkman et a l, 1992). This high predation pressure is derived from the 

high level of planktivorous fish present (Rudstam et a l, 1994) and the relatively shallow water 

(Segerstrale, 1969) which reduces the refuge available to zooplankters through DVM.

It is thought that zooplankton may undergo DVM to reduce the risk of predation from 

visual planktivores (Zaret and Suffem, 1976). Large amplitude migrators (i.e. species moving 

hundreds of meters) are generally large (> 2mm) or heavily pigmented, making them very 

visible (Hays, 1996; Hays et a l, 1994). The zooplankton sampled in this study were 

comparatively small, however DVM in smaller taxa has been documented (Harris, 1988). 

Although there were no changes in the average length of zooplankton associated with time of 

day, there was a difference in average day and night copepod biomass which suggests that DVM 

of copepods may take place.

Contrasting patterns of biomass change with salinity have been reported with, for 

example, Viitasalo et a l (1995a) showing that seasonally adjusted biomass of total 

mesozooplankton biomass and cladoceran biomass were negatively correlated with salinity,
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while Flinkman et a l (1998) and this study show that total cladoceran and total copepod 

biomass were positively correlated to salinity. These differences may reflect differences in the 

levels of salinity in which sampling took place. The study by Viitasalo et al. (1995 a) took place 

further north than the present study, off the coast of Finland, where the salinity range was lower 

(5.8 -  6.6%o) and limnetic species are more prevalent (Viitasalo, 1992; Viitasalo et a l , 1990; 

Vuorinen and Ranta, 1987) creating different spatial patterns. This suggests that salinity does 

not influence zooplankton biomass in a simple monotonic manner, with limnetic species 

decreasing, and eventually disappearing, before salinity increases up to 6.6%o, and neritic 

species appearing, and increasing, as salinity increases further.

Vuorinen et a l (1998) found a decrease in the ratio of copepod to cladoceran biomass 

with salinity. These results confirm and extend his conclusion. The study by Vuorinen et a l 

(1998) was conducted in the salinity range 5.8 -  6.8%o. Samples from this study that had a 

salinity below 7.06%o did show a significant decrease in the ratio of copepod to cladoceran 

biomass with salinity (F\,n = 13.2, r2 = 0.57, p < 0.005). This was caused by the decrease, with 

salinity, in the biomass of neritic copepod taxa such as Temora (Fi,! i = 7.3, r2 = 0.42, p < 0.05) 

and Pseudocalanus (Fij i = 7.2, r2 = 0.42, p < 0.05). However, above 7.06%o there is no obvious 

decrease in the abundance of these taxa with salinity ( F \ , i  =  2.9, r = 0.32, p = 0.141 and Fi,7 =

2.9, r2 = 0.33, p = 0.138). It has previously been shown that, in low salinity, marine copepods 

have increased respiration rates due to the need for extra energy to osmoregulate (Gaudy et a l, 

2000). Consequently, as salinity declines, it becomes more difficult for the neritic species to 

compete efficiently.

While strong relationships between salinity and abundance were not found for some taxa 

(e.g. polychaete larvae, Sagitta, Fritillaria, Bosmina, and mysids) this may simply be due to the
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low observed numbers in samples reflecting that sampling took place too early in the year to 

observe high abundance for these taxa. However, for taxa routinely caught in high numbers, the 

patterns of abundance with salinity were generally consistent with those reported previously 

(Flinkman et a l , 1998; Viitasalo et a l , 1990; Viitasalo et a l , 1995a; Vuorinen et a l , 1998) and 

can be related to the salinity tolerances of the individual taxa. Care must be taken when 

interpreting the correlation between salinity and Eurytemora spp. due to the high number of zero 

values in the southern part of the transect. However, this area has salinity higher than that 

preferred by Eurytemora (Viitasalo, 1992). Salinity alone could not explain the patterns in 

Pseudocalanus suggesting that, for this taxa, other factors may play a role. Again, this may be 

an artifact due to the under-sampling of Pseudocalanus caused by deeper distributions. Acartia 

bifilosa is known to be a brackish water species and abundant throughout the Baltic Sea 

(Ojaveer et a l, 1998; Viitasalo, 1992). There is some evidence that they may have a 

competitive advantage over some other copepods by avoiding feeding on toxic cyanobacteria 

that occur widely in the Baltic Sea (Engstrom et a l, 2000). Further evidence suggests that other 

species of copepods, such as Eurytemora, that carry egg sacs, and larger Temora and 

Centropages, are more heavily preyed on (Flinkman et a l, 1992). These facts may explain the 

dominance of Acartia in the Baltic, but also may reflect differing seasonal cycles of the species.

Given the observed changes in the abundance of individual taxa with salinity, it is not 

surprising that groups of taxa, related to the salinity gradient, were identified by cluster analysis 

(Figure 4.4a). Most of the differences in species composition in the groups (Figure 4.5) can be 

explained by changes in abundance with salinity described earlier, with neritic taxa more 

abundant in higher salinity (group A) and brackish water taxa more abundant in lower salinity 

(group C). Evadne showed a definite minimum in the middle of the transect (group B) rather
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than a monotonic change with salinity. As well as significant salinity differences between the 

three groups, there were also significant temperature differences (F2,i7 = 15.2, p < 0.001). As 

group B has the highest temperature, this may explain the decrease in Evadne. Although Evadne 

is not significantly negatively correlated with temperature alone (F^ig = 0.5, r2 = 0.00, p =

0.818), a stepwise multiple regression (Fs = 0.1) enters salinity and temperature into the equation 

and explains more of the variation than salinity alone (F2,i7 = 5.0, r2 = 0.37, p < 0.05).

Species diversity was shown to be unrelated to salinity, which is probably because, 

although some species decreased in numbers with salinity, none disappeared completely; and as 

one species declined another species increased. This result may also reflect the very low 

diversity found in the Baltic (Hemroth, 1981) which reduces the possible amount of variability 

in diversity.

Conclusions

• There was a strong salinity gradient decreasing from north to south in the Baltic Sea.

• Animals were generally small (average length was 1.11mm) and there was no relationship 

between length of animals and salinity or time of day, although increased copepod biomass 

at night indicates that DVM may take place.

• Total zooplankton and total copepod biomass were negatively correlated with salinity. By 

combining this result with previous studies in a lower salinity range (Viitasalo et al., 1995a), 

it appears that salinity and zooplankton biomass are not related in a simple monotonic 

manner.
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A decrease in biomass ratio of copepods to cladocerans with salinity was found in samples 

with salinity less than 7.06%o due to the decrease in neritic copepod taxa.

Total zooplankton, total copepods, total cladocerans, Evadne, Temora, Centropages, and 

Podon were positively correlated with salinity; whilst Eurytemora affinis was negatively 

correlated with salinity. These can be related to the salinity tolerances of the individual taxa. 

However, salinity alone could not explain the patterns in Pseudocalanus suggesting that 

other factors play a role.

Groups of taxa, related to the salinity gradient, were identified by cluster analysis. They 

correspond to samples from the Bornholm, Gotland and Northern Baltic proper areas of the 

Baltic Sea.

Species diversity was unrelated to salinity, probably due to the very low diversity found 

which reduces the possible amount of variability in diversity.



CHAPTER 5

Spatial patterns and the importance of different copepod taxa 

in North East Atlantic epipelagic mesozooplankton



Abstract

Epipelagic mesozooplankton were collected from the NE Atlantic, Celtic Sea and Bay of Biscay, 

using the U-Tow (a continuous plankton sampler). Zooplankton communities could be 

distinguished into those from the Porcupine Bank, NE Atlantic deep water, Celtic Shelf, Bay of 

Biscay and English Channel. The most important taxa, both by number and by biomass, were 

generally Oithona spp. and Para/Pseudocalanus spp. Overall, the relative biomass of Calanus 

was small but became more important over the continental shelf, especially at the edge of the 

shelf.

90



Introduction

Zooplankton play a fundamental role in the functioning of pelagic food webs as they form a link 

in between producers and secondary consumers (Gislason and Assthorsson, 1995; Kane, 1993; 

Steele, 1974; Williams and Conway, 1984), and can be important in determining the rate of 

production by autotrophic and heterotrophic plankton through nutrient regeneration (Banse, 

1995). It is also considered that epipelagic plankton can provide a useful monitor of climate 

change (Villate et al., 1997).

Copepod assemblages are generally the most abundant component of mesozooplankton 

(Morales et al., 1993) and, therefore, dominate the biomass of pelagic grazers having important 

impacts on the phytoplankton (Morales et al., 1993; Tiselius, 1988). In fact, several studies 

have shown that, at certain times of the year, the grazing impact of the copepod community can 

match or exceed daily primary production (Hansen et al., 2000; Weeks et a l, 1993). A large 

amount of marine plankton research has concentrated on the larger copepod taxa such as 

Calanus, Metridia and Pleuromamma species, for example, describing horizontal distribution 

and seasonal cycle (Durbin et al., 2000; Gaard, 2000; Planque and Batten, 2000; Planque and 

Fromentin, 1996; Planque et al., 1997), vertical distribution (Williams, 1985; Williams and 

Conway, 1980; Williams and Conway, 1984), grazing impact (Hansen et al., 2000), optimal life 

history (Fiksen and Carlotti, 1998), and population structure (Irigoien et al., 1998; Meise and 

O'Reilly, 1996; Tande, 1982). Calanus spp. are often cited as being the most abundant, and 

therefore most important, copepod in the North Sea and North Atlantic (Fiksen and Carlotti, 

1998; Gislason and Assthorsson, 1995; Hansen et al., 2000; Irigoien et a l, 1998; Meise and 

O'Reilly, 1996; Morales et al., 1993; Parsons and Lalli, 1988; Planque and Batten, 2000;
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Planque and Fromentin, 1996; Steele, 1974; Tande, 1982; Tande and Miller, 2000; Williams, 

1985) and have been assigned roles in structuring the North Atlantic pelagic community (Fiksen 

and Carlotti, 1998), and controlling the growth rate of commercially important fish stocks such 

as herring (Steele and Frost, 1977), cod, haddock (Irigoien et al., 1998), sprat, pilchard and 

mackerel in the North Atlantic and Celtic Sea (Williams and Conway, 1984). However, recent 

evidence has suggested that smaller copepods are generally dominant not only in numbers, but 

also sometimes in biomass and grazing pressure (Dam et al., 1993; Fernandez et a l , 1993; 

Gallienne et al., 2001; Lochte et al., 1993; Morales et al., 1991; Morales et al., 1993; Valdes 

and Moral, 1998). The aim of this study was to quantify the importance of different copepod 

taxa, in terms of numbers and biomass, in the epipelagic zooplankton community of the North 

East Atlantic.

