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Abstract 3 

Abstract 

Depth of the surface layer of oceans and lakes, and the intensity of turbulent diffusion therein is 
increasingly recognized to play a fundamental role for phytoplankton production. Both parameters 
vary considerably with latitude, proximity to the coast, and seasonally within regions. Increasing 
mixing depth negatively affects the mean light available to planktonic algae, and the sedimentation 
loss rates of sinking phytoplankton, resulting in an overall decrease of phytoplankton growth with 
increasing mixing depth. Nutrient enrichment positively affects phytoplankton growth and nutrient 
availability. According to a recently developed framework of reaction-advection-diffusion models the 
effects which depth and intensity of vertical mixing within the water column have on phytoplankton 
biomass will depend on the sinking characteristics of algal species. However, except for nutrient 
enrichment, effects of these parameters on marine plankton communities have received little or no 
experimental investigation. In lakes, expectations concerning effects of the vertical extent of the mixed 
surface layer on phytoplankton biomass and resource availability have largely been corroborated both 
experimentally and in field surveys. Because of the predicted profound effects of mixing depth and 
intensity on phytoplankton production  impacts on higher trophic levels should also be expected. 

I explored effects of mixing depth and intensity, and of nutrient enrichment on the concentration 
and vertical distribution of phytoplankton and zooplankton biomass, community composition, and the 
availability of limiting resources by means of enclosure experiments in a sheltered fjord situated at the 
central Norwegian coast. In one experiment I investigated effects of mixing depth and nutrient 
enrichment on zooplankton, phytoplankton, and the abiotic resources of the latter. I enclosed the 100-
µm filtered coastal North Atlantic plankton community into large, cylindrical plastic bags ranging in 
depth from 1.5 to 12 m. Enclosures were mixed to the bottom; each mixing depth was examined at two 
total nitrogen concentrations (ambient and high). Increasing mixing depth negatively affected light 
availability but positively affected nutrient availability in the water column. Nitrogen enrichment did 
not have major negative effects on the light climate in the experimental treatments and a considerable 
amount of the added nutrients remained dissolved. The concentrations of Chl a, seston carbon, the 
biomass concentrations of mesozooplankton (copepods, appendicularians) and total zooplankton, but 
not of phyto- and protozooplankton were significantly negatively affected by mixing depth. The decay 
in mean light intensity with increasing mixing depth seemed to favour different nutritional strategies in 
dinoflagellates. This mechanism may account for the discrepancy of the relationships between the Chl-
a and seston-carbon concentrations and mixing depth on the one hand, and phytoplankton biomass 
concentration and mixing depth on the other hand. Nitrogen enrichment positively affected the 
concentrations of Chl a, seston carbon, overall biomasses of phyto-, micro- and mesozooplankton, and 
the majority of algal groups and mesozooplankters. In a second experiment I investigated effects of the 
intensity of turbulent diffusion and water column depth on the biomass and density of phyto- and 
zooplankton, respectively, and on the vertical distribution of the Chl-a and dissolved mineral nitrogen 
concentrations. I enclosed the coastal North Atlantic plankton community into cylindrical plastic bags 
and varied turbulence across a broad range of intensities (low, intermediate and high; vertical eddy 
diffusivity ~ 3 to 120 cm² sec-1) and at three water column depths (6, 10 and 14 m). The results support 
predictions of the reaction-advection-diffusion model framework of light-limited phytoplankton 
population growth in that low intensity of turbulence results in steep vertical gradients of the 
phytoplankton concentration with the latter peaking close to the water surface; in line with 
expectations, intermediate and high intensities of turbulence resulted in largely homogeneous vertical 
profiles of the Chl-a concentration. The vertical distribution of the concentration of the limiting 
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nutrient, dissolved mineral nitrogen, did not show any significant vertical trend under turbulent mixing 
but was inverse to the Chl-a concentration of algal biomass in situations with low turbulent diffusion. 
Intermediate levels of turbulence resulted in smaller algal blooms (in terms of chlorophyll 
concentration) than both high and very low intensities of mixing, likely because the low mean light 
intensity associated with long mixing time at intermediate turbulence intensity favoured 
microzooplankton. Mesozooplankton density displayed different responses to mixing intensity: the 
density of crustacean grazers (calanoid copepods) appeared to be governed by food availability and 
predation but not by direct effects of turbulent diffusion intensity. Gelatinous grazers (salps) tended to 
decrease, and gelatinous predators of copepods (ctenophores) tended to be unimodally related to 
mixing intensity across water column depth. These findings indicate that turbulence may considerably 
affect the density of filter-feeding, gelatinous zooplankton and of ambush-feeding, predatory 
zooplankton and support the paradigm of a dome-shaped relationship between secondary production 
and turbulence intensity in the water column. 

The experiments show that the vertical extent and the intensity of turbulent mixing in the surface 
layer of oceans plays a key role for phytoplankton and zooplankton biomass and community 
composition, the resources limiting phytoplankton, the favoured nutritional mode of microplankton 
and that effects propagate up the food chain. The results confirm that the biophysical mechanisms 
assumed to govern phytoplankton dynamics do operate in principal but indicate that the diversity of 
nutritional modes in a natural plankton community may produce patterns of algal biomass which 
depart considerably from the expectations of a recently developed model framework. 
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General Introduction 

Aquatic primary production by 
phytoplankton largely occurs in the well-lit 
surface layer of oceans and lakes and is 
fundamentally important to most heterotrophic 
organisms in the pelagic food web, from 
heterotrophic bacteria to ciliates, zooplankton, 
and fish. Phytoplankton cells depend on light 
and mineral nutrients for growth, reproduction 
and survival. Light is, however, absorbed by 
water molecules and dissolved organic or 
suspended inorganic substances (background 
attenuation) and therefore exhibits a 
pronounced vertical gradient in the water 
column (Fig. 1; Kirk 1994). Plankton algae 
which are largely moved passively should thus 
experience an average light intensity in a well-
mixed surface layer, while in an unstratified, 
relatively quiescent water column the light 
availability to phytoplankton cells depends on 

their vertical position (Fig. 1; Huisman and 
Weissing 1995, Huisman et al. 1999, Diehl 
2002, Huisman et al. 2002). Both local and 
mixing-depth averaged algal production should 
therefore decrease with increasing water 
column depth and mixing depth, respectively. 
Within a mixed layer, phytoplankton should 
also experience an average nutrient 
concentration because dissolved nutrients will 
largely be homogeneously distributed. In 
contrast, in a quiescent surface layer the 
availability to phytoplankton of both light and 
nutrients should be strongly affected by the 
vertical position of a cell in the water column 
(Klausmeier and Litchman 2001). Gravity 
negatively affects entrainment of algal cells 
resulting in sinking losses; however, cell 
density and morphology may counteract 
sinking (Reynolds 1984, Harris 1986).  
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Fig. 1 (overleaf)  Physical processes in the pelagic. Light enters the water at the surface with incident light 
intensity I0 and decays exponentially over depth. The mean light intensity experienced by phtyoplankton 
therefore decreases with increasing depth (Zmix) of a turbulently mixed surface layer while losses of sinking algae 
decrease (left panel). In a relatively quiescent water column light availability and entrainment of plankton algae 
will depend more on algal characteristics (right panel). 
 
 
Theoretical models suggest that entrainment of 
algal cells is governed by hydrophysical 
properties of their environment, in particular 
the vertical extent and the intensity of turbulent 
diffusion in the water column (Fig. 1, 2; Riley 
et al. 1949, Okubo 1980, Diehl 2002). A 
number of field experiments have confirmed 
the expected positive effects of increasing 
mixing depth on the entrainment of lake 
phytoplankton (Reynolds 1986, Visser 1996, 
Diehl et al. 2002). Likewise lab and field 

experiments and lake surveys (Huisman 1999, 
Diehl et al. 2002, Soto 2002, Kunz and Diehl 
2003) and investigations in the marine pelagic 
(e.g., Mitchell and Holm-Hansen 1991, 
Sakshaug et al. 1991, Helbing et al. 1995) have 
found a negative correlation between proxies 
of phytoplankton biomass concentration and 
mixing depth. Nevertheless, no experiments 
addressing effects of mixing depth seem to 
have been conducted in the marine 
environment to date. 

 

 
Fig. 2  Effects of mixing depth and nutrient enrichment on the biomass of phytoplankton. The graph depicts the 
equilibrium biomass concentration of phytoplankton in a mixed surface layer without contact to the sediment and 
recycling of nutrients from sedimented algae. Higher total nutrient content results in a higher biomass of 
plankton algae (after Diehl 2002).  
 
 

Effects of the intensity of turbulent 
diffusion on phytoplankton have received even 
less experimental treatment, apart from a small 

number of mesocosm experiments which all 
held water column depth constant (Oviatt 
1981, Petersen et al. 1998, Metcalfe et al. 
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2004). Huisman et al. (1999b, c) and Huisman 
and Sommeijer (2002a, b) recently extended 
early advection-diffusion models by Riley et 
al. (1949) and Okubo (1980) which neglected 
light-dependent photosynthesis and 
background attenuation of the water, 
respectively. The model framework which 
focuses on light-limited algal growth (thus 
ignoring nutrient limitation), allows to derive 
combinations of water column depth and 
turbulence intensity under which an algal 
species may bloom, depending on its growth 
and sinking characteristics (neutrally buoyant 
or sinking). The theory breaks with the 
paradigm that an algal bloom, i.e., a population 
of phytoplankton, may only develop when the 
depth of the mixed surface layer becomes more 
shallow than the ‘critical depth’ as defined by 
Sverdrup (1953) in an attempt to understand 
the onset of the annual spring phytoplankton 
bloom in the North Atlantic. The reaction-
advection-diffusion model framework suggests 
that an algal species may generally bloom at a 
mixing intensity and water column depth 
where its growth rate exceeds both sinking and 
mixing losses. As a result, non-sinking algae 
should bloom in all except very deep and 
highly turbulent waters; sinking algae should, 
in addition, be excluded from quiescent and 
very shallow waters (Huisman et al. 1999b, c, 
Huisman and Sommeijer 2002b). The concept 
that the intensity of turbulence may be 
important in the establishment of algal blooms 
is supported by field data which strongly 
suggest even incomplete mixing may allow the 
establishment of phytoplankton blooms 
(Townsend et al. 1992, Eilertsen 1993). In 
view of the small number of experimental 
studies that have investigated effects of 
turbulence intensity on algal biomass (see 
above) simultaneous manipulation of mixing 
intensity and water column depth appeared to 
be a promising tool to shed light on the 
relevance of turbulence for the formation of 
algal blooms in field situations.  

Turbulent flow also advects more nutrients 
towards phytoplankton. It has been suggested 
that this should reduce the thickness of the 
boundary layer surrounding cells and which 
becomes nutrient-depleted when the uptake 
rate for the nutrient exceeds its diffusion rate. 
However, as Kiørboe (1993) showed, turbulent 
diffusion is relevant only for phytoplankton 
larger than approximately 100 µm equivalent 
spherical diameter, and at nutrient 
concentrations below saturation levels. The 
intensity of turbulence should, therefore, not 
affect the nutrient uptake rate of most species 
of phytoplankton. However, like algal 
photosynthesis, nutrient uptake is a function of 
light intensity and so less nutrients should be 
consumed by algae with increasing mixing 
depth or depth within the water column 
(Huisman and Weissing 1994, L’Helguen et al. 
1994). As shown theoretically, and in field 
experiments and surveys more nutrients will 
therefore remain in dissolved mineral form 
with increasing depth of the mixed surface 
layer (Sakshaug et al. 1991, Huisman and 
Weissing 1995, Diehl 2002, Diehl et al. 2002). 
Below the mixed layer and in a water column 
with low intensity of turbulent diffusion, the 
concentration of nutrients will usually increase 
towards depth because of resupply from the 
aphotic zone, the sediment or both (Longhurst 
and Harrison 1989, Klausmeier and Litchman 
2001). Experimental evidence for the 
relationship between the concentration of the 
dissolved mineral nutrient and mixing depth or 
water column depth is, however, still lacking 
in the marine pelagic. 

Increasing input of solar energy in spring 
and a concomitant reduction of wind mixing 
typically result in thermal stratification of the 
upper part of temperate oceans and deeper 
freshwater lakes. For example, in large parts of 
the North Atlantic, a region which is 
characterised by relatively deep mixing down 
to a depth of around 300 m by the end of 
winter, vertical mixing becomes restricted to 
the upper 10 to 50 m in summer (Mann and 
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Lazier 1996, Kara et al. 2003). Stratification 
isolates the surface mixed layer from deeper 
strata by a steep temperature and density 
gradient, the thermocline. Exchange processes 
across the interface between the mixed layer 
and the layers underneath are then largely 
restricted to sinking of particulate matter and 
to nutrient diffusion. A combination of 
prolonged heat input, intermittent wind forcing 
and nighttime convective mixing during the 
warm season usually result in an increase of 
the mean vertical extent of the mixed layer and 
the intensity of turbulence therein. Shear stress 
at the interface with the underlying layer of 
water, and currents and tides also are important 
sources of turbulence (Mann and Lazier 1996). 
The kinetic energy inherent in turbulence is 
dissipated towards increasingly smaller scales 
down to eddy sizes of 1 mm; turbulence at 
large and small scales therefore generally 
covaries (Fig. 1; Kiørboe 1993, Sanford 1997). 
Below the smallest eddy sizes turbulent kinetic 
energy is eventually transformed into heat. 
Although turbulent mixing is a general feature 
of most aquifers and may affect populations of 
organisms and communities at both small and 
large scales the effects of turbulent diffusion 
on phyto- and zooplankton are not yet well 
understood (Sanford 1997, Peters and Marrasé 
2000, Druet 2003).  

Nutrient enrichment should generally 
increase effects of mixing depth and intensity 
on phytoplankton biomass and availability of 
any limiting resource (light, nutrients). 
Because algal biomass concentration is limited 
by light availability at large mixing depths and, 
in case of sinking algae, by sinking losses at 
shallow mixing depths, enrichment with 
nutrients should be most effective at 
intermediate mixing depths (Diehl 2002). 
Similarly, nutrient enrichment should enhance 
algal production the most at intermediate 
intensities of diffusion where algal growth rate 
exceeds the homogenizing effect of the mixing 
rate (in the vertical) and, in case of sinking 
algae, also the sinking rate. Non-sinking algae 

should also profit considerably from increased 
nutrient supply at shallow mixing depths 
because neither light limitation nor sinking 
losses pose considerable constraints. 

Secondary production in the pelagic is 
tightly related to primary production by 
phytoplankton as predicted by resource-
consumer theory (Rothhaupt 1988, Grover 
1997). While effects of nutrient enrichment are 
well-documented in both marine and 
freshwater environments (Harris 1982, 
Gismervik 1997, Murdoch et al. 1998, Berger 
et al. submitted), effects of increasing mixing 
depth (essentially a ‘de’richment with light) on 
zooplankton production and community 
composition have only recently been studied 
by a very small number of field studies (Maar 
et al. 2003, Berger et al. submitted). Likewise, 
although the effects of turbulent diffusion on 
many aspects of zooplankton behaviour have 
been explored theoretically and zooplankton is 
essential for higher trophic levels in aquatic 
food webs, few studies have addressed effects 
of increasing turbulence on zooplankton 
production and community composition (e.g., 
Maar et al. 2003, Metcalfe et al. 2004). Given 
the central position and linking function of 
zooplankton it is thus timely to address how its 
production is being affected by key parameters 
of the physical environment. 

Turbulent mixing should not only affect 
the biomass and, likely, composition of the 
various trophic levels of the plankton. It is 
widely recognized in the literature that the 
overall structure of the marine food web differs 
considerably between weakly stratified coastal 
waters and more strongly stratified oceanic 
waters (e.g. Cushing 1989). In particular, 
heterotrophic bacterio-, micro- and 
mesozooplankton has been identified to 
dominate the food web of oligotrophic, oceanic 
waters in terms of biomass and energy transfer 
in tropical and subtropical regions (year-
round), but in summer only in temperate 
regions (‘microbial loop’). In contrast, the 
short,’ classical’ food-chain (large 
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phytoplankton - copepods) predominates in 
temperate seas during the main mixing events 
(in spring and autumn) and in up-welling areas 
of warm regions (Kiørboe 1993). Although this 
pattern has been related to nutrient supply and 
phytoplankton production (e.g., Gasol et al. 
1997) the underlying mechanism is still poorly 
understood because of both a lack of theory 
and experimental work. 

Recent research into effects of climate 
change on marine and freshwater plankton has 
recently begun to consider effects of a 
changing depth in the vertical extent of the 
mixed surface layer (e.g. Richardson and 
Schoeman 2004, Schmittner 2005). Clearly, an 
understanding of the meso- and microscale 
physical-biological processes within the 
surface layer of the oceans, and of secondary 
biological effects occurring in plankton 
communities will be required for an 
assessment of potential impacts of future 
climate change on the plankton and higher 
trophic levels. 
 
Aims 

The proximate aims of this thesis were as 
follows: Firstly, to experimentally test effects 
of the intensity and depth of turbulent, vertical 
mixing in the water column, and of nutrient 
enrichment on the biomass of marine phyto- 
and zooplankton. Secondly, to scrutinize 
effects of the above parameters on the 
composition of the microplankton and 
mesozooplankton community, and on the 
availability of the limiting resources, i.e. 
photosynthetically active radiation and 

dissolved mineral nitrogen, the nutrient which 
limits phytoplankton production in large areas 
of the world’s oceans. 