Methods

Zooplankton samples were collected at a depth of 10m with a U-Tow, a towed body designed to 

sample over extended spatial scales (Hays et al., 1998) and so overcome effects of zooplankton 

patchiness. The U-Tow was fitted with a Plankton Sampling Mechanism (PSM), containing 

200pm mesh, an electromagnetic flowmeter, and a CTD. Sampling took place between 29 June 

and 25 July 1999. Sunrise and sunset were defined as the time when the elevation of the sun 

was 0°, and was determined using almanacs (TELONICS Real-Time Satellite Display).

After each deployment, samples were immediately washed off the mesh and preserved in 

a 4% borax buffered seawater formaldehyde solution. Alternate samples were wet sieved into
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the size fractions 200-500pm, 500-1000pm, and 1000-2000pm. Using a binocular microscope, 

the animals in each size fraction were identified, to at least genus for copepods and at least order 

for other animals, and counted to give measures of abundance for the species present and the 

size structure of the zooplankton community. The average size of animals in a sample was 

calculated using the formula:

w =  E St ( M L + M u) /  2) x ps
S=1

where W is the average width of animals in the sample, S is the size fraction, M l is the lower 

mesh size for the size fraction, Mu is the upper mesh size for the size fraction, and Ps is the 

proportion of animals in that size fraction. W was then converted to an average length by 

assuming a typical width:length ratio for mesozooplankton of 1:3 (Herman et a l, 1992). 

Biomass was calculated by taking widths from Hays (1996) and Sars (1903), converting to 

lengths, and then to dry weight using length-weight regressions for total copepods from Uye 

(1982) and multiplying by the animals abundance corrected for mesh selectivity (Nichols and 

Thompson, 1991).

Bray-Curtis similarity coefficients between individual sample measures of species 

composition (proportion contributed by each species to total abundance) were calculated using 

the CLUSTER routine from Plymouth Routines In Multivariate Ecological Research (PRIMER) 

(Carr, 1997; Clarke and Warwick, 1994). These were mapped as non-metric multi-dimensional 

scaling (MDS) plots.
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Results

There were fifty individual tows covering a total of 2902 km from the North Atlantic, Celtic Sea 

and Bay of Biscay (Figure 5.1). 109 samples were analysed, each constituting approximately 

18.5 km of sampling. Figure 5.2 shows the percentage of all samples in which different species 

were ranked among the top three most numerically abundant species. By far the most abundant 

copepod overall was Oithona spp., which was ranked in the top three most abundant species in 

83% of all samples. Para/Pseudocalanus spp. (composed of Paracalanus, Pseudocalanus, 

Ctenocalanus, and Clausocalanus), Acartia spp. and larvaceans were also abundant overall, 

ranking in the top three most abundant species in 66%, 38% and 33% of all samples 

respectively. Calanus spp. only ranked in the three most abundant species in less than 1% of all 

samples.

There were no distinct spatial patterns in the average size of the zooplankton, although 

the plankton on the continental shelf tended to be larger than that off the shelf (one-way 

ANOVA: Fi,83 = 11.2, p < 0.001). There were also day and night differences in size, with the 

average length of animals 6% (one-way ANOVA: Fj^o = 0.9, p = 0.351) and 8% larger at night 

(one-way ANOVA: Fi,4 i = 6.3, p < 0.05) on and off the shelf respectively, although the pattern 

was only significant for off shelf samples.

When the Bray-Curtis similarity coefficients between all samples were plotted as a 

cluster diagram, at the 50% similarity level the samples divided into three groups. This does not 

mean that the samples within the groups are completely different to those in other groups. 0% 

similarity means samples are completely dissimilar in terms of species composition and 

abundance, and 100% similarity means the samples are identical. Therefore, division at the 50%
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similarity level means that the samples within one group show more than 50% similarity to each 

other and less than 50% similarity to the samples in the other groups. The three groups 

correspond to deep water and the Bay of Biscay, the Celtic Shelf and west/northwest of Ireland, 

except for one sample at the north west tip of France which stood by itself. However, at the 

54% similarity level the samples divided into seven distinct groups (Figure 5.3). Figure 5.4 

shows the broad species composition (species contributing greater than 10% of the total 

abundance) of these groups. Group 1 occurs over the Porcupine Bank and is characterised by a 

large proportion of the copepod Acartia spp. Within group 1, at the 55% similarity level, the 

samples divide into those on the bank and those crossing the edge of the bank. Although both 

sub-groups are dominated by Acartia spp., the second most dominant group in samples over the 

edge is cladocerans whereas it is Oithona spp. in samples on the Bank. Group 2 occurs off the 

continental shelf in the North Atlantic and is dominated by the cyclopoid copepod Oithona spp., 

but also contains a relatively large amount of Acartia spp. and the copepods 

Para/Pseudocalanus spp. Group 3 occurs on the Celtic shelf to the southwest of Ireland and is 

also dominated by Oithona spp., but contains similar amounts of gastropod larvae, larvaceans 

and salps. Group 4 occurs in the Celtic Sea and English Channel and is dominated by 

larvaceans. Group 5 consists of a single sample that is heavily dominated by larvaceans. 

However, this sample occurs within the range covered by group 4 and is only distinguished 

because of the lack of other species. Group 6 occurs in the Bay of Biscay and is dominated by 

Para/Pseudocalanus but also contains a large proportion of Oithona spp. Within group 6, at the 

60% similarity level, the samples divide into three groups corresponding to samples on the north 

of the Armorican shelf on the west coast of France, those on the south of the Armorican shelf,
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and all other samples taken from the Bay of Biscay. Group 7 consists of two samples in the 

southeast comer of the Bay of Biscay and, although otherwise similar to group 6, is dominated 

by the cladoceran Penilia avirostris. Out of the 56 species found, a one-way ANOVA showed 

significant between group differences in the abundance of 30 species (Table 5.1). Of the non

significant species, 23 out of 26 never contributed more than 1 % of the total abundance in any 

sample. Table 5.2 shows the average salinity and temperature of the groups of samples.

Copepods contributed between 10 and virtually 100% of the total numbers of 

zooplankters sampled overall, but most frequently contributed between 90 and 100% (Figure 

5.5a). Calanus spp. contributed between 0 and 30% of the total copepod numbers overall, but 

most frequently between 0 and 10% (Figure 5.5b), and between 0 and 88% of the total copepod 

biomass overall, but most frequently contributed between 0 and 10% (Figure 5.5c). All cases 

where Calanus contributed more than 10% of the copepod biomass occurred on the continental 

shelf, and all cases where Calanus contributed more than 70% occurred on the edge of the 

continental shelf. Figure 5.6 shows the percentage of all samples that species were ranked 

among the top three contributors to total copepod biomass. Again the most dominant copepod is 

Oithona spp., ranking in the top three in 88% of all samples, followed by Para/Pseudocalanus 

spp., ranking in the top three in 71% of all samples, but Calanus spp. rank as the third most 

dominant copepod, ranking in the top three in 38% of all samples and ranking first in 17% of all 

samples. Of the samples that Calanus ranked in the top three, 30 were daytime samples and 11 

were nighttime samples.
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Significant between group differences Non-significant between group differences

Species p-value Species p-value

Acartia spp. 0.000 Calanus tenuicornis 0.761

Calanus spp. 0.000 Candacia armata 0.142

Calocalanus spp. 0.012 Eucalanus spp. 0.695
Centropages spp. 0.000 Euchaeta spp. 0.916
Para/Pseudocalanus spp. 0.000 Heterorhabdus spp. 0.906
Mecynocera clausii 0.026 Ischnocalanus spp. 0.873
Oithona spp. 0.000 Isias clavipes 0.906
Coryceaus spp. 0.000 Metridia spp. 0.346
Euterpina spp. 0.000 Nannocalanus minor 0.906
Microsetella spp. 0.050 Parapontella spp. 0.588
Oncaea spp. 0.000 Pleuromamma spp. 0.744
copepod nauplii 0.001 Rhincalanus spp. 0.612
Evadne spp. 0.000 Scolecithricella spp. 0.977
Podon spp. 0.000 Temora longicornis 0.227
Pen ilia avirostris 0.000 Temora stylifera 0.872
euphausiids 0.000 Undeuchaeta spp. 0.906
hyperiid amphipods 0.003 Clytemnestra spp. 0.790
Clione spp. 0.023 Harpacticoids 0.906
larvaceans 0.000 gammarid amphipods 0.858
Sagitta spp. 0.008 mysids 0.896
salps 0.000 ostracods 0.896
siphonophores 0.000 pteropods 0.381
barnacle larvae 0.008 anchovy eggs 0.413

bivalve larvae 0.000 hydromedusae 0.402

bryozoan larvae 0.006 phoronid larvae 0.906
decapod larvae 0.000

echinoderm larvae 0.000

fish larvae 0.012

gastropod larvae 0.000

polychaete larvae 0.000

Table 5.1 Results from one-way ANOVA on species abundance (n.mf3) in groups identified by 

cluster analysis.
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Average salinity (%o) Average temperature (°C)

Group 1 36.22 13.81

Group 2 36.49 15.50

Group 3 36.32 15.99

Group 4 36.01 16.16

Group 5 35.89 15.07

Group 6 35.86 17.57

Group 7 35.00 20.05

Table 5.2 Average salinity (%o) and temperature (°C) of the groups identified by cluster 

analysis.
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Fig. 5.5 a) Percent contributed by copepods to total zooplankton abundance, b) Percent 

contributed by Calanus spp. to total copepod abundance, c) Percent contributed by Calanus 

spp. to total copepod biomass.
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contributors to total copepod biomass.
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Discussion

It is widely recognised that zooplankton biomass provides an important index for 

estimating the secondary production in marine ecosystems (Kane, 1993), so the study of large- 

scale spatial patterns in planktonic communities is central to a wider understanding of the 

dynamics of marine environments (Beaugrand et a l , 2000; Morales et al., 1991).

The zooplankton of the North East Atlantic has been fairly intensively studied, although 

much of the work concentrates on the mid-oceanic plankton due to programs such as the 

Biogeochemical Ocean Flux Study (BOFS), Joint Global Oceanic Flux Study (JGOFS) and 

Plankton Reactivity in the Marine Environment (PRIME) (Clark et a l , 2001a; Dam et a l , 1993; 

Hays et a l , 2001; Irigoien et a l, 2000; Koppelmann and Weikert, 1999; Lochte et a l, 1993; 

Morales et a l, 1991; Morales et a l, 1993; Weeks et a l, 1993). The Continuous Plankton 

Recorder (CPR) survey has been routinely sampling North Atlantic zooplankton since the end of 

the 1950s resulting in a number of studies concerned with spatial and temporal patterns 

(Beaugrand et al., 2000; Colebrook, 1979; Colebrook, 1984; Fromentin and Planque, 1996;

Hays, 1996; Hays et a l, 1996; Hays et a l, 1997b; Planque and Batten, 2000; Planque and 

Fromentin, 1996; Planque et a l, 1997). However, the Bay of Biscay is not completely covered 

by the CPR survey, with the innermost area and the continental shelf being missed (Villate et 

a l, 1997). There has been a certain amount of work describing Bay of Biscay zooplankton 

(Fernandez et a l, 1993; Valdes and Moral, 1998; Villate, 1991; Villate et a l, 1997), but none 

using large-scale continuous samplers.

The general species composition and species distributions found in this study compare 

well with those described previously for these areas (Beaugrand et a l, 2000; Fernandez et a l,
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1993; Oceanographic Laboratory Edinburgh, 1973; Valdes and Moral, 1998; Villate, 1991). 

High abundance of Oithona spp. has previously been noted by several studies (Gallienne et al., 

2001; Harris et al., 1997; Morales et al., 1991; Morales et al., 1993; Nielsen and Sabatini, 1996; 

Valdes and Moral, 1998; Weeks et a l , 1993) and confirmed by this study, even though Oithona 

is not sampled quantitatively by the 200 pm mesh used in this study. According to the mesh 

selectivity equation from Nichols and Thompson (1991), a 200 pm mesh will only catch 96% of 

an animal the width of an adult Oithona implying that these animals are the most dominant and 

ubiquitous zooplankters in this study area.

Finding larger zooplankton on the continental shelf, compared with off the shelf, is a 

surprising find. It is generally accepted that zooplankton will be larger in deeper water due to an 

increased refuge from planktivorous predators during the day (Hays, 1996). It may be the case 

that, in the deeper water off the continental shelf, the larger animals never migrate fully to the 

surface, hence being missed by the U-Tow, which samples at a depth of 10m. Parsons and Lalli 

(1988) noted that of the larger copepods in the North Atlantic {Calanus flnmarchicus, Metridia 

lucens, Euchaeta novergica, and Pleuromamma robusta) found in the top 500m of water, 

Calanus has a shallower distribution than the rest, and therefore has a greater relative 

contribution to the surface 150m. However, Falkenhaug et a l (1997) found that, Calanus 

finmarchicus and Metridia spp. stages CI-III were often found in the top 25m but the maxima 

for older stages was generally below 25m.

White et a l (1998) described a dense dome of cold and relatively less-saline water with 

higher nutrient values and reduced shelf-ocean exchange over the Porcupine Bank that persisted 

from at least May to July. This may explain the separation of group 1 samples from the rest of 

the North Atlantic samples, either through the retention of plankton over the Bank, or the higher
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available nutrients. In this study, group 1 has a lower average temperature and salinity than the 

surrounding samples (groups 2 and 3) implying that this cold dome was present. The difference 

between the group 1 sub-groups is probably caused by enhanced vertical mixing or upwelling at 

the shelf edge providing additional nutrient input to the surface waters in this area, allowing the 

cladocerans Podon spp. and Evadne spp. to increase in numbers. These frontal regions between 

coastal and oceanic waters are known to contain sharp gradients in nutrients (White et al., 1998). 

Group 6  relates to Bay of Biscay water which is known to be different from the North Atlantic 

water (Villate et al., 1997). Group 6 further divides into samples relating to deep water, and 

north and south Armorican shelf. This splitting of the Armorican shelf samples is probably due 

to temperature differences as the southern groups has an average temperature of 19.1°C 

compared to 16.5°C for the northern groups. The southern samples also have a slightly lower 

salinity, 35.2%o compared to 36.0%o. Group 7 is also distinguishable from the rest of the Bay of 

Biscay due to the high dominance of Penilia avirostris which may be related to the very high 

average temperature (20.1°C) and low average salinity (35%o) at these sampling points. Penilia 

avirostris is known to be a tropical coastal thermophilic species (Siokou-Frangou, 1998) that can 

be found in large numbers in polluted bays and estuaries in temperate waters, and feeds 

exclusively on small particles (Paffenhofer, 1986). Villate et a l (1997) describes how the inner 

Bay of Biscay is heavily influenced by river run-off from the Loire and Garone rivers which 

may explain both the high temperature and low salinity in group 7 and the southern Armorican 

shelf, and the high numbers of Penilia avirostris in this area.

Beaugrand et a l (2000), found that the SW Channel, the Ushant front, the Celtic Sea and 

the Bay of Biscay had separable zooplankton assemblages based on PC A analysis, which is 

mainly confirmed by this study, although no difference was found between the Ushant front and
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the Celtic Sea. Beaugrand et al. (2000) found the Bay of Biscay and Celtic Sea to be dominated 

by Clausocalanus and Oithona, and the west Channel dominated by Acartia spp., Calanus 

helgolandicus and Para/Pseudocalanus. This agrees with the present findings for the Bay of 

Biscay, but the Celtic Sea samples, although dominated by Oithona, did not contain much 

Para/Pseudocalanus (which includes Clausocalanus). However, Beaugrand et al. (2000) also 

found that the Celtic Sea had stronger year to year fluctuations than the Bay of Biscay. In 

addition, this study found the West Channel to be heavily dominated by larvaceans rather than 

the copepods described by Beaugrand et al. (2000). However, Beaugrand et al. (2000) was 

using CPR data that incorporated samples from all seasons over a number of years whereas this 

study is limited to samples taken in July of one year.

The dominance of copepods in the zooplankton agrees well with previous studies 

(Hansen et a l, 2000; Morales et al., 1993; Tiselius, 1988). However, the unimportance of 

Calanus spp. seen in this study goes against many previously published data (Fiksen and 

Carlotti, 1998; Gislason and Assthorsson, 1995; Hansen et al., 2000; Irigoien et al., 1998; Meise 

and O'Reilly, 1996; Morales et al., 1993; Parsons and Lalli, 1988; Planque and Fromentin, 1996; 

Steele, 1974; Tande, 1982; Williams, 1985). Although sometimes noted that Calanus is not 

dominant in numbers it is generally reported that, due to its large size, Calanus is dominant in 

terms of biomass (Meise and O'Reilly, 1996). This was only the case in 17% of all samples 

taken and only in on shelf waters. This may be due to the older Calanus stages not migrating up 

as far as the surface 10m in the deeper water off the continental shelf. Koppelmann and Weikert 

(1999) found that, during the day in oceanic waters, the maximum numbers of Metridia were 

found below 750m and Morales et al. (1993), working in the same area found adult 

Pleuromamma and Metridia below 400m. However, Irigoien (1999) found that most of the
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Calanus flnmarchicus population remained in the upper 50m at the oceanic station India in the 

North Atlantic (59°N, 19°W). Similarly, Durbin et a l (1995) found almost all Calanus 

finmarchicus were found in the top 20m during the night in the southern Gulf of Maine. In any 

case, when referring to the North East Atlantic epipelagic plankton, it is clear that Calanus is 

certainly not always an abundant group and, as such, estimates of grazing or secondary 

production based on Calanus will be underestimates. However, Planque and Batten (2000) 

states that 1997 had the lowest recorded biomass of Calanus in the North Atlantic and this, if the 

trend has continued, may explain the low numbers found in this study. In addition, the relative 

importance of Calanus will be larger in different geographical areas, such as the western North 

Atlantic, the northern North Sea, and the Norwegian Sea (Planque and Batten, 2000; Planque et 

al., 1997). In these areas, Oithona will be less important. Indeed, Sherman et al. (1998), in a 

biodiversity study of the Northeast Shelf ecosystem, makes no mention of Oithona. Similarly, 

Nielsen and Sabatini (1996) noted that in the northern North Sea, where Calanus is dominant, 

the contribution of Oithona biomass to total copepod biomass decreased from 50-70% to 10- 

20%.

Conclusions

• There were no spatial patterns in zooplankton size, although significant day/night differences 

were found in samples taken in the deeper water off the continental shelf.