 
Experimental design 

The above questions were addressed by 
enclosing the summer North Atlantic plankton 
community into cylindrical, opaque flexible-
wall enclosures immersed from a raft structure 
in a sheltered bay and manipulating mixing 
depth (Experiment in 2000, Fig. 3a; Articles 1 
and 2) and mixing intensity and water column 
depth (Experiment in 2001, Fig. 3b; Article 3). 
Mixing depth and water column depth were 
manipulated by varying enclosure length (1 to 
12 m in 2000; 6 to 14 m in 2001) while 
turbulent mixing was generated by blowing a 
stream of air into the bottom of enclosures at 
regularly spaced 30-sec intervals and, in the 
2001 experiment, at different intensities (no 
artificial mixing, intermediate, and high 
mixing intensities). Nano- and microplankton, 
mesozooplankton, the concentrations of 
chlorophyll a, and suspended and sedimented 
seston carbon in, mean light intensity, and the 
concentrations of dissolved mineral nutrients 
were sampled in 6-day intervals over a period 
of 25 days in each experiment. The 
effectiveness of the mixing procedure was 
monitored by casting vertical temperature 
profiles in 2000, and, in 2001, also salinity and 
density profiles. The intensity of turbulent 
diffusion was measured by adding a 
fluorescent tracer to the enclosures. 
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FIG. 3  Experimental set-up for testing effects of (a) mixing depth, and nutrient enrichment and (b) mixing 
intensity and water column depth on a marine plankton community. Enclosures were suspended from a raft, and 
plastic tubing released a stream of air-bubbles near the bottom of ‘Intermediate D’ and ‘High D’ treatments at 
10-min intervals to mix the water column. ‘Low D’ treatments were not mixed artificially. In (a) only one of two 
mixing depth gradients and a selection of depth treatments are shown; in (b) only one of two replicates each is 
shown. 
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Article 1 

Effects of mixing depth and nitrogen enrichment on marine zooplankton, 

phytoplankton, light and mineral nutrients 

(Thomas J. Kunz and Sebastian Diehl) 
 
 

Mixing depth has long been attributed a 
central role in determining the onset of the 
phytoplankton spring bloom in the pelagic of 
major ocean regios. Recently developped 
producer-resource theory suggests that the 
phytoplankton concentration within the mixed 
surface layer of lakes and oceans strongly 
depends on both mixing depth and nutrient 
enrichment. Increasing mixing depth 
negatively affects mean light intensity and so 
specific production of planktonic primary 
producers is predicted to decrease with mixing 
depth. Increasing mixing depth also negatively 
affects algal sinking loss rate within the mixed 
layer and enrichment with the limiting nutrient 
positively affects phytoplankton production. 
As a consequence, the concentration of 
phytoplankton is predicted to decline over 
most of the range of mixing depths usually 
encountered in the pelagic but to increase with 
nutrient enrichment. For a realistic range of 
mixing depths the model framework predicts 
that the concentration of the dissolved limiting 
nutrient will increase with increasing depth of 
the mixed layer and nutrient enrichment. 
Resource-consumer theory suggests that the 
production of primary consumers is positively 
affected by primary production and so 
zooplankton biomass can be expected to show 
a similar response to increasing mixing depth 
and nutrient enrichment as phytoplankton 
biomass. Although field surveys have indicated 
negative relationships between mixing depth 
and phytoplankton density, effects of mixing 
depth on the biomass of phyto- and 
zooplankton have not previously been explored 

experimentally in the marine environment. 
Likewise, although the effects of nitrogen 
enrichment on the production of marine phyto- 
and zooplankton have received some 
experimental treatment light and nutrient 
enrichment have not been manipulated 
simultaneously. We therefore investigated 
effects of mixing depth and enrichment with 
nitrogen on a plankton assemblage and 
resource availability in large field enclosures in 
the coastal North Atlantic. Mixing depth 
negatively affected light availability but 
positively affected nutrient availability in the 
mixed water columns. The concentrations of 
Chl a, seston carbon, meso- and total 
zooplankton, but not of phyto- and 
protozooplankton biomass were significantly 
negatively affected by mixing depth. Nitrogen 
enrichment positively affected the 
concentrations of Chl a, seston carbon, phyto-, 
micro- and mesozooplankton biomass and did 
not have major negative effects on the light 
climate. The results indicate that the vertical 
extent of the mixed surface layer in the oceans 
plays a key role for the biomass of 
phytoplankton, its limiting resources, and 
zooplankton and suggests that these effects 
propagate up the food chain. 
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Article 2 

Response of auto-, mixo- and heterotrophic marine plankton to nitrogen 

enrichment and a mixing-depth gradient 

(Thomas J. Kunz and Sebastian Diehl) 
 

 
We enclosed North Atlantic 

phytoplankton, micro- and mesozooplankton in 
large field enclosures to investigate effects of 
mixing depth and nitrogen enrichment on the 
biomass of individual plankton compartments. 
In our companion paper we describe negative 
effects of mixing depth and positive effects of 
enrichment with nitrogen on the Chl-a and 
seston carbon concentrations as predicted by a 
recent generic model framework. In contrast to 
these proxies of phytoplankton biomass, the 
carbon-based total phytoplankton biomass 
decreased considerably from shallow to 
intermediate mixing depths but overall was 
unrelated to mixing depth. Mixing depth did 
not affect most phytoplankton groups but 
negatively affected all size classes of small 
flagellates and phototrophic dinoflagellates. In 
pigmented dinoflagellates effects of mixing 
depth on overall biomass were marginally 
significant. We attribute this to different 
mixotrophic feeding strategies: the biomass of 
dinoflagellates assumed to be primarily 
phototrophic (Ceratium sp., Prorocentrum 
micans) decreased with mixing depth whereas 
the biomass of dinoflagellates assumed to be 
primarily heterotrophic (Dinophysis norvegica) 
tended to increase with mixing depth. Non-
pigmented, purely heterotrophic dinoflagellates 
(Protoperidinium sp.) strongly increased with 
increasing mixing depth. Scrippsiella 
trochoidea which was unrelated to mixing 
depth may have pursued an ‘ideal’ mixotrophic 
strategy depending on the availability of light, 
nutrients, and prey at a particular mixing 

depth. Morphometric considerations did not 
provide a conclusive answer as to why 
coccolithophorids, cyanophycea and diatoms 
were unrelated to mixing depth. The biomass 
of most phytoplankton groups responded 
positively to nutrient enrichment.  

The biomass of mostly herbivorous 
grazers (Pseudocalanus elongatus, Oikopleura 
dioica) decreased with mixing depth but was 
positively affected by nitrogen enrichment. In 
contrast, the absolute biomass of omnivorous 
copepods (Calanus sp., Centropages sp., Temora 
longicornis) was not affected by mixing depth 
and responded positively to enrichment with 
nitrogen in only one species. However, the 
relative contribution of omnivorous copepods 
to the overall biomass of mesozooplankton 
increased with mixing depth and possibly 
reflects the availability of dinoflagellate prey. 
Hence, direction and strength of treatment 
effects on zooplankton biomass and 
community composition seem to primarily 
depend on its nutritional mode, i.e. whether a 
consumer is primarily herbivorous or 
omnivorous. We also identified a systematic 
variation of the biomass ratios of meso- and 
protozooplankton to phytoplankton with 
mixing depth and nutrient enrichment, 
respectively. The observed positive response of 
these H:A biomass ratios to enrichment 
underlines the importance of bottom-up effects 
in aquatic food webs and is consistent with 
expectations derived from equilibrium food-
chain and producer-resource theories. 
However, while the protozooplankton to 
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phytoplankton biomass ratio increased with 
nutrient enrichment the mesozooplankton to 
phytoplankton biomass ratio increased with 
decreasing mixing depth. This pattern indicates 
that nutrient enrichment may enhance grazing 
by protozooplankton while increasing mixing 
depth may raise the grazing pressure exerted 
by mesozooplankton.  

The results of this experiment imply that, 
besides nutrient enrichment, mixing depth may 
have strong bottom-up effects (via light 

availability and phytoplankton production) on 
the absolute biomass of different crustacean 
and gelatinous marine zooplankton, on their 
relative contribution to community 
composition and on the importance of grazing. 
Our study therefore provides support for the 
assumption that global change (including 
changes in mixing regimes and regional 
nutrient budgets) may fundamentally change 
the configuration of marine pelagic food webs. 
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Article 3  

Effects of water column depth and turbulent diffusion on an enclosed North 

Atlantic plankton community 

(Thomas J. Kunz and Sebastian Diehl) 
 

 
Reaction-advection-diffusion models of 

light-limited phytoplankton growth suggest 
that the intensity and depth of turbulent 
diffusion within a water column considerably 
affect the vertical distribution of phytoplankton 
density. Accordingly, at low-moderate 
intensity of turbulent diffusion algal cells are 
predicted to outgrow mixing losses so that the 
density of phytoplankton should peak near the 
water surface and decrease vertically. If algal 
growth is also limited by a mineral nutrient the 
concentration of the dissolved nutrient should 
show a vertical pattern roughly inverse to that 
of the phytoplankton concentration. With 
increasing intensity of turbulent diffusion the 
vertical distribution of phytoplankton and the 
limiting nutrient should become less 
pronounced and eventually become 
homogenous. Depending on the sinking 
characteristics of algal cells and the water 
column depth considered phytoplankton 
density should either increase, decrease or be 
unimodally related to mixing intensity. The 
response of zooplankton growth should depend 
on the species-specific or food-related feeding 
strategy. Theoretical considerations suggest, 
however, that across the turbulence intensities 
encountered in the sea zooplankton production 
relates unimodally to increasing turbulence 
intensity.  

We conducted a field experiment in which 
we manipulated mixing intensity (= vertical 
eddy diffusivity D ~ 3 to 120 cm² sec-1) and 
water column depth (6 to 14 m) in 16 
enclosures in a sheltered North Atlantic bay to 

investigate effects on the density of marine 
phyto- and zooplankton. At low mixing 
intensity, the Chl-a concentration peaked close 
to the water surface and declined vertically. At 
intermediate and high mixing intensity, the Chl-
a concentration did not show any obvious 
vertical pattern. The vertical distribution of 
dissolved inorganic nitrogen (DIN) was mostly 
inverse to the pattern of the Chl-a concentration 
at low mixing intensity and largely 
homogeneous in most treatments with 
intermediate and high mixing intensity. Both 
the vertical pattern of the Chl-a and the DIN 
concentration were consistent across water 
column depth. Along the gradient of increasing 
turbulence intensity the depth-averaged Chl-a 
concentration showed a U-shaped pattern. 
Similarly, the relatively low density of calanoid 
copepods which was strongly positively related 
to the Chl-a concentration tended to be 
inversely unimodal related to mixing intensity. 
The density of cyclopoid copepods was less 
tightly correlated with the Chl-a concentration 
and showed no clear pattern with increasing 
turbulence intensity. The density of salps, the 
dominant grazer in this experiment, decreased 
with increasing intensity of turbulent diffusion. 
The density of ctenophores (Bolinopsis sp.) was 
strongly negatively related to copepod density 
and tended to show a dome-shaped relationship 
with mixing intensity.  

While the vertical patterns of the Chl-a 
and DIN concentrations were qualitatively 
largely in agreement with theoretical 
expectations, the U-shaped relationship 
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between the Chl-a concentration and mixing 
intensity contradicted theoretical expectations 
for the pattern of phytoplankton density. 
Comparatively long mixing time at 
intermediate mixing intensity may have 
favoured microzooplankton (e.g. heterotrophic 
dinoflagellates) as indicated by relatively high 
C:Chl-a levels. Both the strongly positive 
relationship between the density of calanoid 
copepods and the Chl-a concentration and the 
strongly negative relationship between the 

densities of copepods and Bolinopsis suggest 
that the U-shaped relationship between 
calanoid copepod density and mixing intensity 
resulted from concomitant bottom-up and top-
down control. Direct effects of turbulence on 
zooplankton were more likely observed in 
salps and ctenophores and support the 
paradigm of a dome-shaped relationship 
between secondary production and turbulence 
intensity. 
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Synopsis 

 
The approach of this thesis allowed to examine how key hydrophysical parameters, the intensity 

and depth of vertical mixing in the water column, and interactions between them affect the biomass 
and community composition of phyto- and zooplankton and the availability of resources limiting 
pelagic primary production. The experimental plankton communities were considerably more complex 
than the systems of dynamical state variables described by recently developed models of light- and 
nutrient-dependent phytoplankton growth and a reaction-advection-diffusion model framework for 
phytoplankton. Despite the simplifying assumptions of the theory the results of these experiments 
confirm the operation of the underlying biophysical mechanisms and have substantial effects not only 
on phytoplankton but also on the next higher trophic levels (micro- and mesozooplankton). The 
experiments also allowed to investigate interactions between pelagic primary producers, grazers, and 
their predators in the surface layer of the marine pelagic under the influence of mixing depth and 
intensity, and nutrient enrichment. The results provide new insights into the functioning of marine 
pelagic ecosystems with respect to the importance of mixotrophy and grazing at different levels of 
resource supply (heterotroph to autotroph ratio). Along with related research recently carried out in 
lakes this thesis therefore contributes to an ecology of unifiying concepts. This thesis also 
demonstrates that considerable theoretical and experimental effort is still required to better understand 
how the intensity of turbulent diffusion affects the feeding and growth rate of zooplankton and higher 
trophic levels. The results suggest that mixing depth and intensity of turbulent diffusion be considered 
alongside with nutrient availability in any model, experimental and field study that aims to better 
understand structure and function of pelagic ecosystems. The latter will be essential for the sustainable 
use of aquatic ecosystems in a globally changing environment. 
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Effects of mixing depth and nitrogen enrichment on marine zooplankton, 

phytoplankton, light and mineral nutrients 

 
Thomas J. Kunz and Sebastian Diehl 
 

Introduction 

The plankton community of the surface 
mixed layer of lakes and oceans is central to 
many processes occurring in the pelagic and 
beyond. Specific phytoplankton production is a 
function of both nutrient and light availability 
(Tilman and Kilham 1976, Kirk 1994, 
Huisman and Weissing 1995) and, in a 
turbulently mixed layer, subject to the vertical 
gradient of light intensity in the water column. 
Vertical mixing causes phytoplankton to 
experience an average light intensity which 
decreases with increasing mixing depth, 
resulting in a decline of the volumetric, depth-
averaged primary production (Reynolds 1984, 
Kirk 1994, Huisman 1999, Diehl et al. 2002). 
The key role which mixing depth plays in the 
onset of the annual phytoplankton spring 
bloom has been recognised early (Gran and 
Braarud 1935, Sverdrup 1953). While mixing 
depth is comparatively low and temporally 
constant in tropical and subtropical regions it 
may vary regionally and temporally over more 
than an order of magnitude in mid- and high 
latitude lakes and oceans (Sterner 1990, Mann 
& Lazier 1996, Kara et al. 2003, Kunz and 
Diehl 2003). Mixing depth is therefore usually 
a key parameter in regional models of pelagic 
primary production of mid- and high latitudes 
(e.g., Mitchell and Holm-Hansen 1991, 
Sakshaug and Slagstad 1991). 

In more recent years, the relationships 
between mixing-depth mediated light supply 
and phytoplankton biomass have been 
explored with strategic, mechanistic ecosystem 
models (Huisman and Weissing 1995, Diehl 
2002, Berger et al. submitted, Diehl et al. 

submitted). This modelling approach focuses 
on the dynamic interplay between 
phytoplankton and its abiotic resources and 
assumes a small set of resources (light 
intensity and a single nutrient) to co-limit the 
specific production of phytoplankton in a 
homogeneously mixed, open water column 
such as the mixed surface layer of lakes and 
oceans. For an algal assemblage of neutrally 
buoyant or sinking species the models predict 
the concentration of phytoplankton biomass to 
decrease with increasing mixing depth over the 
range of mixed-layer depths usually observed 
in pelagic systems. Laboratory experiments 
with freshwater algae (Huisman 1999) and 
field surveys in freshwater lakes (Soto 2002, 
Kunz and Diehl 2003, Berger et al. submitted) 
and in the marine pelagic (Mitchell and Holm-
Hansen 1991, Sakshaug et al. 1991, Helbing et 
al. 1995) have indeed demonstrated that the 
concentrations of phytoplankton biomass 
(chlorophyll a and/or seston carbon) correlate 
negatively with mixing depth.  

The above models all make identical 
qualitative predictions concerning the 
responses of light and mineral nutrients to 
increasing mixing depth: both mean light 
intensity averaged across the mixed layer and 
light intensity at the bottom of the mixed layer 
decrease and the concentration of the limiting 
nutrient increases along a gradient of realistic 
mixing depths (Huisman and Weissing 1995, 
Diehl 2002, Berger et al. submitted). Because 
algae will incorporate less nutrients with 
increasing light limitation, with increasing 
depth of the mixed layer, more nutrients should 
remain in dissolved mineral form (Sakshaug et 
al. 1991, Huisman and Weissing 1995, Diehl 
2002). In the freshwater environment, such a 



Article 1 22 

 

pattern has recently been documented in a field 
survey of a large set of lakes spanning a 
moderate range of mixing depths (Kunz and 
Diehl 2003, Berger et al. submitted). In 
contrast, field evidence of a positive 
relationship between the dissolved mineral 
nutrient concentration and depth of the mixed 
surface layer has, to our knowledge, not been 
described from the marine environment. 

Algal biomass, mineral nutrient 
concentration, and light climate also depend on 
external nutrient supply (enrichment). An 
abundance of studies have related 
phytoplankton biomass and production to the 
availability of one or a small set of limiting 
nutrients (for a review see Cloern 2001) and 
nitrogen has been identified as the nutrient that 
primarily limits phytoplankton production in 
large regions of the world’s oceans (Boyd 
2002). The models by Huisman and Weissing 
(1995), Diehl (2002), and Berger et al. 
(submitted) all predict nutrient enrichment to 
positively affect phytoplankton biomass and 
the concentration of dissolved mineral 
nutrients, but to negatively affect the light 
climate in the mixed water column. Because 
light and nutrients are interactive-essential 
resources the magnitude of nutrient enrichment 
effects on phytoplankton biomass is expected 
to depend on mixing depth; i.e. effects of 
nutrient enrichment on algal biomass are 
potentially high at low mixing depths (where 
light limitation is strong) (Diehl 2002, Berger 
et al. submitted). Increases in algal biomass in 
response to enrichment with inorganic 
nutrients have previously been observed in 
enclosure experiments across a geographic 
gradient of coastal waters (Duarte et al. 2000, 
Olsen et al. 2003). In those experiments, 
mixing depth was, however, held constant. 
Experimental data on the role of mixing depth 
in modifying effects of nutrient enrichment on 
marine plankton communities are thus lacking. 