• Using cluster analysis, samples were divided into groups corresponding to the Porcupine 

Bank (divided into sub-groups on the bank and crossing the edge of the bank), North 

Atlantic deep water, the Celtic shelf, the English Channel, the Bay of Biscay (divided into
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sub-groups on the north Armorican shelf, south Armorican shelf and other Bay of Biscay 

samples) and the south-east comer of the Bay of Biscay which was heavily dominated by 

Penilia avirostris.

• Oithona was the most abundant copepod overall ranking in the top three most abundant 

species in 83% of all samples, and the top three contributors to total biomass in 8 8 % of all 

samples. Calanus, which is often cited as the most important copepod in the North Atlantic, 

only ranked in the top three most abundant species in less than 1 % of all samples, and the 

top three contributors to total biomass in 38% of all samples.

• Calanus was most important in samples taken from the edge of the continental shelf.
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CHAPTER 6

Spatial patterns in Irish Sea epipelagic mesozooplankton 

in relation to a tidal mixing front
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Abstract

Epipelagic mesozooplankton were collected from Liverpool Bay to Dundalk Bay in the Irish 

Sea, a transect which passes through the Liverpool Bay salinity front and the western Irish Sea 

front, using the U-Tow (a continuous plankton sampler), in June and July 1998. In June, 

zooplankton communities could be distinguished into those from the Welsh coast, the central 

mixed region, the summer stratified region, and the Irish Sea coast. In July, the patterns were 

similar although the groups tended to stretch further east, and the Welsh coast zooplankton were 

not separated from that in the central mixed region. There were no obvious size differences 

associated with the community changes.
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Introduction

Zooplankton play many fundamental roles in the functioning of pelagic food webs: they are the 

primary grazers of phytoplankton (Steele, 1974), have a role in nutrient regeneration and 

transport (Al-Mutairi and Landry, 2001; Dam et al., 1993; Hays et a l , 1997a; Ikeda, 1985; 

Zhang et a l , 1995), provide food for secondary consumers (Ikeda, 1985; Lenz, 2000; Ojaveer et 

al., 1998) and, through this last role, can determine fishery strength (Cushing, 1975; Rothschild,

1998). It is, therefore, important to understand the trophic interactions, biogeochemical impact, 

life-history strategies of mesozooplankton, and the impact of physical and biological processes 

on them (Dufour and Torreton, 1996).

Major factors driving variation in the zooplankton community will be changes in the 

physical environment and oceanographic processes that influence phytoplankton production by 

controlling light and nutrients (Gowen et al., 1995; Le Borgne and Rodier, 1997; Richardson 

and Pedersen, 1998; Scrope-Howe and Jones, 1985; Smith Jr. and Demaster, 1996). For 

example, vertical and horizontal water stratification causes sharp changes in water chemistry 

(Hill et al., 1997; Smith et al., 1998; White et al., 1998), water mixing allows even distribution 

of nutrients (Le Fevre, 1986) but can also result in greater turbidity reducing light penetration 

(Allen, 1997; Coombs et al., 1994; Van den Berg et al., 1996), and upwelling results in a large 

input of new nutrients (Paffenhofer, 1980). In addition, regions where different water masses, 

such as mixed and stratified waters, come into contact create a new set of conditions that can 

result in biomass accumulation associated with the fronts (Pakhomov et al., 2000; Richardson 

and Pedersen, 1998).
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The Irish Sea is semi-enclosed, connected to the North Atlantic via relatively narrow 

channels to the north and south, with relatively long hydrodynamic residence times (Allen et a l , 

1998; Young et a l , 2000). In the western Irish Sea there is a deep basin (60-120m) but the rest 

is relatively shallow (less than 50m) (Coombs et a l, 1994; Dickey-Collas et a l, 1996a). In 

spring the deeper region south west of the Isle of Man becomes thermally stratified (known as 

the summer stratified region), due to the relatively weak tidal mixing, forming the western Irish 

Sea front at the boundary between mixed and stratified regions (Burkart et a l, 1995; Dickey- 

Collas et a l, 1996a; Dickey-Collas et a l, 1996b; Gowen et a l, 1997; Gowen et a l, 1995). 

Within the stratified region there is a near-surface cyclonic gyre, which develops over a cushion 

of cold water, and may retain zooplankton in the stratified region (Allen et a l, 1998; Gowen et 

a l, 1997; Hill et a l, 1997; Horsburgh et a l, 2000). There is also a Liverpool Bay salinity front 

separating the Welsh coastal waters from offshore waters (Burkart et a l, 1995).

There have been a number of studies investigating physical and biological properties of 

the Summer Stratified Region (SSR) in the Irish Sea; for example, the spatial distribution of 

zooplankton (Scrope-Howe and Jones, 1985), copepod and barnacle nauplii (Burkart et a l, 

1995), Calanus spp. (Gowen et a l, 1997), fish larvae and 0-group fish (Dickey-Collas et a l, 

1996a). Peaks in zooplankton abundance (Scrope-Howe and Jones, 1985; Scrope-Howe and 

Jones, 1986) and suspended particulates (Coombs et a l, 1994) have been found above the 

thermocline in stratified regions, although the stratified region also has a lower suspended 

detrital content than the mixed region. In terms of environments for phytoplankton growth, the 

Irish Sea has been divided into north and south coastal regions, the SSR, and north and south 

mixed regions (Gowen et a l, 1995). However, there have been no studies concerning changes 

in the size structure of zooplankton communities across the fronts. The purpose of this study is
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to investigate changes in zooplankton community and size structure in the Irish Sea with respect 

to the western Irish Sea coastal front.

Methods

Zooplankton samples were collected between 5 and 50m with an undulating U-Tow, a towed 

body designed to sample over extended spatial scales (Hays et a l , 1998; Mills et al., 1998) and 

so overcome effects of zooplankton patchiness. The U-Tow was fitted with a Plankton 

Sampling Mechanism (PSM) containing 200pm mesh, and a CTD. There was no flowmeter 

fitted to the PSM, so the volume of water filtered per sample was calculated using the distance 

towed multiplied by the area of the inlet aperture. Although this method has been shown not to 

be ideal due to clogging (Hays, 1994; Hays et a l , 1998), the short duration of each sample 

(average 20mins) means that this was not a significant problem. The average efficiency of the 

U-Tow was calculated from previous tows in the North Sea, which were of a comparable speed, 

and was not significantly different from 100% (Cook and Hays, 2001). In addition, vertical 

WP2 net hauls, fitted with a General Oceanics flowmeter and Aladin Pro dive computer (for an 

accurate reading of depth), were taken from the maximum depth of the undulation profile to the 

surface, at the beginning and end of each tow. Sampling took place 15 to 18 June and 27 to 30 

July 1998 and, to ensure sampling occurred across the western Irish Sea front, the U-Tow was 

deployed on a transect from Liverpool Bay to Dundalk Bay on both occasions.

After each deployment, samples were immediately washed off the mesh and preserved in 

a 4% borax buffered seawater formaldehyde solution. Animals from both sets of samples were
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identified as far as possible, to at least genus for copepods and at least order for other animals, 

using a binocular microscope. Where possible the whole sample was analysed but in some 

cases, where total zooplankton abundance was very high, a sub-sample was analysed. Where 

possible, at least a hundred animals of a size that is caught 95% quantitatively by a 200pm 

mesh, calculated using mesh selection curves calculated by (Nichols and Thompson, 1991) were 

counted from each sample. Measurements of length were also made of at least 100 animals, 

where possible, from each sample using a calibrated eyepiece graticule and an average length 

calculated for each sample.

Bray-Curtis similarity coefficients between individual sample measures of species 

composition (proportion contributed by each species to total abundance) and length frequency 

distributions were calculated using the CLUSTER routine from Plymouth Routines In 

Multivariate Ecological Research (PRIMER) (Carr, 1997; Clarke and Warwick, 1994). These 

were mapped as non-metric multi-dimensional scaling (MDS) plots.

Results

There were eight individual tows covering a total of 337 km (Figure 6.1). 35 U-Tow samples, 

each constituting approximately 5.6 km of sampling, and 10 WP2 net samples were analysed.
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Fig 6.1 Spatial distribution of mesozooplankton samples. Filled circles represent the midpoint 

of each sample.
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Liverpool Bay to Dundalk Bay transect, June 1998.

When the Bray-Curtis similarity coefficients between species composition of all samples 

were plotted as a non-metric multi-dimensional scaling (MDS) plot, the samples divided into 

five groups (Figure 6.2a) at the 50% similarity level. Group 1 consists of a single sample very 

close to the Irish coast, that was very dissimilar to the other samples, and group 2 consists of the 

rest of the Irish coast samples. Group 3 consists of samples to the south west of the Isle of Man, 

which is where the SSR occurs. Group 4 consists of samples south of the Isle of Man and group 

5 consists of samples from Liverpool Bay.

Figure 6.2b shows the broad species composition of these five groups. Acartia spp. is 

the most widespread species, being found in high numbers in all groups. Temora spp. is also 

found in high numbers in all groups bar group 2. Groups 1 and 2 stand out due to the 

dominance of echinoderm larvae, and group 1 also contains a number of Cyphonautes larvae 

that only contribute a very small proportion in all other groups. Group 3 has the largest 

proportion of Acartia spp., and contains Oithona spp. and larvaceans that occur in negligible 

amounts in the other groups. In fact, larvaceans did not occur at all in groups 1 and 2. 

Para/Pseudocalanus spp. only occur in significant amounts in groups 3, 4 and 5, and 

Centropages spp. only occur in large amounts in groups 4 and 5. Polychaete larvae, cirripede 

larvae and bivalve larvae only occur in relatively large numbers in group 4. Group 5 contains a 

number of echinoderm larvae, but the most distinguishing feature of group 5 is the large number 

of the cladocerans Evadne spp. and Podon spp. that are not seen in the other groups. Calanus 

spp., although only present in very low numbers, had its peak in group 3.