Resource-consumer theory (Rothhaupt 
1988, Grover 1997) predicts that the biomass 
of consumers should be positively related to 

the productivity of their prey and, hence, 
zooplankton biomass to follow the pattern of 
phytoplankton production. Effects of upper 
mixed layer depth and of nutrient enrichment 
on primary production would then be expected 
to propagate to higher trophic levels. A 
decrease of phytoplankton production along a 
gradient of increasing mixing depth should 
thus provide an increasingly smaller carbon 
and energy source for herbivorous proto- and 
mesozooplankton which may result in a 
concomitant decrease of the zooplankton 
biomasses. While there is experimental and 
comparative evidence that zooplankton 
biomass is positively related to nutrient 
enrichment in both lakes and oceans (Harris 
1982, Hanson and Peters 1984, Murdoch et al. 
1988, Gismervik 1997, Berger et al. submitted) 
the only study relating zooplankton biomass to 
mixing depth we are aware of is by Berger et 
al. (submitted). In that study, conducted in 
thermally stratified freshwater lakes, a strong 
negative relationship was found between 
zooplankton biomass and the depth of the 
mixed surface layer. To our knowledge,  the 
relationship of zooplankton biomass to mixing 
depth has not previously been investigated In 
the marine pelagic. 

 In this paper we experimentally 
investigate the influence of mixing depth and 
enrichment with nitrogen on a North Atlantic 
plankton assemblage in large field enclosures. 
Specifically, we manipulated mixing depth on 
a moderate absolute scale (1.5 to 12 m) but 
spanning a considerable range of optical depths 
[the product of mixing depth and the 
coefficient of background attenuation of light] 
and supply with nitrogen (total nitrogen 
concentrations 3 and 41 mmol m-3) and 
investigated the following response variables: 
availability of abiotic resources (light and 
dissolved mineral nitrogen), and the biomasses 
of phyto-, proto- and mesozooplankton. 
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Material and Methods 

Study site 

The experiment was carried out at 
Hopavågen, a small (37 ha), basin-shaped and 
maximally 31 m deep, landlocked bay of the 
coastal North Atlantic (central Norway, 
63°34’13” N  9°42’10” E) in August and 
September 2000. The water has an average 
salinity of 31 ‰ and hosts a North Atlantic 
plankton community. Between 10 and 20 % of 
Hopavågen’s total water volume (5.5 Mio m-3) 
are exchanged during a tidal cycle. Mixed-
layer depth in September usually exceeds 14 m 
and the bottom part of the water body is 
largely excluded from water exchange with the 
ocean (van Marion 1996). 

 

Experimental set-up 

We manipulated mixing depth and nutrient 
content in experimental enclosures suspended 
from a raft structure which consisted of large, 
octagonal plastic rings, each accommodating 
up to four cylindrical enclosures of 0.95 m 
diameter. Overall, there were 14 enclosures. 
The raft was anchored at a water depth of c. 18 
m. Individual enclosures consisted of opaque 
(inside black, outside white) plastic foil to 
provide for high background turbidity and 
extended 0.25 m above the water surface. The 
enclosures were open to the atmosphere and 
had a conical, heat-sealed ending at the 
bottom. Enclosures were filled with water from 
a depth of 3-4 m via pumping. Filling of the 
enclosures lasted from 26 to 28 August. 
Originally we wanted to investigate a nutrient-
phytoplankton-only system and therefore 
filtered the inflowing water through a gauze 
(mesh size 100 µm) to exclude 
mesozooplankton grazers. However, 
appendicularians and copepod eggs, nauplii, 
and possibly some early-stage copepodids 
passed the net and developed into a 
mesozooplankton community during the 

course of the experiment. By Day 25 
mesozooplankton densities had attained values 
typical for regional summer stocks, which 
allowed us to investigate effects of mixing 
depth also on metazoan secondary producers. 

We generated two gradients of mixing 
depths (enclosure depths 1.5, 3, 4.5, 6, 7.5, 9 
and 12 m). Homogeneous mixing was 
generated by intermittently blowing air into the 
bottom end of the enclosures for 30-second 
periods, and at 10 min intervals, using 
electrically driven compressors and PVC 
tubing (inner diameter 6 mm). The resulting air 
bubbles generated strong turbulence (vertical 
eddy diffusivity ≈ 120 cm-2 s-1 , as determined 
in a second experiment).  

Temperature differences between just 
below the water surface and the greatest mixed 
depth of individual enclosures did never 
exceed 0.2 °C suggesting that the generated 
turbulence mixed the water columns 
homogeneously. Temperature differences 
among enclosures never exceeded 0.6 °C.  

One set of enclosures was kept at ambient 
concentrations of total nitrogen (3 mmol N m-3, 
‘Ambient N’ enclosures) whereas the second 
set was enriched to approximately 14 times 
that level (41.4 mmol N m-3, ‘N-enriched’ 
enclosures) with ammonium-nitrate on Day 0 
of the experiment (31 August 2000). Each 
depth x nutrient combination was present once. 
The two sets of enclosures were enriched with 
sodium-phosphate and sodium-silicate such 
that nitrogen would be the limiting nutrient 
(TN:TP:Si = 2.5 : 1 : 0.9 in 'Ambient N' 
treatments, TN:TP:Si = 6.9 : 1 : 2.3 in 'N-
enriched' treatments). Ratios differed because 
ambient N and Si levels could not be measured 
before fertilization so that fertilization was 
based on nutrient contents typical for the 
region at this time of the year. By the end of 
the experiment (25 September 2000), 
TN:TP:Si ratios averaged across the two 
mixing-depth gradients were 1.7 : 1 : 1.1 in 
'Ambient N' treatments and 4.9 : 1 : 2.5 in 'N-
enriched' treatments.). 
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Sampling and laboratory analyses 

We sampled the enclosures for chlorophyll 
a concentration at 2-day intervals and for 
particulate organic carbon (POC), the 
concentrations of dissolved inorganic nitrogen 
(DIN = NO2 -, NO3 - and NH4 –N), phosphorus 
and silica, and of total nutrients (TN and TP) at 
6-day intervals. Samples were collected below 
the water surface with 3-L HDPE flasks and 
200 ml glass vials, respectively. Seston 
sedimenting out of the mixed water columns 
was collected with sedimentation traps 
(opening diameter = 29 mm, volume = 100 ml) 
which were suspended centrally at the bottom 
of each enclosure. The traps were sampled and 
replaced at 6-day intervals. 

The vertical distribution of 
photosynthetically active radiation (PAR) was 
measured at 6-day with a spherical underwater 
quantum sensor (LI-193SA, LICOR, Lincoln, 
Nebraska) in 1-m intervals and beginning just 
below the water surface. Light intensity at the 
bottom of the water column (Iout) was then 
calculated as a percentage of the subsurface 
(incident) light intensity. Mean light intensity 
in the water column (Imix) was determined as 
Imix = 100 * (1-e -K zmix) (K zmix) -1 , with zmix 
being enclosure depth and K the light 
attenuation coefficient obtained as the slope of 
a linear regression of ln-transformed PAR 
against depth.  

Filtering of sub-samples and analysis of 
total phosphorus was conducted at the field 
station of the Norwegian University of Science 
and Technology (NTNU), Sletvik, in the 
immediate vicinity of Hopavågen. Total 
phosphorus was analysed according to the 
molybdenum-blue method from samples stored 
at 4 °C one day after collection. To assess Chl 
a concentrations 0.2-0.7 L subsamples were 
filtered onto glass microfiber filters (GF/C, 
Whatman). Chl a was measured 
fluorometrically after extraction with 
methanol. To assess POC concentrations 0.2-
0.5 L subsamples were filtered onto 

precombusted GF/C filters. The POC content 
of sedimentation traps was assessed in the 
same way. Filters were dried at 60 °C for 24 
hours, wrapped in tin foil cups, compressed to 
balls and then combusted in a CN-Analyser 
(NA 1500N, FISONS). Dissolved inorganic 
nutrients were analysed with a SKALAR SAN 
plus SYSTEM auto-analyser from subsamples 
frozen at –18°C. 

 

Calculation of seston production and 
loss rates 

To investigate the relationships of specific 
seston production and sedimentation loss rates 
to the depth of the mixed water column we 
calculated these rates in week 1 of the 
experiment when grazing by mesozooplankton 
should still have been negligible and sinking 
likely was the major loss process of 
phytoplankton. Specific gross production rate 
pg was approximated as pg = pn + ls  with pn 
being specific net production and ls specific 
sedimentation loss rate. Following Diehl et al. 
(2002), specific daily net production rate was 
estimated as pn = 1 / t * ln (Wt/W0) with W0 and 
Wt being the depth-integrated standing stocks 
of seston organic carbon at the beginning and 
end of week 1, respectively. Specific daily 
sedimentation rate was then calculated 
according to Visser (1996) as ls = pn (F / {Wt - 
W0}) with F being the amount of POC 
sedimented per unit area in the sediment trap 
during week 1. 

 

Microplankton 

For the assessment of phyto- and 
protozooplankton biomasses 100-ml samples 
were collected from individual enclosures on 
Day 25 of the experiment and preserved with 
acid Lugol’s solution (1 % final 
concentration). Depending on chlorophyll a 
levels, sub-samples of 25, 50 or 100 ml were 
transferred to sedimentation chambers and 
analysed via phase contrast microscopy in an 
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inverted microscope according to Utermöhl 
(1958).  For species exceeding 50 µm in 
greatest linear dimension or clearly 
distinguished taxa the whole sedimentation 
chamber was scanned at 63 x magnification. 
For species from 30 to 50 µm two to six 
transects across the sedimentation chamber 
were scanned at 200 x magnification and for 
species smaller than 30 µm one transect was 
scanned at 400 x magnification. To limit 
counting error to ± 20 %, at least 100 specimen 
were counted per taxon, sufficient abundance 
provided. Volume estimates were calculated 
based on linear dimensions of  ≥ 30 specimen 
in the more abundant taxa, measured with 
Analysis Pro software  (Soft Imaging Systems, 
Münster, Germany) and a black/white CCD 
camera (Sanyo, Japan) and using formulae 
from Hillebrand et al. (1999) and Sun and Liu 
(2003). Since no effects of treatment on mean 
size of individual taxa were observed, taxon-
specific biovolume was averaged across 
treatments. In chain-forming, colonial species, 
a mean cell number per colony was calculated 
from 20 to 30 colonies and multiplied by the 
averaged cell volume. In rare species 
biovolume was calculated on the basis of a 
small number of measured individuals. 
Biovolume was converted to carbon mass 
using the formulae given in Menden-Deuer and 
Lessard (2000) for diatoms and ‘other 
phytoplankton’. 

 

Mesozooplankton 

Mesozooplankton was sampled by hauling 
a zooplankton net (mesh width 100 µm) 
vertically through the mixed water columns, 
transfer of the catch to 100 ml plastic flasks 
and immediate preservation with acid Lugol’s 
solution to 1 % final concentration. 
Zooplankters were determined to genus or 
species level and enumerated on a dissecting 
microscope at 160 x magnification. 
Copepodids and nauplius larvae were counted 
separately. If appendicularians had 

disintegrated into trunk and tail only trunks 
were counted. Copepod length was measured 
from the anterior tip of the cephalosome to the 
tip of the urosome (telson). Carbon weight was 
then calculated according to the formulae 
compiled in Tokle (1999). In appendicularians 
(Oikopleura), trunk length was measured to the 
nearest 10 µm, converted into ash-free dry 
weight according to Pfaffenhöfer (1976) and 
then multiplied by a factor of 0.45 to yield 
carbon-based biomass (Uye and Ichino 1994). 
Mesozooplankton taxa not exceeding 20 
individuals m-3 were excluded from analysis. 

 

Data analysis 

The qualitative responses of most state 
variables to the nutrient and mixing depth 
treatments started to become apparent early in 
the experiment. Where available, we analysed 
data from Days 13 and 25 which are 
representative for the average patterns during 
the experiment. Of the dissolved inorganic 
nutrient concentrations, we only show 
nitrogen. For all statistical analyses response 
variables were log10-transformed. Treatment 
and interaction effects were explored using 
repeated-measures analysis of covariance 
(ANCOVA) on seston, light and nutrient data 
from Days 13 and 25 of the experiment with 
nutrient content (‘Ambient N’ or ‘N-enriched’) 
as a fixed factor and mixing depth as the 
covariate. Biomass data of phyto-, protozoo-, 
and mesozooplankton from Day 25 were 
investigated by analysis of covariance. When P 
of interaction effects exceeded 0.2 the 
interaction term was dropped from the 
statistical model and the main effects of 
mixing depth and nutrient enrichment were 
investigated only. 

The removal of mesozooplankton prior to 
the start of the experiment was effective in all 
enclosures except for the 9-m 'Ambient N' 
treatment. Here, initial densities of copepodids 
and calanoid copepods were five times higher 
than in the other treatments (1.6 Ind L-1 vs. 0.3 
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Ind L-1). We suspect that these initial 
differences were responsible for the 
persistently higher mesozooplankton densitites 
in the 9-m 'Ambient N' treatment compared to 
most other enclosures and therefore excluded 
this treatment from all analyses. Statistical 
analyses were performed using SPSS 12.0.1 
software. 

Results 

Light and nutrients 

Across Days 13 and 25, mean PAR 
intensity in the water column, Imix , and at the 
bottom of the water column, Iout , both 
decreased with increasing mixing depth but 
were unrelated or only marginally related to N-
enrichment (only Day 25 shown; Fig. 1, Table 
1). Imix ranged from 8.9 to 31.6 % of incident 
light intensity. Iout ranged from only 0.01 to 
9.34 % of incident PAR and was equal to or 
below the compensation light intensity (i.e., 1 
% of subsurface irradiance) in all except the 
1.5-m and 3-m treatments. 

The concentration of dissolved inorganic 
nitrogen (DIN) increased with increasing depth 
of the mixed water column (Fig. 1c, d, Table 1) 
suggesting that increased light limitation 
reduced production and nutrient consumption 
by phytoplankton at higher mixing depths. 
DIN concentration was always higher (by 1-2 
orders of magnitude) in ‘N-enriched’ 
treatments than in 'Ambient N' treatments (Fig. 
1c, d, Table 1). 

Interaction effects of mixing depth and 
enrichment with nitrogen on either light 
intensity or the concentration of dissolved 
mineral nitrogen could not be detected. 

 

Seston and phytoplankton 

Specific production and loss rates of 
seston POC decreased with mixing depth in 
week 1 of the experiment but were not 
significantly affected by enrichment with 

nitrogen or interaction effects between 
treatments (Table 1, Fig. 2). The latter suggests 
that a measurable response of algal production 
to nutrient enrichment occurred with a 
considerable time lag. 

On Day 25, about half of the 
phytoplankton biomass was made up of small 
flagellates in the 'Ambient N' treatments but by 
diatoms in the 'N-enriched' treatments. 
Pigmented dinoflagellates constituted much of 
the remaining biomass. While the 
microscopically determined concentration of 
phytoplankton biomass was unrelated to 
mixing depth on Day 25, the concentrations of 
Chl a and seston carbon decreased with 
increasing mixing depth across Days 13 and 25 
(Table 1, Fig. 3, 4a). Overall, the 
concentrations of algal Chl a, seston carbon 
and phytoplankton biomass decreased most 
strongly from a mixing depth of 1.5 m to 3 m 
but did not show any further decrease beyond a 
mixing depth of 4.5 m on any of the analysed 
dates. 

Chl a, seston carbon and phytoplankton 
biomass were all positively affected by nutrient 
enrichment over the entire range of mixing 
depths (Table 1, Fig. 3, 4a). Interaction effects 
between mixing depth and enrichment with 
nitrogen were not detectable. Averaged across 
mixing depths Chl a, POC and algal biomass 
were about 2 to 3 times higher in 'N-enriched' 
treatments than in 'Ambient N' treatments. The 
responses of Chl a, POC and algal biomass to 
N-enrichment were much stronger in the 1.5-m 
treatment than at greater mixing depths 
indicating increasing interactions among light 
intensity and nitrogen enrichment. 

 

Zooplankton 

The protozooplankton community was 
composed of strobiliid ciliates and the 
heterotrophic dinoflagellate Protoperidinium 
bipes. The biomass of protozooplankton was 
unrelated to mixing depth but responded 
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Fig. 1.  Effects of mixing depth and nitrogen enrichment on (a) mean intensity of photosynthetically 
active radiation (PAR) in the mixed water columns, Imix, (b) intensity of PAR at the bottom of the 
mixed water columns, Iout , both measured in percent of incident light intensity on Day 25, and (c, d) 
the concentration of dissolved mineral nitrogen, on Day 13 and Day 25, respectively. Enclosures were 
enriched to total nitrogen concentrations of 3 mmol m-3 in 'Ambient N' treatments and 41 mmol m-3 in 
'N-enriched' treatments at the start of the experiment.  

 
 

strongly to nutrient enrichment (Table 1, Fig. 
4b). Mixing depth and nutrient enrichment did 
not show any statistically significant 
interaction effects on protozooplankton. On 

average, protozooplankton biomass was almost 
7 times as high in 'N-enriched' treatments than 
in 'Ambient N' treatments (cf. Fig. 4b).
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Mesozooplankton consisted mostly of 
crustacean zooplankton (dominated by the 
herbivorous copepod Pseudocalanus 
elongatus) and the appendicularian Oikopleura 
dioica (as the only gelatinous filter feeder). 
The combined biomass of crustacean and 
appendicularian zooplankton declined with 
increasing mixing depth and was positively 
affected by nutrient enrichment (Fig. 4c, Table 
1). Mesozooplankton biomass was about twice 
as high in the ‘N-enriched’ mixing depth 
gradient as in the ‘Ambient-N’ gradient. Visual 
inspection of the data suggests that 
mesozooplankton biomass increased more 
strongly from intermediate to shallow mixing 
depths under nitrogen enriched conditions than 

at ambient N. Statistical analysis did, however, 
not confirm any interaction between mixing 
depth and nutrient enrichment which may have 
produced the observed pattern. Hence, 
mesozooplankton biomass responded to 
increasing mixing depth and nutrient 
enrichment in a similar way as the seston and 
Chl a biomass concentrations. 

Total zooplankton biomass (proto- plus 
mesozooplankton biomasses) decreased with 
mixing depth and also showed a strong 
positive response to nitrogen enrichment (Fig. 
4d, Table 1). No interaction effects between 
mixing depth and nitrogen enrichment 
occurred.
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Fig. 2.  Specific seston production rate (a) and loss rate (b) per day versus mixing depth at two levels of total 
nitrogen during week 1 of the experiment.  
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Fig. 3.  Effects of mixing depth and nitrogen enrichment on the concentrations of chlorophyll a (left panels) and 
seston POC (right panels) on Days 13 and 25 of the experiment. 
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Fig. 4.  Effects of mixing depth and nitrogen enrichment on the biomass concentrations of (a) phytoplankton, (b) 
protozooplankton, (c) mesozooplankton, and (d) total zooplankton on Day 25 of the experiment. 
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Discussion 

In the following we investigate how the 
patterns of state variables observed in this 
experiment compare to theoretical expectations 
and to evidence from other field experiments 
and surveys in the marine and freshwater 
environments. 

 

Limiting resources  

The theoretical expectation of Imix and Iout 
to decrease with increasing mixing depth has 
previously been corroborated in freshwater 
lakes in both enclosure experiments (Diehl et 
al. 2002, Diehl et al. submitted) and field 
surveys (Kunz and Diehl 2003, Berger et al 
submitted). The finding of a monotonous 
decrease of both Imix and Iout with increasing 
mixing depth in this marine enclosure 
experiment accounts for the observed decrease 
of seston production rate and the associated 
decrease of algal biomass along the mixing 
depth gradient (assuming the same processes to 
operate in week 1 and after). 

Strong negative effects of nutrient 
enrichment on the respective light intensities 
could not be demonstrated in this enclosure 
experiment, even though values of Imix and Iout 
tended to be lower in 'N-enriched' treatments 
as compared with 'Ambient N' treatments on 
Day 25 (Fig. 1a,b). Because N-enrichment 
increased seston biomass, the lack of a strong 
N-enrichment effect on light climate indicates 
that background attenuation (as mimicked by 
the black plastic material) was the main light 
absorbant with phytoplankton absorbing 
comparatively little light. In field surveys of 65 
dimictic, central European lakes ranging in 
phosphorus content from 7-122 µg l-1 
deteriorating mixed layer light climate could 
be related to the total concentration of 
phosphorus, the nutrient assumed to limit 
phytoplankton biomass in these studies (Kunz 
and Diehl 2003, Berger et al. submitted). In the 

marine environment, a negative feedback of 
algal biomass on light availability has, for 
example, been reported from Antarctic waters 
(Tilzer et al. 1994). 

Low concentrations of the limiting 
macronutrient are usually associated with 
seasonal or permanent water column 
stratification whereas high concentrations 
occur in upwelling regions or during periods of 
whole water-column mixing (when nutrients 
are supplied from underlying layers of water or 
the sediment). The pattern observed of 
increasing concentrations of dissolved nitrogen 
with mixing depth at both levels of enrichment 
in our experiment indicates increasing light 
limitation of algal production along the mixing 
depth gradient. Our study thus corroborates 
central predictions derived from Huisman and 
Weissing (1995), Diehl (2002), and Berger et 
al. (submitted) despite that all these models 
neglect grazing processes. Grazing on 
phytoplankton is known to considerably affect 
the distribution of mineral nutrients among 
different organic and inorganic pools in the 
water column. 

 

Patterns in algal biomass  

Algal biomass  vs. mixing depth 

Manipulation of mixing depth in field 
enclosures in a freshwater lake has previously 
shown that a phytoplankton community will 
experience the predicted shift in limitation by 
sedimentation, nutrients and light along a 
mixing depth gradient (Diehl 2002, Diehl et al. 
2002, Diehl et al. submitted). Hence, across a 
realistic range of mixing depths the 
concentration of algal biomass will usually 
decrease. In the marine pelagic, a negative 
correlation between mixed layer depth and 
proxies of phytoplankton density has been 
identified in a number of field surveys, often 
from polar waters (Mitchell and Holm-Hansen 
1991, Eldridge and Sieracki 1993, Helbing et 
al. 1995). For example, van Oijen et al. (2004), 
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related low algal carbon assimilation and Chl a 
concentrations in the Atlantic sector of the 
Southern Ocean to the mixing-depth mediated, 
limited light availability during austral autumn 
(when iron is usually not limiting). Likewise, 
Sakshaug (personal communication) identified 
a negative relation between Chl a 
concentration and depth of the upper mixed 
layer in the Greenland Sea. Visual inspection 
of vertical temperature, salinity and Chl a 
profiles from the North Atlantic presented by 
Backhaus et al. (2003) also suggests a negative 
relationship between phytoplankton 
concentration and depth of the mixed layer. 
Shallowing of the thermocline from 125 m to 
c. 25 m and an associated decrease in mixed 
layer depth in the equatorial Pacific might also 
explain the unusually large-scale surface 
bloom of phytoplankton observed during the 
transition from El Niño to La Niña in 1998 (cf. 
Ryan et al. 2002). 

An experimental manipulation of the 
depth of turbulent mixing in the marine 
environment has to date not been conducted to 
our knowledge. Our findings of the specific 
production and loss rates of seston POC and 
the biomass concentrations of Chl a and POC 
to decrease with increasing mixing depth in the 
marine pelagic strongly suggest that the central 
underlying mechanisms are similar in 
freshwater and marine phytoplankton 
communities. How then can the lack of a 
significantly negative linear relationship 
between algal biomass and mixing depth be 
explained? As shown in our companion 
manuscript, the biomass of some species of 
pigmented dinoflagellates was unrelated to or 
tended to increase with mixing depth and may 
therefore also account for the increase with 
mixing depth of the seston POC : Chl-a ratio 
(P(Zmix) = 0.001, P(TN) = 0.003). The 
decrease with mixing depth in the biomass of 
small flagellates (a dominant group of 
phytoplankton in the experimental enclosures) 
was thus compensated by an increase of the 
biomass of dinoflagellates. 

This study confirms the prediction by 
Diehl (2002) and Berger et al. (submitted) that 
along a mixing depth gradient phytoplankton 
production and biomass concentration should 
generally experience a shift in the relative 
importance of factors limiting phytoplankton 
growth. While zooplankton grazing was an 
important loss factor at all mixing depths (see 
below), the importance of sedimentation losses 
and the availability of mineral nutrients (DIN 
concentration) as limiting factors was 
overriding in the most shallow mixing-depth 
treatments (Fig. 1, 2b, 3, 4). Increasing mixing 
depth (i.e., decreasing light availability) and 
high background turbidity (caused, mostly, by 
the black enclosure material) strongly limited 
phytoplankton biomass at mixing depths of 3 
m and deeper. 

Algal biomass vs. nutrient enrichment 

A positive response of phytoplankton 
biomass to nutrient enrichment across a 
gradient of mixing depths as predicted by 
Diehl (2002) has previously been shown in 
freshwater lakes (Kunz and Diehl 2003, Berger 
et al. submitted). Our manipulative study now 
also confirms the validity of this prediction in 
the marine pelagic. In line with model 
predictions, the increase of phytoplankton 
biomass in response to nutrient enrichment was 
strongest among the shallow-most treatments 
where light was not or least limiting. The 
response of phytoplankton biomass was 
considerably smaller at intermediate and large 
mixing depths where light became increasingly 
limiting to algal growth (Fig. 2a). Over the 
course of the experiment, Chl a concentrations 
decreased from an initial 1.8 mg m-3 to c. 1 mg 
m-3 in 'Ambient N' treatments and increased to 
c. 3 mg m-3 in 'N-enriched' treatments (but was 
very high at a mixing depth of 1.5 m). These 
concentrations are typical for oligotrophic, 
oceanic and eutrophic, coastal waters, 
respectively, of the North Atlantic in summer. 
Averaged across all mixing depths, N-
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enrichment by a factor of 14 (‘N-enriched’ vs. 
‘Ambient N’ treatments) resulted in a doubling 
of the seston, Chl a and phytoplankton 
concentrations (Fig. 3, 4). While light 
availability at intermediate to large mixing 
depth obviously was the overriding limiting 
factor to phytoplankton, grazing by proto- and 
mesozooplankton should have dampened the 
growth response of phytoplankton biomass to 
light and nutrient enrichment. 

 

Patterns in zooplankton biomass 

Enrichment with light (such as by a 
decrease in mixing depth) and nutrients should, 
in general, positively affect consumers of algal 
biomass. Relationships between total 
zooplankton biomass, mixing depth, and total 
phosphorus which confirm the operation of 
such mechanisms were recently detected in a 
set of 40 central European lakes (Berger et al. 
submitted). In the following we describe 
treatment effects on the biomass of proto- and 
mesozooplankton grazer guilds. 

Protozooplankton 

In our experiment mixing depth did not 
affect the biomass of protozooplankton 
(ciliates plus heterotrophic dinoflagellates) 
(Fig. 4b, Table 1). In our companion 
manuscript we show that the tendency of 
ciliate biomass to decrease towards greater 
mixing depths was compensated by increasing 
biomass of heterotrophic dinoflagellates. As a 
result, the biomass of protozooplankton was 
unrelated to mixing depth. In contrast, 
protozooplankton responded strongly to 
nutrient enrichment, suggesting bottom-up 
effects of nutrients via phytoplankton 
production. This is indicated by a positive 
correlation between protozooplankton biomass 
and the Chl a concentration (Pearson’s r = 0.62 
, P = 0.023) and a marginally significant 
correlation with phytoplankton biomass 
(Pearson’s r = 0.55, P = 0.051). Positive 

effects of enrichment on protozooplankton are 
in line with classical food-chain theory and 
have also been reported from other marine 
mesocosm studies, although not in a gradient 
of derichment with light  (Kivi et al. 1993, 
Escarvage and Prins 2002, Gismervik et al. 
2002, Vadstein et al. 2004). Visual inspection 
of the protozooplankton-mixing depth 
relationship suggests a negative relationship 
between protozoo- and mesozooplankton 
biomasses in 'N-enriched' treatments. 
Statistical analysis indeed confirmed the 
existence of a strong negative correlation 
between these guilds (Pearson’s r = -0.838, P = 
0.019). Such top-down effects of meso- on 
protozooplankton have previously been 
demonstrated with respect to omnivorous 
copepods on ciliates (see, e.g., Vadstein et al. 
2004). 

Mesozooplankton 

In the marine pelagic, the biomass of 
copepods (which frequently form a major 
component of mesozooplankton) generally 
seems to be unrelated to water column 
structure (Kiørboe 1991). The negative effects 
of mixing depth on the biomass of 
mesozooplankton (which was largely 
composed of different species of copepods) 
detected in this experimental study represent 
the first such evidence from the marine 
pelagic. The disparity observed between 
experimental and correlational studies may 
result from the different temporal scale 
operating on the systems under investigation: 
whereas ecosystem-level variables may seem 
to approach equilibrium in short-term 
experiments, natural systems are subject to 
processes like invasion and extinction which 
retard equilibration of the system (Leibold et 
al. 1997). Also, sampling often occurs at 
standard depths or integrated over the whole 
water column (instead of the mixed layer) or 
copepods are not recorded due to their diel 
vertical migration to sub-surface layers of the 
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water column performed in some regions. As a 
consequence, other proxies of copepod 
numerical response such as the egg production 
rate have usually been used to investigate 
relationships with phytoplankton in the field 
(see, for example, Kiørboe et al. 1990, Kiørboe 
and Nielsen 1994).  

Though positive effects of nutrient 
enrichment on the biomass of marine 
mesozooplankton have been observed in 
marine micro- and mesocosm experiments 
(Harris et al. 1982, Gismervik et al. 1997, 
Ptacnik et al. 2004) the qualitatively novel 
finding of this study is their observation across 
a gradient of mixing depths and including 
appendicularian zooplankton. Positive 
correlations between mesozooplankton 
biomass and the concentrations of Chl a 
(Pearson’s r = 0.72, P < 0.005), POC 
(Pearson’s r = 0.73, P < 0.005) and 
phytoplankton biomass (Pearson’s r = 0.62, P 
< 0.024) all indicate that effects of mixing 
depth and nutrient enrichment propagated up 
the food chain via phytoplankton. Because the 
biomass of mesozooplankton was relatively 
large compared to protozooplankton biomass, 
overall zooplankton biomass also strongly 
decreased with mixing depth.  

 

Conclusions 

The detected decrease with increasing 
mixing depth of the Chl-a and seston POC 
concentrations agrees well with field evidence 
from a variety of marine biogeochemical 
provinces (for example, the North Atlantic, 
equatorial Pacific, and Southern Ocean). The 
results of this experiment further indicate that 
the mechanisms assumed to affect the growth  
of phytoplankton in a mixing depth gradient 
principally operate in the pelagic of  oceans. 
The differences observed between the 
relationships of concentrations of 

phytoplankton biomass and proxies thereof 
suggest that nutritional strategies other than 
pure autotrophy may be important in the  
surface layer of oceans. Despite the 
simplifying assumptions of the model 
framework with respect to algal community 
composition (mono-specific), resource supply 
(a single limiting nutrient), and loss processes 
(absence of grazing), the results of the 
experiment and model predictions agree 
qualitatively well when Chl-a is used as a 
proxy of phytoplankton. Our findings also 
show that besides nutrient enrichment, mixing 
depth may have considerable bottom-up effects 
on the biomass of marine zooplankton and 
suggest these effects propagate up the food 
chain. 
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enrichment and a mixing-depth gradient 

Thomas J. Kunz and Sebastian Diehl 

Introduction 

Depth of the mixed surface layer is 
increasingly being recognized as a major factor 
controlling the biomass of phytoplankton 
(Sakshaug 1991, Huisman and Weissing 1995, 
Boyd 2002, Diehl 2002, Kunz and Diehl 2003, 
Diehl et. al. 2005, Berger et al. submitted, 
Kunz and Diehl comp. manus). In recent years, 
insight grew that several important resource 
acquisition and loss processes of algal species 
not only affect cell and population growth and, 
hence, species competition and community 
composition but are themselves influenced by 
mixing-depth (Huisman and Weissing 1994, 
Huisman et al. 1999a, Diehl et al. 2002, 
Ptacnik et al. 2003). Mixing depth directly 
affects the average light availability in the 
water column, hence, the potential light 
absorption of algal cells (Huisman and 
Weissing 1994, 1995, Diehl et al. 2002, Berger 
et al. submitted). In contrast, the availability of 
nutrients to phytoplankton is indirectly 
affected by mixing depth via nutrient retention 
in the mixed layer (Huisman and Weissing 
1995, Diehl 2002, Diehl et al. 2002, Diehl et 
al. 2002, Berger et al. submitted). Sinking loss 
rate, which is a function of sinking velocity 
and mixing depth decreases with increasing 
mixing-depth (Visser 1996, Diehl 2002, Diehl 
et al. 2002). Whether a phytoplankton species 
thrives and persists in a monoculture and if it 
will be competitively superior to other species 
when grown together depends on its critical 
values of nutrient concentration and light 
intensity, and its maximally sustainable sinking 
velocity (Tilman 1982, Huisman and Weissing 
1994, Huisman et al. 1999a, b, Huisman and 
Sommeijer 2002b). In one way or another, all 
these traits should be related to cell size and 

shape. Overall, the following expectations can 
be derived: total autotrophic biomass should be 
positively affected by nutrients but be 
negatively affected by mixing depth. Motile 
phytoplankters and/or phytoplankton cells with 
a high surface to volume ratio such as small, 
elongate or process-bearing (little to non-
sinking) cells should be favoured by shallow 
mixing and low nutrient concentrations, 
whereas large, compact (faster sinking) 
phytoplankton should profit from opposite 
conditions (Reynolds 1984, Harris 1986). 

The occurrence of phytoplankton species 
which can utilise particulate matter 
(‘mixotrophs’) may complicate the overall 
picture. Mixotrophic species should profit from 
phagotrophic feeding in a variety of ways and, 
hence, may have competitive advantages to 
purely autotrophic or heterotrophic plankters 
under certain environmental conditions. 
Firstly, because phagotrophic feeding usually 
requires some cell motility, mixotrophs (as 
there are, e.g. among dinoflagellates) should 
generally suffer less sinking losses than most 
purely autotrophic phytoplankton (such as 
coccolithophorids or diatoms). Secondly, 
mixotrophs may exploit various organic and 
inorganic resources in an opportunistic way, 
depending on their availability. At larger 
mixing depths (where light availability is low) 
phagotrophic feeding might allow mixotrophs 
to complement their carbon metabolism while 
at the same time reducing the abundance of 
competitors, either directly (by preying on 
them) or indirectly (by reducing the abundance 
of their prey) (Jacobson & Andersen 1994, 
Thingstad et al. 1996, Stickney et al. 2000). At 
shallow mixing depths (where nutrient 
availability is comparatively low), 
phagotrophic feeding should allow mixotrophs 
to supplement cellular nutrient concentrations 
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(at the expense of autotrophic competitors) 
while the utilization of light energy allows to 
increase the food digestion rate (Stickney et al. 
2000, Li and Stoecker 2000, Strom 2002). 
Mixotrophs have indeed been shown 
theoretically and experimentally to compete 
successfully with purely heterotrophs and 
autotrophs when light was available as an 
additional energy source (Rothhaupt 1996, 
Tittel 2003). In contrast, enhancement of 
phagotrophic feeding in mixotrophic 
organisms under conditions of low light and 
out-competing of heterotrophs is only known 
from extreme (polar) environments. This may 
relate to additional metabolic costs for the 
maintenance of both light harvesting and 
feeding organelles and enzymes. On the other 
hand, phagotrophy in dinoflagellates has been 
shown to be a prerequirement for meeting 
metabolic demands and for attaining 
competitive growth rates (Broekhuizen 1999, 
Fulton et al. 2004). In situations where 
autotrophs or heterotrophs are nutrient or 
carbon-limited, respectively, only mixotrophic 
plankters should therefore be successful 
competitors (Rothhaupt 1996). In that case the 
biomass of mixotrophic plankton should be 
independent from mixing depth. In those 
mixotrophs, however, where phagotrophic 
feeding is a light-dependent process the 
biomass may decrease more strongly with 
mixing depth than in purely autotrophic 
plankton. 