A one-way ANOVA showed significant between group differences for Acartia spp. (F4 3  

= 18.1, p < 0.001), Calanus spp. ( F ^  = 6.3, p < 0.001), Centropages spp. ( F ^  = 14.0, p <
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1998 groups determined by cluster analysis.
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0.001), Oithona spp. (F429 — 15. 2 , p < 0  .001), Para/Pseudocalanus spp. (F4?29 — 3.6, p < 0.05), 

Temora spp. ^ 4,29 = 10.9, p < 0.001), Evadne spp. ^ 4,29 = 17.3, p < 0.001), Podon spp. ^ 4,29 = 

3.0, p < 0.05), bivalve larvae ^ 2 9  = 14.8, p < 0.001), cirripede nauplii (F4,29 = 9.3, p < 0.001), 

cyphonautes larvae (F4,29 = 5.3, p < 0.001), echinoderm larvae (F4,29 = 204.4, p < 0.001), and 

polychaete larvae ^ 4,29 = 4.9, p < 0.001). However, larvaceans did not show significant 

differences between the groups (F4;2 9 = 2.2, p = 0.10). Figure 6.2c shows the average length of 

zooplankton in the five groups. There were significant between group differences in average 

length of zooplankton (F4;29 = 3.2, p < 0.05). However, Figure 6.2c shows that groups 3, 4 and 5 

have a similar average zooplankton length, with groups 1 and 2  having significantly smaller 

zooplankton.

As group 1 consists of only one WP2 net sample, there is no water data available. Table 

6 .1 shows the average values of salinity and temperature in the other groups. There were 

significant between group differences in salinity (F3 24 = 10.9, p < 0.001), and temperature (F3 24 

= 10.2, p < 0.001). Salinity is about 35%o in groups 3 and 4, but lower at the coastal sites. 

Temperature is about 12°C in groups 3 and 4, but about 13°C in the coastal sites.

Liverpool Bay to Dundalk Bay transect, July 1998.

When the Bray-Curtis similarity coefficients between species composition of all samples 

were plotted as a non-metric multi-dimensional scaling (MDS) plot, the samples divided into 

four groups (Figure 6.3a) at the 55% similarity level with very similar spatial distribution to 

those found in June. Group 1 again consists of a single sample very close to the Irish coast, 

which was very dissimilar to the other samples. Group 2 consists of Irish coastal samples but 

extends much further away from the coast than in June. Group 3 consists of samples to the
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Group 2 Group 3 Group 4 Group 5

Salinity (%o) 34.73 35.02 35.02 33.87

Temperature (°C) 12.57 11.94 12.00 13.02

Table 6.1 Average salinity (%o) and temperature (°C) of June 1998 samples comprising groups 

determined by cluster analysis.
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south west of the Isle of Man and again extends further east than on the June transect. Group 4 

extends from south of the Isle of Man to the Welsh coast.

Figure 6.3b shows the broad species composition of these four groups. In this transect 

Oithona spp. is the most widespread species, occurring in relatively high numbers in all groups. 

Acartia spp. is present in significant amounts in all groups except group 1, the single sample 

Irish coast group. Temora spp. and Centropages spp. are found in high numbers in groups 3 and 

4, but not in the Irish coast groups (groups 1 and 2). Groups 1 and 2 again stand out due to the 

dominance of echinoderm larvae. Larvaceans only contribute a significant proportion of the 

zooplankton in groups 1 and 4. Para/Pseudocalanus spp. only occur in significant amounts in 

groups 3, and 4. Calanus spp. was again only present in very low numbers, but had peaks in 

groups 2 and 4. Podon spp. is present in very low numbers in all groups, but Evadne spp. is 

only present in groups 2 and 4, although again in very low numbers. Bivalve larvae, 

cyphonautes larvae and polychaete larvae no longer show the peaks in abundance found in June 

and are found in low numbers in all groups. The peak in cirripede larvae is also no longer seen, 

but the low numbers present are restricted to groups 3 and 4.

A one-way ANOVA showed significant between group differences for Acartia spp. (F3)2i 

= 3.8, p < 0.05), Centropages spp. (F3;2 i = 15.3, p < 0.001), Oithona spp. (F3>2 i = 13.5, p <

0.001), Para/Pseudocalanus spp. (F3)2 i = 23.1, p < 0.001), Temora spp. (F3j2 i = 27.6, p < 0.001), 

larvaceans (F3j2i = 10.5, p < 0 .0 0 1 ) and echinoderm larvae (F3)2 i = 21.4, p < 0 .0 0 1 ). Figure 6;3c 

shows the average length of zooplankton in the four groups. The largest zooplankton was found 

in group 4, and was relatively much larger than the rest of the zooplankton in the survey 

(1.16mm compared to about 0.7mm). Group 2 had the second largest zooplankton community,
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followed by group 3, with the smallest zooplankton in group 1. There were significant between 

group differences in average length of zooplankton ^ 3,19 = 9.2, p < 0.001).

As in June, group 1 consists of only one WP2 net sample and there is no water data 

available. Table 6.2 shows the average values of salinity and temperature in the other groups. 

There were significant between group differences in temperature (F2,io = 4.5, p < 0.05). Salinity 

decreases from west to east, whereas temperature increases in the same direction.

Discussion

It is well known that, within areas, different water properties can lead to spatial patterns 

in plankton species composition and biomass, nutrients, and therefore primary and secondary 

production. Since zooplankton play an essential role in the pelagic ecosystem, it is vital to 

understand the factors that contribute to these spatial patterns.

The plankton of the Irish Sea has been fairly intensively studied, although much of the 

work has concentrated on phytoplankton (Gowen and Bloomfield, 1996; Gowen et a l , 1995), 

nutrients (Allen et al., 1998), fish larvae (Dickey-Collas et a l , 1996a), and Nephrops larvae 

(Hill et a l, 1997; Horsburgh et a l, 2000), or zooplankton as an indication of fish food (Burkart 

et a l, 1995; Coombs et a l, 1994; Thompson and Harrop, 1991). There has been a number of 

studies on the spatial patterns of zooplankton species composition and behaviour in relation to 

the seasonal fronts found in the Irish Sea (Dickey-Collas et a l, 1996b; Gowen et a l, 1998a; 

Gowen et a l, 1998b; Scrope-Howe and Jones, 1985; Scrope-Howe and Jones, 1986). However, 

apart from naupliar size distributions (Burkart et a l, 1995) and general suspended particulate
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Group 2 Group 3 Group 4

Salinity (%o) 34.85 34.76 34.04

Temperature (°C) 13.65 14.33 15.05

Table 6.2 Average salinity (%o) and temperature (°C) of July 1998 samples comprising groups 

determined by cluster analysis.
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size distributions (Coombs et al., 1994), changes in size distribution associated with frontal 

systems in the Irish Sea have not been investigated.

The general species composition found in this study compare well with those described 

previously for the Irish Sea (Gowen et a l , 1997; Gowen et a l , 1998a; Scrope-Howe and Jones, 

1985). The groups distinguished by the MDS plot in June also correspond well to areas 

previously described in the Irish Sea. Groups 1 and 2 fall in the mixed Irish coast region inside 

the 50m contour line. Group 3 falls in the summer stratified region demarcated by the western 

Irish Sea front. Group 4 falls in the mixed central channel and group 5 falls in the Welsh coastal 

waters separated from the mixed channel by the Liverpool Bay salinity front (Burkart et al.,

1995; Coombs et a l , 1994; Dickey-Collas et a l , 1996a; Dickey-Collas et a l , 1996b; Gowen and 

Bloomfield, 1996; Gowen et a l , 1997; Gowen et a l , 1998a; Gowen et a l , 1995; Scrope-Howe 

and Jones, 1985; Scrope-Howe and Jones, 1986). In July, there are similar groups, but they 

seem less well defined. Groups 1 and 2 still fall in Irish coastal waters, but are not confined 

within the 50m contour. Group 3 still corresponds to the summer stratified region, but this 

seems to extend further east than in June. Group 4 is again in the mixed central channel, but in 

this transect the Welsh coastal samples are not separated from these samples. It is known that 

stormy weather can act to break down stratification (Scrope-Howe and Jones, 1985), and the 

July cruise did suffer from some bad conditions. This may explain why the two coastal frontal 

zones are not as distinct as in June. However, the cyclonic gyre that is associated with the SSR 

may help to retain the zooplankton community in the area in spite of bad weather. It has also 

been noted that the zooplankton in these areas is highly temporally variable (Gowen et a l , 1997; 

Scrope-Howe and Jones, 1985). As the zooplankton maximum generally occurs in April to June 

(Scrope-Howe and Jones, 1985) you would expect relatively higher proportions of certain
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species in June compared to July, which may magnify differences between the areas when 

comparing species composition by proportion rather than absolute abundance. This would also 

explain the lack of meroplanktonic forms, except echinoderm larvae, in July compared the high 

numbers seen in June. This very high proportion of meroplankton, especially cirripede larvae, is 

the most likely cause of the significantly smaller zooplankton in the Irish coastal sites in June 

and July.

During the June transect the Welsh and Irish coastal sites both had lower salinity and 

higher temperature compared to the other sites. This is easily explained by freshwater input 

from rivers and a more shallow depth allowing the water to be heated quicker (White et al., 

1988). However, there is no obvious difference in the mixed and stratified oceanic regions.

This may be due to the sampling range of the U-Tow deployments. The summer thermocline in 

the stratified region has been found at depths around 20m (Burkart et al., 1995; Coombs et al., 

1994; Scrope-Howe and Jones, 1986). However, due to the nature of the research cruises (to test 

the undulation capabilities of the new U-Tow), sampling took place down to 50m where 

possible. This means that sampling also took place below the thermocline and, therefore, the 

average temperature will have been lowered by measurements taken in the colder deep waters.