Enrichment with nutrients may positively 
affect the absolute biomass of mixotrophs but 
likely have a negative effect on their relative 
biomass because autotrophs should profit 
relatively more from nutrient enrichment. The 
relative success of mixotrophs should also be 
affected by interactions among nutrient 
enrichment and mixing depth, because the 
nutrient effect on autotrophic plankton should 
be strongest at shallow mixing depths whereas 
no or only a small effect of nutrients on 
autotrophs is to be expected at higher mixing 
depths where light limits autotrophic growth.  

According to food-chain theory, 
consumers should generally follow the 
productivity of their resource (Grover 1997, 
Leibold et al. 1997). In a well-mixed, pelagic 
ecosystem the biomass of heterotrophic 
plankton should therefore increase with light 
and nutrient availability to phytoplankton 
although the biomass of the latter may remain 
unchanged. The biomass of individual 
herbivorous zooplankton species and overall 
zooplankton biomass may thus show a similar 
response to increasing mixing depth and 
nutrient enrichment as phytoplankton 
production. In the pelagic of lakes and coastal 
waters, positive effects of nutrient enrichment 
and negative effects of mixing depth on both 
phyto-and zooplankton have recently been 
observed (Berger et al. submitted, Kunz and 
Diehl companion manuscript). If mixotrophs 
contribute significantly to the diet of 
heterotrophic plankton this pattern may be 
modified in terms of biomass and community 
composition. Despite a long tradition in 
biological oceanography to investigate 
zooplankton patterns in space and time, studies 
of zooplankton community composition have, 
however, frequently focussed on relationships 
with algal biomass, water temperature or 
regional hydrological phenomena (e.g., 
Kiørboe et al. 1990, Kang et al. 2004, Maar et 
al. 2004). We are not aware of any marine 
study which specifically addresses effects of 
mixing depth on the composition of the grazer 
community.  

In the traditional planktonic food chain the 
biomass of any trophic levels is usually 
assumed to equal on average about 10 % of the 
biomass of the next lower trophic level due to 
trophic transfer and respiration losses 
(‘biomass pyramid’). Equilibrium theory of 
food-chain dynamics predicts that the biomass 
of top consumers and even-numbered trophic 
levels below will be higher under resource 
enrichment whereas the biomass of odd-
numbered trophic levels (incl. producers) 
should not change (Oksanen et al.1981, 
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DeAngelis et al. 1996, Leibold et al. 1997). In 
a planktonic producer-resource system 
phytoplankton biomass is predicted to be 
highest at relatively shallow mixing depths and 
to decrease towards larger mixing depths 
because light and nutrients are interactive-
essential resources and because the light 
intensity decays vertically (Huisman and 
Weissing 1995, Diehl 2002, Berger et al. 
submitted, Diehl et al. in press). The biomass 
ratio of aquatic primary consumers (e.g. 
ciliates, herbivorous mesozooplankton) to 
phytoplankton should therefore decrease with 
mixing depth and increase with nutrient 
enrichment (assuming that production is 
transferred to the next higher trophic level at a 
constant loss rate). Although considerable 
departures of the heterotrophic to autotrophic 
plankton (H:A) biomass ratio from 0.1 have 
been demonstrated in lakes and across the 
seascape (Vinogradov and Shushkina 1978, 
Holligan et al. 1984, Gasol et al. 1997) to our 
knowledge, relationships between the H:A 
plankton biomass ratio and mixing depth have 
neither been investigated in field surveys nor 
been tested experimentally. Similarly, effects 
of nutrient enrichment on the H:A biomass 
ratio of marine plankton are know but from a 
very small number of studies (Roberts et al. 
2003, Ptacnik et al. 2004). 

The aim of this paper is the identification 
of any systematic variation with mixing depth 
and nitrogen enrichment of algal and 
zooplankton taxonomic composition, 
microplankton nutritional mode, and the ratio 
of autotrophic to heterotrophic plankton 
biomass by fertilizing and subjecting a North 
Atlantic plankton community to an artificial 
mixing regime. 

 

Material and Methods 

Experimental design and study site  

We manipulated depth of turbulent mixing 
of the water column and nutrient enrichment in 
an enclosure experiment. The experiment was 
carried out at Hopavågen, a small (37 ha), 
basin-shaped and maximally 31 m deep, 
landlocked bay of the coastal North Atlantic 
(central Norway, 63°34’13” N  9°42’10” E) in 
August and September 2000. The water has an 
average salinity of 31 ‰ and hosts a North 
Atlantic plankton community. For a more 
detailed description see van Marion (1996). 
Specifically, we crossed 7 mixing depth 
treatments (1.5 to 12 m) with 2 levels of 
enrichment with nitrogen (3 mmol N m-3, 
‘Ambient N’ enclosures; 41.4 mmol N m-3, ‘N-
enriched’ enclosures). Enclosures were 0.95 m 
wide, consisted of opaque (inside black, 
outside white) plastic foil and were filled with 
water from a depth of 3-4 m via pumping.  A 
detailed account of the experimental set-up is 
given in Kunz and Diehl (companion 
manuscript). The experiment lasted from 31 
August to 25 September. 

Because the original intention of the 
experiment was to test a dynamical nutrient-
phytoplankton model the inflowing water was 
filtered through a 100-µm gauze. This did, 
however, not exclude appendicularian(s) and 
copepod eggs, nauplii, and early-stage 
copepodids which developed into a 
mesozooplankton community during the 
course of the experiment. At the end of the 
experiment (Day 25), the density of 
mesozooplankton grazers was within the 
regional range and allowed investigation of 
treatment effects on individual taxa.  

The water within the enclosures was 
homogeneously mixed by blowing air into the 
bottom six times per hour for 30-second 
periods. Temperature differences between 
enclosures never exceeded 0.6 °C. Enclosures 
were enriched to total phosphorus and silica 
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levels with sodium-phosphate and sodium-
silicate on Day 0 of the experiment such that 
nitrogen would be the limiting nutrient. Due to 
the impossibility of measuring total nitrogen 
before the start of the experiment we assumed 
a total nitrogen (TN) concentration of 10 mmol 
m-3, a value typical for Hopavågen at this time 
of the year. The actual TN concentration was, 
however, approximately 3 mmol N m-3 (the TN 

concentration in 'Ambient N' treatments on 
Day 0) and so 'N-enriched' treatments were 
enriched comparatively more (by a factor of c. 
14 x instead of 5 x). Initial TN:Si ratios 
therefore were approximately 1:1 in ‘Ambient 
N’ treatments and > 2:1 in 'N-enriched' 
treatments but became more similar in both 
mixing depth gradients until the end of the 
experiment (Table 1). 

 
 
TABLE 1. Molar ratios of total nitrogen (TN), and soluble reactive silica (Si) to total phosphorus (TP) averaged 
over 'Ambient N' and 'N-enriched' treatments at different dates of the experiment. 

 
Nutrient ‘Ambient N’ treatments ‘N-enriched’ treatments 
 Day 0 Day 13 Day 25 Day 0 Day 13 Day 25 
TN 2.5 1.8 1.7 6.9 6.2 4.9 
TP 1 1 1 1 1 1 
Si 2.8 0.7 1.1 3 2.2 2.5 
 
 
 

Sampling and laboratory analyses 

Enclosures were sampled for chlorophyll-
a concentration at 2-day intervals, and the 
concentrations of total nitrogen (calculated as 
the sum of the particulate and the dissolved 
nitrogen fractions NO2 -, NO3 - and NH4 –N ), 
total phosphorus (TP) and dissolved silica at 6-
day intervals. One subsample each was frozen 
at –18°C for analysis of dissolved mineral 
nutrients with an auto-analyser. The Chl-a and  
concentration was determined according to 
standard procedures on subsamples filtered 
onto glass microfiber filters (GF/C, Whatman). 
TP was analysed according to the 
molybdenum-blue method (for a detailed 
account of the laboratory procedure refer to the 
companion manuscript). 

Microplankton 

The composition of the phyto- and 
protozooplankton community and the biomass 
of individual taxa was determined from a 100-
ml sample collected from each enclosure on 

Day 25 of the experiment and immediately 
preserved with acid Lugol’s solution (1 % final 
concentration). Depending on chlorophyll a 
levels, a 25-, 50- or 100-ml subsample was 
transferred to a sedimentation chamber and 
analysed subsequently via phase contrast 
microscopy according to Utermöhl (1958).  
Taxa were determined according to Drebes 
(1974) and Tomas (1997). For species 
exceeding 50 µm (linear dimension) or clearly 
distinguished taxa the whole sedimentation 
chamber was scanned at 63 x magnification 
(large ciliates, coccolithophorids, 
dinoflagellates and large or chain forming 
diatoms). For species 30 < 50 µm (smaller 
ciliates and dinoflagellates, diatoms and the 
chlorophyte Eutreptiella) two to six transects 
of the sedimentation chamber were scanned at 
200 x magnification and for species < 30 µm 
(small diatoms and flagellates) one transect 
was scanned at 400 x magnification. At least 
100 specimen were counted per taxon if 
sufficiently abundant. In ciliates and 
dinoflagellates, however, this figure was 
frequently not attained, even if the whole 
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sedimentation chamber or a large number of 
transects was scanned. Small flagellates were 
counted based on length classes (< 3, 6, 9, 12 
and 20 µm) and then grouped by their 
equivalent spherical diameter (ESD) into pico- 
(ESD < 3 µm), ultra- (3-10 µm), and 
nanoflagellates (10-20 µm) for statistical 
analysis. In dinoflagellates, pigmented species 
with a variable degree of phagotrophic feeding 
(Alexandrium tamarense, Ceratium furca, C. 
fusus, C. contortum, C. trichoceros, 
Dinophysis norvegica, Karenia mikimotoi, 
Prorocentrum micans and Scrippsiella 
trochoidea) were distinguished from non-
pigmented, heterotrophic dinoflagellates 
(Protoperidinium bipes, P. brevipes). 
Specimen of Cylindrotheca closterium and 
Nitzschia longissima, which look similar under 
a light microscope, were considered to belong 
to the former if < 65 µm, whereas specimen > 
65 µm were considered to belong to the latter. 
The diatom Fragilaria striatula, a chain-
forming species that presumably formed a 
large portion of the wall growth was recorded 
separately to assess the potential contribution 
of detached Aufwuchs to phytoplankton 
biomass. As only few Fragilaria chains or 
single cells were found in the samples, 
Fragilaria biovolume was included to overall 
diatom biovolume. Volume estimates were 
calculated according to Hillebrand et al. (1999) 
and Sun and Liu (2003) and based on linear 
dimensions measured of at least 30 specimen 
in the more abundant species using Analysis 
Pro software (Soft Imaging Systems, Münster, 
Germany) and a black/white CCD camera 
(Sanyo, Japan). Algal biovolume was averaged 
across the whole depth range because we did 
not observe any effects of treatment on mean 
size of individual taxa. In chain-forming 
species a mean cell number per colony was 
calculated from 20 to 30 colonies and 
multiplied by the averaged cell volume. In rare 
species biovolume was calculated on the basis 
of a small number of measured individuals. We 
converted biovolume to carbon mass according 

to the formulae given for diatoms and ‘other 
phytoplankton’ in Menden-Deuer and Lessard 
(2000). 

Zooplankton 

Mesozooplankton was sampled via 
vertical hauls of a plankton net (mesh width 
100 µm) from near bottom to the surface of 
enclosed water columns at 6-day intervals, 
transferred to 100-ml plastic flasks and 
immediately preserved with acid Lugol’s to 1 
% final concentration. Zooplankters were 
determined to genus or species level and 
enumerated with a dissecting microscope at 
160 x magnification. Appendicularians were 
the only gelatinous mesozooplankton which 
occurred in the experimental treatments. Adult 
copepods, copepodids and nauplius larvae 
were counted separately. In the larger copepod 
genera (Acartia, Calanus, Centropages, and 
Temora), specimen < 1 mm were counted as 
copepodids whereas in Pseudocalanus 
specimen < 0.5 mm were counted as 
copepodids. If abundance of any taxon or 
group which was analysed separately was zero 
we assigned a value of  1 unit for statistical 
tests of treatment effects. Length was 
measured from the anterior tip of the 
cephalosome to the tip of the urosome (telson). 
Carbon weight was then calculated according 
to formulae compiled in Tokle (1999). In 
appendicularians (Oikopleura), trunk length 
was measured to the nearest 10 µm, converted 
into ash-free dry weight according to 
Pfaffenhöfer (1976) and then multiplied by a 
factor of 0.45 to yield carbon-based biomass 
(Uye and Ichino 1994). If specimen had 
disintegrated into trunk and tail, only trunks 
were counted. Mesozooplankton taxa 
(cylopoid copepods, Microsetella) and 
meroplankton which occurred at very low 
abundance (< 0.1 Ind L-1) at the end of the 
experiment were not analysed. 

 



Article 2 45 

 

Data analysis 

Response variables were log10-
transformed for all statistical analyses. We 
investigated effects of mixing depth, nutrient 
enrichment, and interaction effects of both 
treatments on the biomasses of phyto- and 
zooplankton taxa and guilds and the 
heterotrophic to autotrophic biomass ratios by 
analysis of covariance of values from Day 25. 
When P of interaction effects exceeded 0.2 the 
interaction term was dropped from the 
statistical model and the main effects of 
mixing depth and nutrient enrichment were 
investigated only. Effects were considered to 
be marginally non-significant if 0.05<P<0.1. 
Statistical analyses were performed using 
SPSS 12.0.1 software. 

Filtering of the water before the start of 
the experiment did not remove 
mesozooplankton in the 9-m 'Ambient N' 
treatment so that densities of calanoid 
copepods and copepodids were five times 
higher than in other treatments (1.6 Ind L-1 vs. 
0.3 Ind L-1) on Day 0. This initial deviation 
likely accounted for the persistently higher 
mesozooplankton densities in the 9-m 
'Ambient N' treatment compared to treatments 
adjacent in the mixing depth gradient. We 
therefore excluded this treatment from all 
analyses. 

 

Results and Discussion 

Plankton nutritional mode vs. mixing 
depth and nutrient enrichment  

Phytoplankton 

For a zooplankton-free system, Diehl 
(2002) predicts a monotonous decline with 
mixing depth of the biomass concentration of 
non-sinking algae, but a unimodal response of 
the biomass of sinking algae, over the range of 
mixing depths investigated in this experiment. 

Nutrient enrichment should generally increase 
phytoplankton production across all mixing 
depths (Diehl 2002, Berger et al. submitted).  

By the end of the experiment, on Day 25, 
the phytoplankton community consisted mostly 
of diatoms, small flagellates, and 
dinoflagellates (Fig. 1). Except for the most 
shallow enclosures cyanobacteria were either 
absent or occurred at extremely low 
abundances. The biomasses of pico-, ultra- and 
nanoflagellates, and pigmented dinoflagellates 
all decreased with increasing mixing depth but 
coccolithophorid, cyanobacterial and diatom 
biomasses were unrelated to mixing depth 
(Table 2). Mixing depth did not have any 
systematic influence on phytoplankton 
community composition. In ‘Ambient N’ 
treatments, phytoplankton biomass was 
dominated by small flagellates (50-80 %, 
versus only 25 % in most 'N-enriched' 
treatments). In contrast, in most 'N-enriched' 
treatments, diatoms made up more than 40 % 
of phytoplankton biomass (but only about 5-30 
% in 'Ambient N' treatments). The biomass of 
pigmented dinoflagellates contributed on 
average c. 20 % to overall phytoplankton 
biomass. Picoflagellates contributed a very 
small amount to phytoplankton biomass in 
both absolute and relative terms. 
Coccolithophorid biomass was below 10 % in 
most 'N-enriched' treatments and close to zero 
in 'Ambient N' treatments. Except for the ultra- 
and nanoflagellates, all higher taxa were 
positively affected by enrichment with 
nitrogen. Interactions between nitrogen 
enrichment and mixing depth were not 
detectable.  

Among the diatom taxa in experimental 
treatments a single species, Nitzschia 
longissima, showed a marginally significant 
negative response to mixing depth (P (zmix) = 
0.053, P (TN) = 0.921). At shallow mixing 
depths, the high surface-to-volume ratio of this 
elongate cell should have reduced sinking 
losses, facilitated the uptake of scarce mineral 
nutrients and provided protection against 
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Fig. 1. Effects of mixing depth and enrichment with nitrogen on phytoplankton biomass composition in  (a) 
'Ambient N' and (b) 'N-enriched' treatments on Day 25 of the experiment. 
 