In July the temperature decreased and salinity increased from east to west, which has previously 

been found by Burkart et al. (1995).

The formation of stratification allows different nutrient and phytoplankton regimes to 

develop compared to mixed waters, for example, Coombs et al. (1994) found the stratified 

region to have larger phytoplankton species, less detritus and therefore a more direct and 

efficient food web compared to mixed waters which contained smaller copepods and bacterial 

cycling. This would explain the different zooplankton communities found in the different areas.
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It is not at all surprising that the coastal, and therefore shallow, sites are different due to 

increased meroplanktonic species as you would expect to find more of these larval stages in 

close proximity to the spawning adults. Gowen et al (1997) found a greater abundance of 

Calanus spp. in stratified waters in May/June and Burkart et a l (1995), found Calanus nauplii 

only in stratified water in May. In this study, the June transect agrees with their findings as 

Calanus had its peak in the SSR. However, in July Calanus was found in greater abundance in 

the Irish coastal group and the central mixed group. Scrope-Howe and Jones (1985) found 

cladocerans to be confined to the stratified region in April and May. In the present study 

cladocerans were confined to the Welsh coast in June, whereas in July, Podon spp. were found 

throughout and Evadne spp were only found in the Irish coastal site and the central mixed 

region. Gowen et a l (1998a) describe Pseudocalanus spp. as being abundant throughout the 

Irish Sea, with Temora spp. mainly restricted to coastal waters, and Acartia spp. and Oithona 

spp. mainly in offshore waters. In this study Para/Pseudocalanus spp. are widespread in June, 

although absent from the Irish coastal sites, but in July are only present in significant amounts in 

the central mixed and Welsh coastal regions. Temora spp. are also widespread in June, and 

concentrated in the central mixed and welsh coastal sites in July, and not restricted to coastal 

sites as described by Gowen et a l (1998a). Similarly, Acartia spp. is widespread in both 

surveys, and Oithona spp., although only found in the SSR in June, are widespread in July.

These results seem to indicate that, although the zooplankton communities can be 

separated according to areas of different water characteristics, these communities are highly 

variable from month to month and even year to year. In addition, there was no obvious size 

changes associated with the different areas, apart from the significantly smaller zooplankton at 

the Irish coastal sites caused by the large number of cirripede nauplii. In July, the Welsh coastal
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zooplankton appears to be significantly larger than the rest of the zooplankton in both surveys. 

However, this may be an artifact caused by Diel Vertical Migration (DVM) behaviour as a 

number of these samples were taken on the only tow deployed overnight.

Conclusions

• In June 1998, samples were divided into groups, using cluster analysis, corresponding to the 

Irish coast, the SSR, the mixed Irish Sea, and Liverpool Bay. The only difference in size 

were the significantly smaller zooplankton found at the Irish coast due to the dominance of 

echinoderm larve.

• In July 1998, samples were divided into groups from the Irish coast, the SSR and all other 

samples from the mixed region to the Welsh coast. All groups extended further east than in 

June. The mixed region/Welsh coast group had significantly larger zooplankton.

• The species composition of the groups also changed between the two sampling dates, 

although the Irish coastal sites were consistently dominated by meroplanktonic species.

• These results indicate that stratification can separate water into areas of different production 

regimes giving rise to different zooplankton communities. However, these communities are 

highly variable in terms of species composition.
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CHAPTER 7

Mesozooplankton community size structure: 

evidence of ‘top-down’ control
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Abstract

Epipelagic mesozooplankton were collected from Swansea Bay, the North Sea, the Irish Sea, the 

Baltic Sea, the North Atlantic and the Bay of Biscay with the aim of looking at the size structure 

of zooplankton communities over large spatial scales to determine if any evidence of ‘top-down’ 

control could be identified. There were significant decreases in zooplankton size as recruitment 

and numbers of planktivorous fish increased. However, the amount of variation in zooplankton 

size explained by these variables was relatively small indicating that there are other factors 

involved. It is likely that, in such large and complex ecosystems as these, environmental factors 

play a large role although there was no significant relationship between zooplankton size and 

temperature.
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Introduction

One of the fundamental aims of ecology is to measure the production and energy flux of a 

community (Boudreau and Dickie, 1989; Boudreau and Dickie, 1992; Cyr and Peters, 1996; 

Platt and Denman, 1977; Platt and Denman, 1978; Sheldon et a l, 1977; Sprules and Goyke, 

1994; Sprules and Munawar, 1986; Sprules and Stockwell, 1995). Physiological rates of 

individual organisms are consistently related to body size (Blackburn et al., 1993; Cyr and Pace, 

1993; Dickie et al., 1987) and it has been shown that, across a wide variety of ecological 

communities, values for rates of production, respiration, excretion and specific production show 

constant patterns of change with individual body mass (Cyr and Pace, 1992; Cyr and Pace,

1993; Reid et al., 2000; Rodhouse et al., 1994). This suggests that ecological rates should also 

be related to the size structure of organisms in communities. Indeed, it has recently become 

common for ecosystem ecologists, especially in aquatic systems, to determine energy flow 

within communities from the broad size distributions of organisms, usually with no reference to 

taxonomy or trophic level (Cyr and Pace, 1993; Dickie et a l, 1987; Rodhouse et al., 1994). 

However, to be able to interpret changes in the size distribution of animals in an ecosystem, it is 

essential to understand the mechanisms relating the size structure and the underlying ecological 

dynamics (Rudjakov et a l, 1995; Thiebaux, 1993) and to determine the type of control exerted 

over different temporal and spatial scales (Dufour and Torreton, 1996).

The relative importance of abiotic and biotic factors in regulating the size structure of 

communities has been widely debated (Carpenter et a l, 1987; McQueen et a l, 1986). ‘Bottom- 

up’ models suggest that nutrient availability determines the biomass and productivity of an
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ecosystem, whereas ‘top-down’ or ‘cascading trophic interaction’ models emphasise the effect 

of predators on lower trophic levels (Carpenter et al., 1987; Currie et al., 1999).

Epipelagic zooplankton are considered to be active agents of organic matter transfer 

from primary producers to large carnivores, and of nutrient regeneration through excretion 

(Ikeda, 1985; Lenz, 2000; Ojaveer et al., 1998; Zhang et al., 1995), and therefore determining 

the type of control exerted on planktonic populations is essential in order to understand oceanic 

fluxes (Dufour and Torreton, 1996). Predation appears to be one of the most obvious controls 

on zooplankton size structure, as most planktivores swallow their prey whole and it has been 

shown that most planktivorous fish selectively prey on larger zooplankton (Flinkman et al., 

1992; Gardner, 1981; Gotceitas and Brown, 1993; Hamrin, 1983; Munk, 1997; Plounevez and 

Champalbert, 2000; Shaheen et al., 2001; Wahlstrom et al., 2000; Wahlstrom and Westman,

1999). In addition, all components of planktivory, such as encounter rate, prey avoidance 

capacity, capture success and handling time, are size dependent.

In 1965, Brooks and Dodson (1965) put forward the size-efficiency hypothesis, which states 

that:

1. Planktonic herbivores all compete for fine particulate matter.

2. Larger zooplankters are more efficient grazers and can utilise larger particles.

3. When planktivory is low, the small planktonic herbivores will be eliminated by large forms.

4. When planktivory is high, the size-dependent predation will eliminate the larger forms 

allowing the small herbivores to become dominant.

5. When planktivory is intermediate, predation will keep the larger forms to sufficiently low 

numbers so that the smaller competitors are not eliminated.

133



Since this work, there has been much corroborating evidence from further freshwater studies 

(Almond et a l , 1996; Bohn and Amundsen, 1998; Brooks, 1968; Dahl-Hansen, 1995; Devries 

and Stein, 1992; He et al., 1994; Hurlbert and Mulla, 1981; Lazzaro et al., 1992; Rudstam et al., 

1993; Vanni, 1986; Vanni, 1987). It is likely that, in nature, both ‘bottom-up’ and ‘top-down’ 

controls will operate in varying magnitudes in different temporal and spatial scales (McQueen et 

al., 1986; Reid et al., 2000). However, there has been relatively little work done in marine 

systems with most studies concentrating on species or total biomass changes (Cushing, 1995b; 

Flinkman et a l, 1998; Reid et al., 2000; Rudstam et a l, 1994; Verheye and Richardson, 1998) 

although Verheye and Richardson (1998) did note an increase in the proportion of <0.9mm 

zooplankton coupled with an increase in anchovy abundance. Koslow (1983) put forward a 

simulation model to examine if predation can regulate the size structure of marine zooplankton 

communities which resulted in the general agreement that a large increase or decrease in 

planktivorous fish led to the dominance of small or large zooplankton. However, his model 

failed to explain the 1965-70 decline seen in zooplankton communities of the North Atlantic and 

herring and mackerel stock of the North Sea. Reid et a l (2000), in a review of ‘top-down’ 

control in marine systems, concluded that as ecosystem complexity increases, environmental 

factors become more important and ‘top-down’ factors less easy to distinguish.

The aim of this study is to look at the size structure of epipelagic mesozooplankton 

communities over large spatial scales and from a number of ocean systems, and determine if any 

evidence of ‘top-down’ control can be identified.

134



Methods

Zooplankton samples were collected from Swansea Bay, the North Sea, the Irish Sea, the Baltic 

Sea, the Bay of Biscay and the North Atlantic using a U-Tow, a high speed towed body 

designed to sample over extended spatial scales (Hays et a l , 1998; Mills et a l , 1998) and so 

overcome effects of zooplankton patchiness. In addition, WP2 net samples were taken at the 

beginning and end of all deployments except those in the Bay of Biscay and North Atlantic.