 

grazing by mesozooplankton (which was 
relatively abundant at shallow mixing depths), 
thus lending a competitive advantage to this 
species. Although overall diatom biomass did 
not show a statistically significant decrease 
with mixing depth, visual inspection of the 
data suggests there was such a tendency in 'N-
enriched' treatments. The absence of a 
unimodal relationship between diatom biomass 
and mixing depth may partly relate to the 
model prediction that the depth where the 
biomass of sinking algae peaks should shift 
towards lower mixing depth at higher 

background turbidity (Diehl 2002, Diehl et al. 
2005). Considering the very high background 
turbidity in our treatments, the depth of 
maximum diatom biomass may thus have 
coincided with the most shallow mixing depth 
in 'N-enriched' treatments (Fig. 1b). Positive 
interactions between nitrogen enrichment and 
mixing depth were observed in Cylindrotheca 
closterium (P (zmix * TN) = 0.038, P (zmix) = 
0.486, P (TN) = 0.001) and Licmophora sp. (P 
(zmix * TN) = 0.170, P (zmix) = 0.875, P (TN) = 
0.053) and indicate a mixing-depth dependence 
of the enrichment effect. 

 
 

TABLE 2. Effects of mixing depth, Zmix, and enrichment with nitrogen, TN, on the biomasses of different 
phytoplankton groups (PDFs, pigmented dinoflagellates) and total algal biomass on Day 25 of the experiment. 
Shown are the direction of change in response to Zmix and TN (+ = increase, o = no effect, - = decrease) and P-
values from ANCOVAs on log10-transformed data. There were no interaction effects between Zmix and TN. 
 

 Coccolitho-
phoridae 

 

Diatoms Pico-
flagellates
(< 3 µm) 

Ultra-
flagellates 
(3-10 µm) 

Nano-
flagellates 
(10-20 µm) 

PDFs Cyano-
phyceae 

All 
algae 

Zmix o 0.478 o 0.374 - 0.021 - 0.026 - 0.009 - 0.051 o 0.198 o 0.170
TN + 0.022 + 0.000 + 0.036 o 0.073 o 0.473 + 0.012 o 0.294 + 0.017
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As indicated above, nitrogen enrichment 
positively affected all major phytoplankton 
groups except the ultra- and nanoflagellates. 
Because the nutrient stoichiometry in 
experimental enclosures was generally 
characterised by low TN:TP ratios and, in 
'Ambient N' treatments, low TN:Si ratios 
(Table 1) it should have played an important 
role in conveying the observed pattern of 
flagellate versus diatom dominance in 
'Ambient N' treatments and 'N-enriched' 
treatments, respectively. Diatoms are good 
competitors for nitrogen as long as silica 
concentrations are above 2 mmol m-3 and so 
should have found good conditions for growth 
in 'N-enriched' treatments but less so in 
'Ambient N' treatments (mean silica 
concentrations on Day 25 were 1.46 ± 0.51 
mmol m-3 in 'Ambient N' treatments and 10.71 
± 2.53 mmol m-3 in 'N-enriched' treatments). 
Also, nutrient enrichment should have 
favoured diatoms relatively more than 
flagellates because some flagellates may 
compensate for a nutrient deficit by 
phagotrophy. However, because of cell 
motility and a relatively high surface-to-

volume ratio/small radius (both of which 
enhance nutrient uptake but reduce sinking 
velocity) small flagellates should have had a 
competitive advantage to larger phytoplankton 
across all 'Ambient N' treatments, particularly 
at shallow mixing depths. This is consistent 
with the wide-spread association of small 
flagellates and nutrient depleted waters 
(Fenchel 1982, Cushing 1989, Søndergaard et 
al. 1991). The ultraplankton was dominated by 
Chrysochromulina sp., Imantonia sp. and 
Teleaulax acuta, and also comprised two 
heterotrophic species, Monosiga marina and  
Pseudobodo tremulans. Common 
nanoplankton species were Oltmansia and 
Eutreptiella gymnastica.  

In pigmented dinoflagellates (PDFs) the 
decrease with mixing depth was marginally 
significant (Table 2). In contrast, one PDF 
taxa, Ceratium sp., decreased significantly 
with mixing depth (Table 3). In Prorocentrum 
micans the decrease was less pronounced and 
Scrippsiella trochoidea was unrelated to 
mixing depth. Dinophysis norvegica showed a 
strong tendency to increase with mixing depth.  

 
 
TABLE 3.  Effects of mixing depth, Zmix, and enrichment with nitrogen, TN, on the biomasses of pigmented 
dinoflagellates, non-pigmented dinoflagellates (Protoperidinium sp.), and ciliates on Day 25 of the experiment. 
Shown are the direction of change in response to main effects and interaction effects of Zmix and TN ( + = 
increase, o = no effect, - = decrease; signs in parentheses indicate effects were marginally non-significant) and 
P-values from ANCOVAs on log10-transformed data.  
 
 Ceratium 

sp. 

Prorocentrum 
micans 

Scrippsiella 
trochoidea 

Dinophysis 
norvegica 

Protoperidinium 
sp. 

Ciliates 

Zmix - 0.026 (-) 0.056 o 0.353 (+) 0.080 + 0.010 o 0.253 
TN o 0.212 (+) 0.073 + 0.022 + 0.008 + 0.000 + 0.021 

Zmix * TN (+) 0.88 (+) 0.096 (+) 0.105 o  o  o  
 
 

We argue that different mixotrophic strategies 
may explain these patterns. Previous studies 
have described primarily autotrophic, primarily 
heterotrophic, and ‘ideal’ mixotrophic 

dinoflagellates (Carpenter et al. 1995, Graneli 
et al. 1997, Hansen and Nielsen 1997, Li et al. 
2000, Stickney et al. 2000, Smalley and Coats 
2002; Table 4). Primarily autotrophic 
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dinoflagellates should have profited from 
increased availability of light and prey (i.e., 
algal primary producers) at shallow mixing 
depths, and so their biomass tended to decrease 
towards larger mixing depths (C. fusus and P. 
micans, Alexandrium tamarense, Karenia 
mikimotoi; Fig. 2, Table 3). A negative 
correlation with water depth (which may relate 
to the vertical light gradient) and a positive 
relationship between feeding rate and nitrogen 
concentration has previously been described in 
C. furca (Smalley and Coats 2002). The 
biomass of ‘ideal’ mixotrophic phytoplankton, 
i.e., algae which can grow equally well on 
phototrophy, phagotrophy, or both, should not 
be strongly  affected by mixing depth. In our 
study we found one PDF species, Scrippsiella 
trochoidea, which did not show any biomass 
trend across mixing depth treatments (Fig. 2, 
Table 3). We are not aware of any study which 
addresses the degree of mixotrophy in S. 
trochoidea, and so we believe that our data 
warrant experimental investigation of  the 

hypothesized ‘ideal’ mixotrophy in this 
dinoflagellate species. Finally, the biomass of 
primarily heterotrophic dinoflagellates, as in 
any primary consumer, should follow the 
productivity of their autotrophic prey (i.e., 
decrease with mixing depth) while 
simultaneously suppressing competitors for the 
common resource and profiting from their 
consumption. The net effect of both processes, 
i.e. increase or decrease of the biomass of this 
type of dinoflagellates with mixing depth, 
should depend on the competitive abilities of 
both the primarily heterotrophic dinoflagellate 
and its purely heterotrophic rival or predator. 
The tendency of Dinophysis norvegica 
biomass, to increase with mixing depth 
suggests this dinoflagellate to be a mostly 
heterotrophic mixotroph and shows that it 
coexisted with purely heterotrophic 
dinoflagellates, Protoperidinium sp, and 
ciliates across the mixing depth gradient (Fig. 
2, Table 3).  

 
 
TABLE 4.  Dinoflagellates observed in experimental treatments and their known or suspected nutritional mode 
according to this study and other authors. 
 
Species Nutritional mode Reference 
Alexandrium tamarense mixotrophic (prim. phototr.?) this study 
Ceratium furca mixotrophic (prim. phototr.) Bockstahler & Coats (1993), Nielsen & Hansen 

(1999), Smalley & Coats (2002) 
Ceratium fusus mixotrophic (prim. phototr.?) Nielsen & Hansen (1999), this study 
Dinophysis norvegica mixotrophic (prim. heterotr.?) Jacobson & Andersen (1994), Carpenter et al. 

(1995), Graneli et al. 1997, Nielsen & Hansen 
(1999), this study 

Karenia mikimotoi mixotrophic (prim. phototr.?) this study 
Prorocentrum micans mixotrophic (prim. phototr.?) Jacobson & Andersen (1996), this study 
Protoperidinium bipes, 
P. brevipes 

heterotrophic Nielsen & Hansen (1999), this study 

Scrippsiella trochoidea mixotrophic (‘ideal’?) Jacobson & Andersen (1996), Ismael (2003), 
this study 

 
 
Observed effects of nutrient enrichment on 

pigmented dinoflagellates resembled 
theoretical considerations quite well. N 

enrichment did not significantly affect 
Ceratium sp. and Prorocentrum micans, PDFs 
assumed to be primarily phototrophic (Table 3, 
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4). A likely explanation is that dinoflagellates 
with this nutritional strategy do not directly 
depend on dissolved mineral nitrogen but 
instead may satiate their nutrient demand via 
phagotrophy. In contrast, dinoflagellates 
increasing in their degree of phagotrophy in 
the order S. trochoidea, D. norvegica, 
Protoperidinium bipes showed increasingly 
stronger effects of nitrogen enrichment. This 

may be linked to the increase in prey 
abundance with enrichment (Fig. 2, Table 2, 3, 
4). Interactions between N enrichment and 
mixing depth positively affected those PDFs 
which presumably are primarily phototrophic 
or ‘ideal’ mixotrophs because the nutrient 
effect on autotrophic plankton was strongest at 
shallow mixing depths (cf. diatoms in the 1.5-
m treatment, Fig. 1). 
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Fig. 2. Effects of mixing depth and enrichment with nitrogen on microplankton biomass composition in  (a) 
'Ambient N' and (b) 'N-enriched' treatments on Day 25 of the experiment. 

 
 

The positive response of coccolithoporids and 
cyanobacteria to nutrient enrichment also fits 
to the general picture. Due to their low 
abundance in our experimental enclosures 

(both groups are usually more common in 
tropical seas) they will not be treated here in 
more detail. 



Article 2 50 

 

In conclusion, whereas the biomass of 
flagellates responded to mixing depth as 
predicted by the biomass-mixing-depth model 
framework for non-sinking species (Huisman 
1995, Diehl 2002), overall algal biomass and 
the biomass of most diatom taxa matched the 
model predictions relatively poorly. We are, 
however, confident that the mechanisms 
described above account for the pattern 
observed in dinoflagellates but caution that 
weak or statistically marginally non-significant 
patterns may also be attributed to the low 
abundance of some taxa in an overall smaller 
number of 'Ambient N' treatments (n = 6) used 
in the analysis. Here, the abundance of diatom 
and PDF specimen per sample was small in 
most species (often <10), producing 
considerable scatter in the data (Fig. 1b). Both 
scatter and the low number of degrees of 
freedom should have negatively affected the 
power to detect effects of mixing depth on the 
biomass of individual algal taxa, groups and 
total biomass (Table 2, 3). Finally, grazing by 
micro- and mesozooplankton may have altered 
any pattern in an unforeseen way. 

Zooplankton 

In our companion manuscript we showed 
that, in line with resource-consumer theory, 
zooplankton biomass followed the pattern of 
phytoplankton biomass, i.e. it increased with 
nitrogen enrichment but decreased with mixing 
depth. In particular, we observed a decrease 
with mixing depth of mesozooplankton 
biomass (which constituted most of the total 
biomass of zooplankton) whereas 
protozooplankton biomass responded 
positively to nutrient enrichment only. In the 
following we will investigate how treatment 
effects influenced the taxonomic composition 
of the zooplankton community. 

Protozooplankton.-The protozooplankton 
community was largely composed of the 
heterotrophic dinoflagellate Protoperidinium 
bipes (in the 1.5-m 'N-enriched' treatment also 

P. brevipes) and oligotrich ciliates 
(Leegardiella sol and Strobilidium oviformis). 
Monosiga marina, a choanoflagellate, occurred 
at very low numbers only.  

The biomass of non-pigmented,  
heterotrophic dinoflagellates (HDFs) increased 
with increasing mixing depth (Fig. 2, Table 3). 
In contrast, although ciliate biomass was not 
significantly affected by mixing depth visual 
inspection of the data suggests it decreased in 
'N-enriched' treatments (Fig. 2, Table 3). The 
absence of an overall significant relationship 
may be a consequence of the small number of 
specimen and degrees of freedom in 'Ambient 
N' treatments (cf. the 3-m 'Ambient N' 
treatment in Fig. 2). Nitrogen enrichment 
positively affected the biomass of both HDFs 
and ciliates (Fig. 2, Table 3). Ciliates and 
HDFs were negatively correlated (‘Ambient-
N’ treatments: Pearson’s r = -0.59; ‘N-
enriched’ treatments: Pearson’s r = -0.64). 
Whereas HDFs were slightly negatively 
correlated with small flagellates (‘Ambient-N’ 
treatments: Pearson’s r = -0.32; ‘N-enriched’ 
treatments: Pearson’s r = -0.51 ) ciliates were 
strongly  positively related with small 
flagellates only in ‘N-enriched’ treatments 
(Pearson’s r = 0.96; ‘Ambient-N’ treatments: 
Pearson’s r = 0.48).  

In general, protozooplankton, as any 
primary consumer of algal biomass, should be 
positively affected by autotroph productivity. 
In our companion manuscript we showed that 
phytoplankton production decreased with 
mixing depth. Likewise, the biomass of small 
flagellates decreased along the mixing depth 
gradient (Fig. 1, Table 2); its positive 
correlation with ciliates suggests that 
flagellates were an important food of ciliates, 
at least in N-enriched treatments, and may 
explain why ciliates tended to decrease with 
increasing mixing depth and increased with 
nutrient enrichment. The increase in biomass 
of HDFs along the mixing depth gradient and 
the negative correlation with small flagellates 
indicates that, under reduced light, HDFs were 
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relatively successful competitors of ciliates and 
mixotrophic dinoflagellates for a common 
prey. The negative correlation between HDFs 
and ciliates and previous observations of HDFs 
predation on ciliates (Jacobson & Andersen 
1994) suggests that HDFs had negative effects 
on the biomass of its ciliate food competitors.  

It is also conceivable that the release in 
predation by copepods with increasing mixing 
depth accounted for part of the increase in 
HDF biomass concentration with increasing 
mixing depth. 
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Fig. 3. Effects of mixing depth and enrichment with nitrogen on mesozooplankton community composition in 
'Ambient N' and 'N-enriched' treatments on Day 25 of the experiment: (a,b) absolute biomass, (c,d) in percent of 
total mesozooplankton biomass. 

 
 
Due to the presence of heterotrophic 

dinoflagellates and mesozooplankton ciliates 
should have been subject to considerable 
grazing along the mixing depth gradient. 

However, high growth rates which are 
characteristic for ciliates may have allowed 
them to resist this grazing pressure. Overall, 
ciliates and heterotrophic dinoflagellates 
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exhibited conspicuous, opposite biomass 
trends along the mixing depth gradient. This 
may explain why overall protozooplankton 
biomass may be unrelated to mixing depth as 
shown in our companion manuscript. 

 
Mesozooplankton.-Crustacean zooplank-

ton made up a major part of the grazer biomass 
in most treatments (Fig. 3). However, at 
shallow to intermediate mixing depth the 
biomass of a gelatinous filter feeder, 
Oikopleura dioica, was as large or even larger 
than copepod biomass (Fig. 3). Among 
crustacean zooplankton, calanoid copepods 
were most abundant, in particular the 
suspension-feeding, hence mostly herbivorous 
Pseudocalanus elongatus. Among the 
omnivorous copepod species Temora 
longicornis and Centropages sp. were 
subdominant while Calanus sp. was relatively 

abundant in a few enclosures only (Fig. 3). 
Other calanoid copepods, Acartia sp. and 
Metridia sp., cyclopoid copepods and Evadne 
normanni (cladocera) occurred in very low 
numbers only (< 0.6 Ind. L-1) and harpacticoid 
copepods were almost absent from 
experimental treatments (< 0.08 Ind. L-1). With 
2 to 10 Ind. L-1 overall copepod density was in 
the lower range of the several-year average in 
Hopavågen bay (3 to 65 copepods L-1). The 
combined copepod and appendicularian 
biomasses decreased with mixing depth (Fig. 
3, Kunz and Diehl, companion manuscript). P. 
elongatus, the dominant copepod in both 
numbers and biomass, was the only crustacean 
species whose absolute biomass decreased 
significantly with mixing depth (Table 5). The 
absolute biomass of all other calanoid copepod 
species was unrelated to mixing depth (Table 
5). 

 
 
Table  5.  Effects of mixing depth, Zmix , and enrichment with nitrogen, TN, on absolute and relative 
biomass  of the dominant groups of crustacean and gelatinous zooplankton on Day 25 of the 
experiment. Shown are the direction of change in response to Zmix and TN ( + = increase, o = no effect, 
- = decrease; signs in parentheses indicate effects were marginally non-significant) and P-values from 
ANCOVAs on log10-transformed data.  

 

 
Calanus 
sp. 

Centro-
pages sp. 

Pseudo-
calanus 
elongatus 

Temora 
longicornis

Calanoid 
copepods 
(mature) 

Calanoids 
(mature and 
larval) 

Oikopleura 
dioica 

Absolute               
Zmix o 0.314 o 0.989 - 0.000 o 0.350 - 0.002 - 0.003 - 0.030 
TN o 0.773 + 0.019 + 0.024 (+) 0.117 (+) 0.061 (+) 0.100 + 0.021 
               
Relative               
Zmix o 0.460 (+) 0.124 o 0.184 (+) 0.171     o 0.359 
TN o 0.452 (+) 0.107 o 0.716 o 0.626     (+) 0.140 
 

 
The biomass of appendicularians (Oikopleura 
dioica) decreased significantly with mixing 
depth. Except for Calanus sp., which was 
almost absent from several enclosures, the  
absolute biomass of all mesozooplankton taxa 
tended to be or was positively affected by N-

enrichment (Fig. 3, Table 5). Interestingly, 
while the relative contribution of P. elongatus 
to total mesozooplankton biomass did not 
show any significant change with mixing 
depth, the relative biomass (in percent of total 
mesozooplankton biomass) of two out of three 
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omnivorous copepod species (Centropages sp. 
and T. longicornis) tended to increase along 
the mixing depth gradient (Fig. 3, Table 5). 

As indicated previously, the numerical 
response of primary consumers to enrichment 
with inorganic resources and mixing depth 
may resemble the biomass pattern of 
producers. Theoretical considerations suggest 
that the response of omnivorous zooplankton 
biomass should rather resemble the biomass 
patterns of both autotrophs and mixotrophs. In 
this study, the biomass concentration of Chl a 
(a surrogat for autotroph biomass) was 
positively affected by nutrient enrichment but 
decreased with mixing depth. In contrast, while 
responding positively to N-enrichment, 
phytoplankton biomass (which includes purely 
autotrophic algae and pigmented, mixotrophic 
dinoflagellates) was not significantly affected 
by mixing depth (Fig. 1a,c, Table 2). 
Consistent with expectations for a largely 
herbivorous consumer, the biomass of P. 
elongatus followed the pattern of Chl a 
concentration in our experiment, i.e., it 
decreased with mixing depth and increased 
with nitrogen enrichment of the system. In 
contrast, mixing depth positively affected the 
relative biomasses of Centropages sp. and T. 
longicornis and did not affect their absolute 
biomasses (at mixing depths ≥ 3 m algal 
biomass concentration was essentially 
constant). This pattern may indicate 
omnivorous feeding of these copepods. 
Although ciliate biomass and the relative 
biomasses of Centropages sp. and T. 
longicornis were uncorrelated (P > 0.5) the 
graphs show that the biomass of both copepod 
species tended to increase at mixing depths ≥ 3 
m compared to other mesozooplankton species 
(Fig. 3b,d). The biomass of HDFs and some 
mixotrophic PDFs, a potential copepod food, 
also increased with mixing depth. In contrast, 
ciliates showed a strong tendency to decrease 
with increasing mixing depth in 'N-enriched' 
treatments. However, because ciliates may 
achieve very high growth rates they could have 

supported a stock of omnivorous copepods 
across the mixing depth gradient. We are not 
aware of any other study which relates the 
composition of the mesozooplankton 
community to mixing depth. However, in the 
Bering Sea, diurnal profiles of zooplankton 
vertical distribution taken in summer show 
Pseudocalanus sp. near the surface (where the 
Chl a concentration presumably was relatively 
high) while other copepod taxa occupied 
deeper parts of the water column (Lalli and 
Parsons 1997). 

Consistent with expected effects of 
increasing nutrient enrichment and mixing 
depth on mostly herbivorous primary 
consumers, both the absolute biomass of O. 
dioica and its relative contribution to the total 
biomass of mesozooplankton decreased with 
mixing depth but increased with nutrient 
enrichment (Fig. 3, Table 5). Several studies 
have previously related peak abundances of 
appendicularians with Chl a concentrations 
and blooms of pico- and nanoplankton all of 
which decreased with mixing depth in our 
study (Nakamura 1998, Tomita et al. 2003). 
However, this is the first study to demonstrate 
negative effects of mixing depth on pelagic 
tunicates and only a single other study has 
previously shown positive effects of nutrient 
enrichment on O. dioica (Stibor et al. 2004). 
Its preference for food particles < 5 µm 
(heterotrophic bacteria, picoplankton and small 
ultraplankton), high growth and clearance rates 
make O. dioica an ecologically important filter 
feeder (Acuna and Kiefer 2000, Sommer et al. 
2000). Our data do not indicate that the 
observed biomass pattern of O. dioica is a 
result of predation by omnivorous copepods 
(Pearson’s r = 0.13, P > 0.5). Although 
calanoid copepods have been shown to 
suppress appendicularians, O. dioica blooms 
occurred in all treatments where copepod 
abundances were < 10 Ind. m-3 (approx. 
equivalent to 100 mg C m-3), a level assumed 
to be critical for the establishment of 
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appendicularian blooms (Sommer et al. 2003, 
Stibor et al. 2004). 

Patterns in herbivory 

Earlier in this paper we derived the 
prediction that the heterotrophic to autotrophic 
plankton biomass ratio (H:A) should increase 
with decreasing mixing depth (i.e., enrichment 
with light) and enrichment with nutrients. The 
protozooplankton to phytoplankton biomass 
ratio (HPZ:A) showed a weak increase with 
increasing mixing depth but responsed 
positively to nutrient enrichment (Fig. 4a, 
Table 6). Average HPZ:A biomass ratios were 
0.080 ± 0.063 and 0.45 ± 0.35 (mean ± SD) in 
'Ambient N' and 'N-enriched' treatments, 
respectively. In contrast, the mesozooplankton 
to phytoplankton biomass ratio (HMZ:A)  
decreased with mixing depth but was not 
affected by nutrient enrichment (Table 6, Fig. 
4b). Average HMZ:A biomass ratios were 0.38 
± 0.27 and 0.36 ± 0.32 in 'Ambient N' and 'N-
enriched' treatments, respectively. The biomass 
ratio of total zooplankton (combined 
biomasses of proto- and mesozooplankton) to 
phytoplankton (HZ:A) was unaffected by 
mixing depth and effects of nutrient 
enrichment on the HZ:A ratio were marginally 
non-significant (Table 1, Fig. 4c). Average 
HZ:A biomass ratios were 0.46 ± 0.30 and 0.81  
± 0.37 in the 'Ambient N' and 'N-enriched' 
treatments, respectively. 

 
TABLE 6.  Effects of mixing depth, Zmix , and 
enrichment with nitrogen, TN, on the heterotroph : 
autotroph biomass ratios. Shown are the direction 
of change in response to Zmix and TN ( + = increase, 
o = no effect, - = decrease; signs in parentheses 
indicate effects were marginally non-significant) 
and P-values from ANCOVAs on log10-transformed 
data. 

 
 HPZ:A HMZ:A HZ:A   

Zmix (+) 0.164 - 0.018 o 0.347 
TN + 0.004 o 0.946 (+) 0.070 

 

(a)

0.01

0.10

1.00

10.00

0 3 6 9 12

H
P

Z 
: A

Ambient N N-enriched

(b)

0.01

0.10

1.00

10.00

0 3 6 9 12

H
M

Z 
: A

(c)

0.01

0.10

1.00

10.00

0 3 6 9 12

Mixing depth (m)

H
Z 

: A

Fig. 4. Effects of mixing depth and nitrogen 
enrichment on the biomass ratios of (a) 
protozooplankton to phytoplankton, HPZ:A, (b) 
mesozooplankton to phytoplankton, HMZ:A, and (c) 
total zooplankton to phytoplankton, HZ:A, on Day 
25. In (b) overlapping data points were slightly 
moved apart to better illustrate the relationship. 
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Variability in the H:A biomass ratio has 
previously been associated with water column 
structure (Cushing 1989, Kiørboe et al. 1990a). 
Gasol et al. (1997) demonstrated that the H:A 
biomass ratio may range from less than 0.1 to 
about 10 with large H:A ratios (i.e., inverse 
biomass pyramids) dominating in relatively 
unproductive, stratified oceanic waters and 
lower H:A ratios being typical for more 
productive coastal waters. However, existing 
studies did not address direct effects of mixed 
layer depth and we are aware only of a single 
other study which found positive effects of 
nitrogen enrichment on the HPZ:A ratio. This 
mesocosm study was conducted in the same 
coastal North Atlantic region with a similar 
range of TN:TSi ratios (1:1 to 4:1) but constant 
mixing depth (Roberts et al. 2003). Our study 
presents evidence that resource enrichment 
may be an important cause for the variability in 
H:A biomass ratios of marine plankton. The 
observed positive response of the H:A ratios to 
enrichment underpins the importance of 
bottom-up effects in aquatic food webs and is 
therefore consistent with expectations derived 
from equilibrium food-chain and producer-
resource theories. However, while the HPZ:A 
ratio mostly increased with nutrient enrichment 
the HMZ:A ratio increased with decreasing 
mixing depth (i.e., with light enrichment sensu 
Diehl 2002). This pattern indicates that 
nutrient enrichment may enhance grazing by 
protozooplankton while increasing water 
column stratification may raise the grazing 
pressure exerted by mesozooplankton (Fig. 4). 
We do, however, caution to generalize from 
these observations as opposite trends in the 
biomasses of ciliates and heterotrophic 
dinoflagellates along the mixing depth gradient 
may have neutralized each other. This may 
have resulted in the HPZ:A ratio to be 
seemingly unaffected by mixing depth and 
may also explain why the overall HZ:A 
biomass ratios was not affected by mixing 
depth (Table 5, Fig. 4a,c). 

Conclusions 

Consideration of microplankton nutritional 
mode contributed to understand the disparities 
observed between predictions derived from a 
mechanistic model framework for 
phytoplankton growth in a gradient of  mixing 
depth and the outcome of this marine enclosure 
experiment. While overall algal biomass and 
most phytoplankton groups responded 
positively to nutrient enrichment, only 
flagellate species were negatively affected by 
mixing depth. Effects of mixing depth on 
overall biomass of pigmented dinoflagellates 
were not very pronounced because of  different 
nutritional strategies: while primarily 
phototrophic dinoflagellates could build up 
comparatively high biomass at shallow mixing 
depth, the biomass of primarily heterotrophic 
flagellates tended to increase towards larger 
mixing depths. The single species of 
dinoflagellate which was unrelated to mixing 
depth may have pursued an ‘ideal’ mixotrophic 
strategy by opportunistic feeding depending on 
the availability of light, nutrients and prey. 
Although non-flagellate taxa were 
characterised by a variety of shape which may 
have affected their distribution along the 
mixing depth gradient this did not provide a 
conclusive answer as to why most of these 
phytoplankters were unrelated to mixing depth. 
The results of this experiment imply that both 
mixing depth and nutrient enrichment may 
have strong bottom-up effects on the biomass 
concentration of different microplankton, 
crustacean and gelatinous marine zooplankton 
and on their relative contribution to community 
composition. Direction and strength of these 
effects generally seem to primarily depend on 
the nutritional mode of the organism, i.e. 
whether a consumer is primarily herbivorous 
or omnivorous. The identified systematic 
variation of the biomass ratios of meso- and 
protozooplankton to phytoplankton with 
mixing depth and nutrient enrichment, 
respectively, lends additional support to the 
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prediction that the global change in mixing and 
nutrient regimes may fundamentally change 
the configuration of pelagic food webs. 
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Introduction 

Phytoplankton growth and associated algal 
blooms may occur near the water surface, 
throughout a well-mixed surface layer, or near 
the thermocline (Brooks and Torke 1977, 
Cullen 1982, Longhurst and Harrison 1989, 
Banse 1994). A variety of mechanisms have 
been invoked to explain these patterns of algal 
vertical distribution. Due to relatively small 
size and limited motility of individual cells, 
growth and vertical distribution of 
phytoplankton populations are strongly 
influenced by the direction of resource supply 
and by turbulent diffusion processes in the 
surrounding water. While nutrients may be 
supplied with water advected from adjacent, 
more nutrient-rich water masses, by 
atmospheric dust, and from deeper strata or the 
sediment, light essentially forms a vertical 
gradient of decreasing intensity and changing 
quality. Algal photosynthesis and growth in 
this light gradient is governed by the interplay 
between cell morphology, sinking and 
swimming, and turbulent water motion and 
depth of vertical mixing (Harris 1986, 
Reynolds 1994). Buoyancy regulation, 
phototaxis, and increasing intensity and depth 
of vertical mixing all positively affect 
entrainment of algal cells in the light-rich 
surface layer and will therefore increase light 
availability to algal cells. In recent years, a 
mechanistic model framework for 
phytoplankton growth has been developed 
which accounts for both the vertical extent and 
the intensity of mixing processes in the water 
column (Huisman et al. 1999b, c, Huisman et 
al. 2002, Huisman and Sommeijer 2002a, b). 
Accordingly, neutrally buoyant algae should 

be able to thrive in all except very deep and 
turbulent waters because algal growth rate will 
always exceed the vertical mixing rate 
(Huisman et al. 1999b, c). As a consequence, 
the biomass concentration of non-sinking algae 
should be unrelated to turbulence intensity in 
stratified water bodies with shallow to 
intermediate mixing depth and should decrease 
with increasing tubulence intensity in deeper 
water columns. By contrast, for sinking algae 
to grow and persist, the intensity and vertical 
extent of turbulent diffusion within a water 
column must lie within certain critical bounds: 
If both depth and intensity of vertical mixing 
exceed some species-specific upper threshold 
the mean light intensity experienced by 
phytoplankton will be too low for growth and 
loss processes (sinking, mixing) to be 
balanced; likewise, both the intensity of 
turbulence and mixing depth must not fall 
short of some species-specific lower threshold 
or otherwise algal sinking rate will exceed 
growth and mixing rates (Huisman et al. 2002, 
Huisman and Sommeijer 2002a, b). Blooms of 
sinking algae are therefore not expected to 
develop in stratified waters with a very shallow 
thermocline, in stratified waters with low 
turbulent diffusion or in deep, strongly mixed 
waters. This is because in deep waters, the 
biomass concentration of a sinking algal 
species should increase sharply with increasing 
mixing intensity beyond a threshold value 
which allows entrainment of that species 
depending on its specific sinking 
characteristics. While the biomass 
concentration of sinking algae should peak at 
intermediate mixing intensities it should 
decrease with increasing turbulence intensity at 
intermediate water column depths. At shallow 
water column depths, the biomass 
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concentration should not decrease even under 
conditions of strong turbulent mixing. 

Increasing turbulence may also lead to 
enhanced nutrient transport into the upper part 
of the water column from below which should 
positively affect phytoplankton growth. 
However, as increasing turbulence usually 
increases the vertical extent of the mixed part 
of the water column and nutrients are supplied 
on a per volume basis, increasing water 
column depth also means that added nutrients 
will be partitioned among a larger volume of 
water (Diehl 2002, Visser and Stips 2002). The 
net effect of a concomitant increase in 
turbulence intensity and mixing depth on 
nutrient supply may therefore be zero.  

 Intensity and depth of vertical mixing in 
the water column are therefore considered to 
be important factors mediating light and 
nutrient supply, and sinking losses of algal 
cells. In the sea, mixing intensity and depth of 
the surface layer vary across orders of 
magnitude, depending on wind intensity, 
convection, tides, shear stress at the bottom of 
the surface layer and other hydrological 
phenomena (Mann and Lazier 1996, Sanford 
1997). In lakes, mixing intensity and depth 
usually vary over a smaller range but 
nevertheless are important factors in 
determining the dynamics of algal biomass 
(MacIntyre 1993, Kunz and Diehl 2003, 
Berger et al. submitted).  

While mixing depth and turbulence 
intensity directly affect both the supply of 
algae with light and algal sedimentation losses, 
they should indirectly affect the concentration 
of dissolved mineral nutrients. The influence 
of mixing depth on nutrient concentration has 
recently been explored theoretically, 
experimentally, and empirically in well-mixed 
systems (Huisman and Weissing 1995, Diehl 
2002, Diehl et al. 2002, Kunz and Diehl 2003, 
Berger et al. submitted, Diehl et al. in press). 
In contrast, the vertical distribution of nutrients 
in poorly mixed water columns has received 
considerably less attention (but see e.g. Oviatt 

1981, Klausmeier and Litchman 2001). At low 
values of turbulent diffusion, local 
consumption of mineral nutrients should 
generally correspond to the vertical pattern of 
algal production and may therefore produce a 
pattern which is inverse to the vertical 
distribution of phytoplankton biomass. 
Increasing turbulence should result in vertical 
profiles with increasingly less pronounced 
maxima of phytoplankton biomass 
concentration (Huisman et al. 2002). Hence, 
any  minima of nutrient concentration near the 
light-rich water surface should be less 
pronounced. Sufficiently strong mixing within 
the water column should prevent the 
establishment of vertical patterns of mineral 
nutrients altogether.  

Zooplankton should be affected by 
turbulent diffusion and  the depth of vertical 
mixing in both direct and indirect ways. 
Because grazer production generally follows 
the productivity of their autotrophic resource 
any turbulence and mixing-depth mediated 
limitation of phytoplankton production by 
light, nutrients or sinking should indirectly 
affect zooplankton production (Rothhaupt 
1988, Grover 1997). Moreover, the intensity of 
turbulence should also influence zooplankton 
production directly in various ways. This is 
because turbulent diffusion interferes with the 
food-detection ability of particle feeders, the 
efficiency of feeding currents of filter-feeders 
and affects the encounter rate of zooplankton 
with mates, predators, and food, the food-
capture rate and the energy expenditure of 
heterotrophic organisms (Rothschild and 
Osborn 1988, Jenkinson 1995, Kiørboe and 
Saiz 1995, Osborn 1996, Dower et al. 1997, 
Irigoien et al. 2000). However, theoretical as 
well as empirical evidence as to how 
increasing turbulence intensity affects 
zooplankton growth rate is ambiguous, 
probably because of differences in the range of 
turbulence intensities considered and because 
of the variety of zooplankton feeding strategies 
and behavioral responses to increasing 
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turbulence (Peters and Marrasé 2000). 
Theoretical considerations suggest that 
generally a dome-shaped relationship between 
turbulence intensity and the growth rate of 
planktonic consumers is to be expected. Such a 
relationship has been proposed by several 
authors for both zooplankton production and 
fish recruitment (Cury and Roy 1989, 
MacKenzie and Kiørboe 2000, Visser and 
Stips 2002). 