Three different U-Tow systems were used in this study. A fixed depth Valeport Ltd. U- 

Tow (Hays et a l , 1998) was deployed in Swansea Bay (December 1997, April, May, September 

and November 1998), the Baltic Sea (June 1999), and the Bay of Biscay and North Atlantic 

(July 1999). An undulating Valeport Ltd. U-Tow (Hays et a l , 1998) was deployed in the North 

Sea (February 1998), and an undulating W.S. Ocean Systems Ltd. U-Tow (Mills et a l , 1998) 

was deployed in the Irish Sea (June and July 1998). Tow speeds ranged between 13 and 

18.5km.Ii'1. All U-Tows were fitted with the same Plankton Sampling Mechanism (PSM) and 

200 pm filtering mesh and CTD. The only difference in the three systems with respect to 

sampling zooplankton was the electromagnetic flowmeter fitted to the PSM used in the Valeport 

systems (Valeport Model 802) (Hays et a l , 1998). The W.S. Ocean Systems Ltd. model did not 

have a flowmeter fitted to the PSM. In these cases, the volume of water filtered per sample was 

calculated using the distance towed multiplied by the area of the inlet aperture. Although this 

method has been shown not to be ideal due to clogging (Hays, 1994; Hays et a l , 1998), the short 

duration of each sample (average 20mins) means that this was not a significant problem. In 

addition, the average efficiency of the U-Tow was calculated from the North Sea tows, which

135



were of a comparable speed, and was not significantly different from 100% (Cook and Hays, 

2001).

Deployments in Swansea Bay involved towing the fixed depth U-Tow, at a depth of 9m, 

round a triangular course, with each leg approximately 4.5km, for approximately 3 hours. The 

PSM was set to a sample interval of 15 minutes. 5-minute WP2 net tows at 9m, made possible 

by using a real time depth sensor, were taken at each comer of the triangular course. 

Deployments in the North Sea and Irish Sea involved towing the undulating U-Tow along a 

straight-line course, with a vertical WP2 net haul taken at the beginning and end of each tow.

As the purpose of these cruises was to test the capabilities of the U-Tow, the length of tow and 

depth range varied between tows. Tow duration ranged between 1.5 hours and 16 hours and 

depth ranged between 5m and 40m. The PSM was set at sample intervals between 15 and 30 

minutes. For each tow, vertical net hauls were taken from the maximum depth of the undulation 

profile to the surface. Deployments in the Baltic Sea involved towing the fixed depth U-Tow on 

a straight-line course, at a depth of 18m and sample interval of between 40 and 55 minutes, with 

vertical WP2 net hauls to 20m taken at the beginning and end of each tow. In all cases, a 56cm 

diameter WP2 net fitted with a General Oceanics flowmeter and Aladin Pro dive computer, for 

an accurate reading of depth, was deployed. Deployments in the Bay of Biscay and North 

Atlantic involved towing the fixed depth U-Tow on a straight-line course at a depth of 10m and 

sample interval of between 40 and 60 minutes. After each deployment samples were 

immediately washed off the mesh and preserved in 4% borax buffered seawater formaldehyde. 

In all cases samples left on the filtering section of the PSM during retrieval of the U-Tow were 

discarded. This was due to the possibility of plankton being washed off by turbulent water from 

the ships wash, and as water is drained out of the PSM.
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For samples from Swansea Bay, the North Sea and the Irish Sea, measurements of length 

and width were made of at least 100 animals, or all the animals present if there were less than 

100, from each sample using a calibrated eyepiece graticule. Animal widths were sorted into 

groups relating to animals that would be caught quantitatively by meshes in the size ranges 200- 

500pm, 500-1000pm, and 1000-2000pm. For samples from the Baltic Sea, the Bay of Biscay 

and the North Atlantic, samples were wet sieved into the size fractions 200-500pm, 500- 

1000pm, and 1000-2000pm. Using a binocular microscope, the animals in each size fraction 

were counted to give measures of the size structure of the zooplankton community.

Due to the variability in sample interval and tow speed for U-Tow samples, and the 

inclusion of WP2 net samples, the proportion of animals in each size fraction, rather than 

absolute numbers, was used in the data analysis. The average size of animals in a sample was 

calculated using the formula:

W = S S=I((Ml + Mu) / 2 ) x Ps
S=1

where W is the average width of animals in the sample, S is the size fraction, M l is the lower 

mesh size for the size fraction, Mu is the upper mesh size for the size fraction, and Ps is the 

proportion of animals in that size fraction. W was then converted to an average length by 

assuming a typical width:length ratio for mesozooplankton of 1:3 (Herman et al., 1992). It is 

well known that, in any community, small organisms are generally more abundant than large 

organisms, often by orders of magnitude (Cyr and Pace, 1993; Zhou and Huntley, 1997). 

Therefore, to compare the size structure of the zooplankton in this study, the proportion of 

animals in the 500-2000pm size range was used as an indication of the size of the community.

Fisheries data were taken from ICES stock assessment reports, which are based on 

Virtual Population Analysis (VPA) and comprised total biomass, spawning stock biomass,
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recruitment and estimated total stock number for a number of individual species (Table 7.1) for 

1998. The figures were divided by the relative areas of each ICES division involved to get fish 

density values for each division. Zooplankton size data were also divided into groups 

corresponding to the ICES divisions. Figure 7.1 shows the ICES divisions used.

Results

There were 82 individual tows covering a total of 5235 km (Figure 7.2). 288 U-Tow samples 

and 109 WP2 net samples were analysed. The average ratio of small (200-500pm) to large 

(500-2000pm) animals was 1:0.2 in the North Atlantic (average length of 1.32mm), 1:0.1 in the 

Bay of Biscay (average length of 1.22mm), 1:0.08 in the Irish Sea (average length of 1.17mm),

1:0.04 in the North Sea (average length of 1.10mm), 1:0.03 in the Baltic Sea (average length of 

1.09mm) and 1:0.01 in Swansea Bay (average length of 1.07mm). Figure 7.3 shows the average 

proportion of large zooplankton in the different oceanic systems. A one-way ANOVA found 

significant between group differences in the proportion of large zooplankton in the different 

oceanic systems (F5j39i = 369.0, p < 0.001) and a Dunnetf s T3 post-hoc test (Sokal and Rohlf, 

1981) found significant differences between all pairs of means except Swansea Bay and the 

Baltic Sea, the North Sea and the Baltic Sea, and the Irish Sea and the Bay of Biscay.

There was a significant linear relationship between latitude and temperature (F 1,248 = 

518.6, r2 = 0.68, p < 0.001) (Figure 7.4a) and a weak relationship between temperature and the 

proportion of large animals in a sample (Fi ,248 = 22.0, r2 = 0.08, p < 0.001) (Figure 7.4b),
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Species ICES divisions
Anchovy (Engraulis encrasicolus) Sub-area VIII
Anglerfish (Lophius piscatorius, 

Lophius budegassa)
Divisions Vllb-k, Villa,b

Blue whiting (Micromesistius poutassou Sub-areas I-IX, XII, XIV
Cod (Gadus morhua) Sub-divisions 25-32 

Sub-area IV, divisions Vlld, Ilia 
Division Via 
Division Vila 
Divisions Vlle-k

Haddock (Melanogrammus aeglefinus) Sub-area IV, division Ilia 
Division Via 
Division Vila

Herring (Clupea harengus) Sub-divisions 25-29,32 
Sub-area IV, divisions Vlld, Ilia 
Division Via
Divisions Via (south), Vllb, c 
Division Via (north)
Division Vila 
Divisions Vllf, g, j

Hake (Merluccius merluccius) Divisions Ilia, Villa, b, Sub-areas IV, VI, VII 
Divisions VIIIc, IXa

Horse mackerel (Trachurus trachurus) Divisions Ha, IVa, Vb, Via, Vlla-c, e-k, Villa, b, d, e 
Divisions Ilia (east), IVb, c, Vlld 
Divisions VIIIc, IXa

Mackerel (Scomber scombrus) Sub-areas IV, VI, VII, VIII, divisions Ha, Ilia, Vb, IXa
Megrim (Lepidorhombus whiffiagonis 

Lepidorhombus boscii)
Sub-area VII, divisions Villa, b, d, e 
Divisions VIIIc, IXa

Norway pout (Trisopterus esmarkii) Sub-area IV, division Ilia
Plaice (Pleuronectes platessa) Sub-area IV 

Division Vila 
Division Vile 
Divisions VII f, g

Saithe (Pollachius virens) Sub-area IV, VI, division Ilia
Sandeel (Ammodytes spp.) Sub-area IV
Sardine (Sardina pilchardus) Divisions VIIIc, IXa
Sole (Solea solea) Sub-area IV 

Division Vila 
Division Vile 
Divisions Vllf, g 
Divisions Villa, b

Sprat (Sprattus sprattus) Sub-divisions 22-32 
Sub-area IV 
Divisions Vlld, e

Whiting (Merlangus merlangus) Sub-area IV, division Vlld 
Division Via 
Division Vila 
Divisions Vlle-k

Table 7.1 Species and ICES divisions for which fisheries data were compiled.
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however the relationship between latitude and proportion of large animals in a sample was not 

significant (Fi,248 = 3.4, r2 = 0.01, p = 0.068) (Figure 7.4c).

There were significant negative relationships between the average proportion of large 

zooplankton in an ICES division and ln(relative density of total fish biomass) (Fi,ig = 18.8, r = 

0.51, p ^ 0.001), ln(relative density of total planktivorous fish biomass (F]}ig 20.0, r2 = 0.53, p 

< 0.001), ln(relative density of total fish spawning stock biomass) (Fi.ig = 12.7, r2 = 0.41, p < 

0.05), ln(relative density of total fish recruitment) (Fi,ig = 14.1, r2 = 0.44, p < 0.005), ln(relative 

density of total fish numbers) (Fi,ig = 8.0, r2 = 0.31, p < 0.05), and ln(relative density of total 

planktivorous fish numbers) (Fi,ig = 7.0, r2 = 0.28, p < 0.05) (Figure 7.5). There was also a 

significant positive relationship between the average proportion of large zooplankton in an ICES 

division and the average water depth (F^ig = 10.1, r = 0.36, p < 0.01). However, a step-wise 

multiple regression with all the variables found the best descriptor of average proportion of large 

zooplankton to be ln(relative density of total planktivorous fish biomass) on its own. It would 

be impossible to test for evidence of ‘top-down’ control on zooplankton community size 

structure if fish predation increased with temperature, as they would both produce the same 

results (Figure 7.6a). However, in this study the general trend was for the indices of fish 

predation to decrease with temperature (Figure 7.6b).

144



4

3

2

1

0
0 1 2 3 4

b -5
c  ^  o c
*  5  o -* a  c  
o  (0

a> o
O) N
2 o a> ra
5 is

Ln (Relative density of total fish biomass) 
(1000 tonnes)

4

3

2

1

0
0 1 2 3 4

d *S

4

3

2

1

0
0 1 2 3 4

Ln (Relative density of total planktivorous 
fish biomass) (1000 tonnes)

c
o c
t  5  oa  c  o JH
* *© o
O) N 
2 a> © o>
5 Js

4

3

2

1

0
2 3 4 65 7 8 9

Ln (Relative density of total fish spawning 
stock biomass) (1000 tonnes)

Ln (Relative density of total fish recruitment) 
(millions)

4

3

2

1

0
3 4 65 7 8

T o 
c  ^  o c
t  5  o -* a  c  o <0

O o
O) N 
>_ Q>
<
c_i

Ln (Relative density of total fish numbers) 
(millions)

4

3

2

1

0
2 3 4 5 6 7 8

Ln (Relative density of total planktivorous 
fish numbers) (millions)

Fig 7.5 Relationships between natural log transformed average proportion of large zooplankton 

and relative densities of: a) total fish biomass (1000 tonnes), b) total planktivorous fish biomass, 

c) total fish spawning stock biomass (1000 tonnes), d) fish recruitment (millions), e) total fish 

numbers (millions), and f) total planktivorous fish numbers (millions).
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Fig 7.6 a) Schematic representing the hypothesised patterns of change in zooplankton 

size with temperature and fish predation, indicating that increasing temperature and 

increasing fish predation would produce the same effect on zooplankton size, b) Trend in 

ln (relative density of total planktivorous fish biomass) with temperature.
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Discussion

In freshwater systems it is widely accepted that predation from planktivorous fish 

can structure the size distribution in zooplankton communities (Almond et a l, 1996; 

Brooks, 1968; Devries and Stein, 1992; Lazzaro et a l, 1992). However, in marine 

systems there has been relatively little work concerning this relationship, and the 

evidence is much less convincing (Cushing, 1995b; Flinkman et a l, 1998; Koslow, 1983; 

Reid et a l, 2000; Verheye and Richardson, 1998). One of the reasons for this is the large 

scale of the oceans compared to average freshwater systems. Plankton tend to have a 

very patchy spatial distribution (Currie et al., 1998; Folt and Bum s,; Greene et a l,

1998b; Piontkovski and Williams, 1995; Stockwell and Sprules, 1995) so you need to 

have a very spatially intensive sampling program to accurately estimate the abundance. 

Most plankton sampling is done using net hauls, which sample a few tens or hundreds of 

meters. It is relatively easy to extensively sample an average lake using this method. 

However, when trying to describe the plankton in large oceanic regions this would be 

impossible due to time and money constraints. Large-scale samplers, such as the U-Tow 

and Continuous Plankton Recorder (CPR) make such intensive sampling easier, cheaper, 

and overcome the effects of plankton patchiness to give measures of average abundance 

or size structure over larger areas. Reid et a l (2000) studied the effects of different fish 

species on zooplankton species in the North Sea using CPR data and concludes that at 

times ‘top-down’ control may be an important factor in the North Sea ecosystem, but no 

large-scale studies of the effects on zooplankton size structure have been attempted.
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There are also hypotheses on the effect of temperature on the size of individuals 

within a species of zooplankton (Gillooly, 2000; Huntley and Lopez, 1992; Ikeda, 1985; 

Klein Breteler et al., 1995), and it is generally accepted that as environmental 

temperature decreases the size of zooplankton increases, forming a latitudinal pattern of 

decreasing zooplankton size as you approach the equator. From this hypothesis you 

would predict that, in this study, the largest zooplankton would be found in the Baltic Sea 

and the smallest zooplankton in the Bay of Biscay. However, the Baltic had one of the 

smallest zooplankton communities and the Bay of Biscay one of the largest. Although 

there was a significant trend in decreasing temperature with latitude there was no 

relationship between latitude and zooplankton size. Indeed, the relationship seen 

between temperature and zooplankton size, although very weak, showed an increase in 

the proportion of large animals in a sample as temperature increased. This implies that 

there are other additional factors controlling the size of zooplankton.

Significant relationships between zooplankton size and fish variables were found, 

with the most variation in zooplankton size being accounted for by the relative density of 

total planktivorous fish biomass. It is surprising that the number of planktivorous fish did 

not have more of an effect. However, this could be a reflection that fish biomass is a 

better index of fish predation than fish numbers, as the amount of plankton eaten by a fish 

will depend on its size.

In all cases where there was a significant relationship between fish and 

zooplankton size, the amount of variation explained was relatively low (between 28 and 

53%). However, the plankton from Swansea Bay (ICES division Vllf) seems to be 

unusual as it is much smaller than you would expect from the levels of fish predation
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indices. When these data are removed from the regression, the variation in proportion of 

large zooplankton explained by the relative density of planktivorous fish biomass rises to 

67% (Fi = 33.8, p < 0.001). There are a number of factors that could account for this. 

Firstly, sampling in ICES division V llf only took place in Swansea Bay, and therefore the 

fish data, which covers the whole area, may not actually reflect levels in Swansea Bay. 

Secondly, Swansea Bay is a very shallow coastal site with strong tidal conditions and a 

relatively low salinity, which implies that turbidity may be higher than other sites due to 

disturbance and coastal run-off. Lougheed and Chow-Fraser (1998) noted that high 

turbidity, which is often associated with coastal sites, selected against large filter feeders 

and allowed smaller zooplankton to dominate.

There are also a number of other factors that could account for the low amount of 

variation in zooplankton size explained by fish predation indices. Firstly, as the larger 

zooplankton are much scarcer than the small zooplankton, sometimes they are missed 

when sampling. Secondly, the ICES stock assessment reports only deal with fish for 

which there is a fishery. There could be a large number of other fish species present in 

these areas for which there is no data available. In addition, the ICES data are 

constructed from virtual population analysis, which is based on stock assessment cruises 

and catch data, but may not reflect the natural population accurately. Thirdly, many 

young fish tend to cluster in certain hydrographic features, such as gyres (Dickey-Collas 

et al., 1997; Dickey-Collas et al., 1996a), and so the predation on zooplankton may be 

more concentrated in certain areas. However, the sampling for this study was very 

spatially intensive.
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There are other factors which could also be affecting zooplankton size. For 

example, the amount of invertebrate predation (which tends to fall more heavily on 

smaller animals (Almond et a l , 1996; O'Brien, 2001; O'Brien and Kettle, 1979; 

Wahlstrom and Westman, 1999), ‘bottom-up’ control through the availability of food and 

nutrients for phytoplankton, and environmental factors such as temperature and salinity 

(that could affect both the zooplankton directly and other members of the food web such 

as phytoplankton and fish). As the sample area in this study was so large, it is likely that 

all of these factors may also vary considerably. A further factor could be the amount of 

refuge from fish available to zooplankton. it is hypothesised that Diel Vertical Migration 

(DVM), or the tendency for zooplankton to stay at depth during the day and return to the 

surface to feed at night, is a behaviour designed to minimise the risk of predation from 

visual feeders such as planktivorous fish (Zaret and Suffem, 1976). It follows from this 

that you would expect to find smaller zooplankton in shallow water as this refuge from 

predation is unavailable. From this hypothesis you would predict that the largest 

zooplankton would be found in the North Atlantic and the smallest zooplankton would be 

found in Swansea Bay, and this is what is seen in the present study, and was further 

confirmed by the positive relationship between zooplankton size and water depth in ICES 

divisions.

So, to conclude, some evidence of ‘top-down’ control by fish on the size structure 

of epipelagic mesozooplankton communities was identified. However, the amount of 

variation in zooplankton size explained by these variables was relatively small indicating 

that there are other factors, such as water depth, involved. It is likely that, in such large
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and complex ecosystems as these, environmental factors play a large role (Reid et al., 

2000).

Conclusions

• From the hypothesis of decreasing zooplankton size with increasing temperature, you 

would predict that there would be larger zooplankton in the Baltic Sea compared to 

the Bay of Biscay, but in this study the opposite was found. A relationship was 

found, although very weak, of increasing size with increasing temperature. This 

implies that other factors are controlling zooplankton size over large spatial scales.

• Using ICES fisheries data, it was found that the relative density of planktivorous fish 

biomass explained the most variation in zooplankton size, indicating that there is top- 

down control of zooplankton size.

• There was a much better relationship with the biomass of fish than the numbers of 

fish indicating that biomass is a better index of fish predation, probably because the 

amount of plankton eaten by a fish will depend on its size.

• Plankton from Swansea Bay was much smaller than you would predict from the 

levels of fish predation indices. This may be due to the strong tidal conditions and 

very shallow water found in the bay leading to high turbidity which can select against 

larger filter feeders.
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