In recent years effects of depth and 
intensity of turbulent mixing in a water column 
on phytoplankton populations have been 
extensively explored theoretically and a 
number of laboratory and field experiments, 
and field surveys have investigated 
phytoplankton communities in well-mixed 
systems (Huisman and Weissing 1994, 1995, 
Huisman 1999, Huisman et al. 1999a, Diehl 
2002, Diehl et al. 2002, Kunz and Diehl 2003, 
Ptacnik et al. 2003, Berger et al. submitted, 
Diehl et al. in press, Kunz and Diehl, 
companion manuscript). Likewise, effects of 
turbulence intensity on zooplankton encounter, 
ingestion and growth rates have received 
considerable theoretical treatment (e.g., 
Rothschild and Osborn 1988, Davis 1991, 
Kiørboe and Saiz 1995). However, only few 
experiments have investigated effects of water 
column turbulence on phyto- and zooplankton 
production or biomass (Oviatt 1981, Estrada et 
al. 1987, Jones and Gowen 1990, Shimeata et 
al. 1995, Petersen et al. 1998). Because of the 
difficulties involved with measuring the 
intensity of turbulent diffusion in the field 
surveys addressing the issue are scarce (Maar 
et al. 2003, Huisman et al. 2004). 

As water column depth in all  previously 
published studies which manipulated mixing 
intesity was held constant we conducted a field 
enclosure experiment to investigate effects of 
intensity and depth of turbulent mixing on a 
nitrogen-limited North Atlantic plankton 
community. Our aim was to examine vertical 
patterns of the concentrations of dissolved 
mineral nitrogen and phytoplankton biomass in 

the water column and to identify potential 
effects of mixing depth and intensity on the 
biomass of phyto- and zooplankton.  

 

Material and Methods 

Experimental design 

We subjected a North Atlantic plankton 
community to a 3 x 3 factorial manipulation of 
water column depth (6, 10, and 14 m) and 
turbulent diffusion (low, intermediate, and 
high). Water from the surface layer of 
Hopavågen, a small, landlocked bay of the 
coastal North Atlantic (central Norway, 
63°34’13” N  9°42’10” E; maximum depth 31 
m, average salinity 31 ‰) was enclosed in 18 
cyclindrical, marine field enclosures, each 
treatment being replicated twice. Up to four 
enclosures were attached to octagonal plastic 
rings connected to form a float. Enclosures 
consisted of white, opaque plastic material, 
were 0.95 m wide, heat-sealed at the bottom, 
extended 0.25 m above the water surface and 
were open to the atmosphere. At the beginning 
of the experiment, we enriched the water in 
each enclosure with ammonium-nitrate, 
sodium-phosphate and sodium-silicate to yield 
total concentrations of 50 mmol N m-3, 6 mmol 
P m-3, and 25 mmol Si m-3. All enclosures were 
subject to the massaging effect of surface 
waves and tidal currents within the bay. 
Enclosures with ‘Low’ intensity of turbulent 
diffusion were not mixed artificially. All other 
enclosures were mixed intermittently by 
blowing air into the bottom end of the 
enclosures for 30-second periods, and at 10-
min intervals, using electrically driven 
compressors and 6-mm PVC tubing. The air 
stream was adjusted to produce ‘intermediate’ 
or ‘high’ intensities of turbulent diffusion in 
the water columns, depending on treatment. 
The experiment started on 25 August 2001. 
The final sampling of biomass and nutrient 
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parameters was conducted on 18 September 
2001, after 24 days. 

 

Measurement of mixing intensity 

Mixing intensity in the surface layer of the 
pelagic is usually determined as the vertical 
eddy diffusivity, D, (MacIntyre 1993), a 
measure based on mixing depth and time for 
mixing. Mixing intensity in the enclosures was 
assessed by adding a tracer to the top of the 
water columns after the final sampling for 
biological and chemical parameters. We then 
determined surface to bottom mixing time by 
measuring the time elapsed from addition of an 
inert dye, Rhodamine B, until it had attained an 
equilibrium concentration at the bottom end of 
an enclosure. The dye was added in amounts as 
to yield identical final concentrations in all 
treatments. Water samples were taken carefully 
from near the enclosure bottom at regular 
intervals (3 to 30 min in intermediate and 
strongly mixed enclosures, up to 3 hrs in the 
deeper, ‘Low’ mixing intensity treatments) 
using a Ruttner sampling bottle. We measured 
Rhodamine concentrations in the water 
samples photometrically at 665 nm. Water 
samples were taken until the Rhodamine 
concentration at the bottom of the sampled 

enclosure did not change any more. Mixing 
intensity, D, was calculated according to the 
formula   

 
D = Z² / 2 * Tm   [cm² s-1], 
 
Z being water column depth and Tm 

surface-to-bottom mixing time. Tm corresponds 
to the time for a tracer injected at one 
boundary to become 97 % uniformly 
distributed within the water column (Sanford 
1997). 

 The vertical eddy diffusivities 
produced by the mixing regime in the 
artificially mixed treatments were considerably 
higher than in the non-mixed treatments (Table 
1). However, manipulation of the air stream 
injected into the bottom of the intermediately 
mixed enclosures was not equally effective in 
all treatments over time. As a consequence, 
some ‘Intermediate D’ treatments may 
temporarily have experienced stronger or less 
strong mixing than originally intended. Along 
with the comparatively rough method of 
measuring the mixing intensity this may 
account for the relatively large variability of 
the vertical eddy diffusivity within a particular 
category of mixing intensity (Table 1). 

 
TABLE 1.  Vertical eddy diffusivity, D  (cm² s-1), in the mixing intensity x water column depth treatments. Values 
of all replicate treatments are given except where D could only be determined in one of the replicates. The last 
column lists the overall mean of a mixing category ± standard error (SE).   

 

 Water column depth (m)  

Mixing intensity 6 10 14 Mean ± SE 

‘Low D’ 2.3 2.8 / 3.5 4.0 / 5.5 3.6 ± 0.9 
‘Intermediate D’ 75 68.9 57.3 67.1 ± 6.4 
‘High D’ 100 92.6 136.1 / 147.1 119 ± 18.9 

 
 

Sampling and laboratory analyses 

We sampled the concentration of 
chlorophyll a in the enclosures at 2-day 
intervals and the concentrations of particulate 

organic carbon (POC), dissolved inorganic 
nitrogen (DIN = NO2 -, NO3 - and NH4 –N), 
phosphorus and silica at 6-day intervals. 
Samples were collected with a 3-L Ruttner 
sampling bottle 0.5 m below the water surface, 
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at a depth of 2 m and then at 2-m intervals 
downwards. The samples were transported to 
the lab and stored in a dark cool place until 
analysis (within a few hours) in 3-L HDPE 
flasks. Subsamples for the analysis of mineral 
nutrients were collected and frozen 
immediately at –18 °C. We measured the 
vertical distribution of photosynthetically 
active radiation (PAR) in the water column 
with a spherical underwater quantum sensor 
(LI-193SA, LICOR, Lincoln, Nebraska) just 
below the water surface, at a depth of 0.5 m 
and, from 1 m depth, in meter steps 
downwards to the bottom of each enclosure at 
6-day intervals. 

 Filtering of sub-samples was 
conducted at the field station of the Norwegian 
University of Science and Technology 
(NTNU), Sletvik, in the immediate vicinity of 
Hopavågen. To determine the concentration of 
Chl a, 0.2-L to 0.7-L subsamples were filtered 
onto glass microfiber filters (GF 6, Schleicher 
& Schuell, Dassel, Germany). Chl a was 
measured fluorometrically after extraction with 
ethanol in a Turner Design 400 fluorometer. 
To assess the POC concentration 0.2-0.5 L 
subsamples were filtered onto precombusted 
glass microfiber filters. Filters were dried at 60 
°C for 24 hours, wrapped in tin foil cups and, 
after compressing them into balls, combusted 
in a C/N-Analyser (NA 1500N, FISONS). 
Dissolved inorganic nutrients were analyzed 
with a SKALAR SAN plus SYSTEM auto-
analyzer from subsamples frozen at –18 °C. 

In each enclosure macro- and 
mesozooplankton was sampled at 6-day 
intervals by vertical hauls with a 100-µm 
plankton net from near the bottom to the 
surface and then transferred to a 250-ml plastic 
container. Gelatinous mesozooplankton 
(ctenophora, hydromedusae and salps) was 
counted and removed from the samples within 
48 hrs after catch. In ctenophores we 
distinguished between small (0.2-1 cm) and 
large (> 1 cm) specimen. Samples were then 
preserved with acid Lugol’s solution (1 % final 

concentration) for later analysis of crustacean 
zooplankton. Among copepods we 
distinguished calanoid and cyclopoid 
copepods, copepodids and nauplius larvae and 
counted them in a dissecting scope at 160 x 
magnification. In the larger copepod genera we 
counted specimen < 1 mm as copepodids, 
whereas in the genus Pseudocalanus specimen 
< 0.5 mm were counted as copepodids. 
Zooplankton taxa which occurred consistently 
at very low abundance (< 0.1 Ind L-1; 
appendicularians, hydromedusae, chaetognaths 
and euphausiids) at the end of the experiment 
were not further analysed. 

 

Data analysis 

Response to the turbulence and depth 
treatments became apparent for most state 
variables early in the experiment. With the 
exception of DIN, we only present data from 
Days 24, which are representative for the 
average patterns during the experiment. 
Because we had fertilized the enclosures with 
N and P in a molar ratio of 8:1, nitrogen was 
likely the production limiting nutrient. We 
therefore present nutrient data only for 
nitrogen. We explored treatment effects on 
algal biomass (measured as Chl a) and 
different groups of mesozooplankton collected 
on Day 24 using analysis of covariance 
(ANCOVA) with turbulence intensity as a 
fixed factor and mixing depth as the covariate. 
The response variables were log10-transformed 
for all statistical analyses. When the P-value of 
an interaction term exceeded 0.2 the term was 
dropped from the statistical model and only 
main effects of turbulence intensity and mixing 
depth were investigated. Statistical analyses 
were performed using SPSS 12.0.1 software. 

 The vertical patterns of DIN in the 6-
m, low turbulence treatments on Day 24 were 
in contrast to all previous sampling dates and 
we suspect that the vertical order of samples 
was accidentally reversed during analysis. For 
these enclosures we therefore show vertical 
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profiles of the DIN-concentration from Day 18 
instead of Day 24. 

 

Results 

Light and mineral nitrogen 

The intensity of the light available to 
phytoplankton decreased exponentially with 
depth in all treatments (see Fig. 1 for a typical 
vertical profile). The decrease in intensity in 
the top 3 m of the water column was always 
quite pronounced due to relatively strong 
absorption by water of short wavelengths 
compared to longer wavelengths. The water 
depth where the light intensity fell below 1 % 
of incident light intensity usually was between 
5 and 8 m.  
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FIG. 1.  Typical vertical profile of the photo-
synthetically active radiation (PAR) in an enclosure 
in per cent of incident radiation at the water surface 
(Iin). Data points are means of the two replicate 14-
m high turbulence intensity treatments ± SE from 
Day 24. If no SE is visible it is hidden by the 
symbol. 

 
 

The concentration of dissolved mineral 
nitrogen (DIN) showed pronounced vertical 
patterns in all low turbulence treatments, 
increasing sharply from the surface down to 6 
m with only minor changes below 6 m (Fig. 
2a-c). The vertical distribution of nitrogen was 
homogeneous within all high turbulence 
treatments and increased from shallow to deep 
enclosures (Fig. 2d-f). Depth-averaged DIN 
concentrations in the intermediate turbulence 
treatments also increased from shallow to deep 
enclosures and slightly increased towards the 
bottom in one 6-m treatment and in the 14-m 
replicates. One 6-m replicate did, however, 
show a pronounced DIN vertical profile, the 
highest concentration occurring close to the 
surface (Fig. 2d).  

 

Algal biomass patterns 

At low turbulence, algal biomass 
concentration showed a vertical distribution 
roughly inverse to the distribution of DIN 
concentrations; i.e., chlorophyll-a 
concentrations peaked close to the water 
surface, declined vertically and did not change 
significantly below 6 m depth (Fig. 3a-c). Chl-
a concentrations in the intermediate and high 
turbulence treatments did not show any 
obvious vertical trends (Fig. 3d-f). With the 
exception of one 6-m replicate which had a 
persistently high Chl-a concentration 
throughout the experiment, Chl-a 
concentrations were lower in intermediate 
turbulence treatments than in both low and 
high turbulence treatments at most depths (Fig. 
3, Table 2). This resulted in a U-shaped 
relationship between algal biomass 
concentration and mixing intensity across all 
investigated water column depths (Fig. 4). 
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FIG. 2.  Vertical profiles of the dissolved inorganic nitrogen (DIN) concentration in the enclosures at low (a-c), 
intermediate and high (d-f) mixing intensity (D). Data points are means of two replicate treatments ± standard 
error (SE). If no SE is visible it is hidden by the symbol. Each turbulence regime was applied to the water 
column depths 6 m, 10 m and 14 m. In panel (d) DIN vertical profiles are shown separately for each 
‘Intermediate D’ replicate because the patterns differed considerably from each other in enclosures. 
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FIG. 3. Vertical profiles of the Chl-a concentration in the enclosures at low (a-c), intermediate and high (d-f).  
mixing intensity (D). Data points are means of two replicate treatments ± standard error (SE). If no SE is visible 
it is hidden by the symbol. Each turbulence regime was applied to the water column depths 6 m, 10 m and 14 m. 
In panel (d) Chl-a vertical profiles are shown separately for each ‘Intermediate D’ replicate because the patterns 
differed considerably from each other in enclosures. 
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TABLE 2.  Effects of mixing intensity, D, and water column depth, Z, on algal biomass concentration 
(Chl a, mg m-3), and the density of calanoid and cyclopoid copepods, ctenophores (Bolinopsis sp.), and 
salps on Day 24 of the experiment. We show P-values from ANCOVAs on log10-transformed data to 
illustrate main effects and interaction effects of D and Zmix. 

 
 Chl a Calanoid 

copepods 
Cyclopoid 

copepods 
Bolinopsis
0.2–1 cm 

Bolinopsis 
> 1 cm 

Salps 

D 0.139 0.048 0.064  0.090 0.015 0.136 
Z 0.089 0.099 0.003 > 0.2 0.075 > 0.5 
D * Z > 0.2 0.150 0.005 0.159 > 0.2 > 0.5 
 
 

Patterns in zooplankton  

Copepods 

Calanoid and cyclopoid copepods both 
occurred at a relatively low density (calanoid 
copepods 0.16-6.25 Ind. L-1, cyclopoid 
copepods 0.001-0.61 Ind. L-1) as compared to 
the typical copepod density in Hopavågen at 
this time of the year (calanoid plus cyclopoid 
copepods 3 to 65 copepods L-1). The 
abundance of calanoid copepods was 
significantly affected by mixing intensity with 
a tendency towards a U-shaped relationship 
between both (Fig. 4, Table 2). Water column 
depth had marginally non-significant effects on 
calanoid copepod density and there was a 
tendency towards interaction effects of water 
column depth and mixing intensity (Table 2). 
Cyclopoid copepods increased with increasing 
intensity of turbulent diffusion in 6-m 
treatments but decreased from low to 
intermediate turbulence intensity in 10-m 
treatments, and from low to high turbulence 
intensity in 14-m treatments (Fig. 4, Table 2). 

The density of calanoid copepods was 
strongly correlated with the Chl-a and POC 
concentrations but had ‘+’ and ‘-’ signs, 
respectively (Table 3). The density of 
cyclopoid copepods was tightly related to the 
POC concentration but considerably less 

strongly correlated with the Chl-a 
concentration (Table 3). 

 
TABLE 3.  Correlation coefficients (Pearson’s r) of 
the density of calanoid and cyclopoid copepods, 
and salps with algal and seston biomass 
concentrations (mg Chl-a m-3 and mg C m-3), 
respectively, on Day 24 of the experiment. 

 
 Calanoid 

copepods 
Cyclopoid 
copepods 

Salps 

Chl a 0.98 0.80 -0.50 
POC -0.96 -0.99 0.88 

Gelatinous zooplankton 

The only gelatinous filter feeder which 
occurred in the enclosures at the end of the 
experiment was an unidentified species of salp 
(length 0.5 to 1.5 cm). Salp density ranged 
from c. 5 to 15 Ind. L-1, decreased with 
increasing mixing intensity and was close to 
zero in most intensely mixed enclosures (Fig. 
4d, Table 2). It was not significantly affected 
by water column depth but decreased with 
increasing mixing intensity and was zero or < 
1 in intensely mixed enclosures (Fig. 4d, Table 
2). Because of high variability of salp 
abundance within treatments the overall 
pattern was, however, not statistically 
significant. Salps were negatively correlated 
with the Chl-a concentration and positively 
with the concentration of seston carbon (Table 
3). 



Article 3 69 
 

 

(a)  Algal biomass

0.1

1.0

10.0

6 10 14

m
g 

C
hl

 a
 m

-3

(d)  Salps

0.1

1.0

10.0

100.0

6 10 14

In
d 

L-1

Low 
Intermediate
High

 

(b)  Calanoid copepods

0.1

1.0

10.0

6 10 14

In
d 

L-1

(e)  Bolinopsis, small

1

10

100

1000

6 10 14

In
d 

L-1

 

(c)  Cyclopoid copepods

0.0001

0.0010

0.0100

0.1000

1.0000

6 10 14
Water column depth (m)

In
d 

L-1

(f)  Bolinopsis, large

0.01

0.10

1.00

10.00

100.00

6 10 14

Water column depth (m)

In
d 

L-1

 
 

FIG. 4. Effects of turbulent diffusion and water column depth on (a) algal biomass concentration, measured as  
Chl-a, (b) calanoid copepods, (c) cyclopoid copepods, (d) salps, (e) ctenophores (Bolinopsis sp.) 0.2-1-cm size 
class, and (f) Bolinopsis sp. > 1-cm size class, at low, intermediate and high mixing intensity. Columns are 
means of two replicate treatments ± standard error (SE). If no SE is given it was either zero (6-m ‘Low D’ and 
‘Intermediate D’ treatments in panel (c)) or could not be properly displayed (14- and 6-m ‘High D’ treatments in 
panels (d) and (f), respectively). In panel (a) we only show the ‘Intermediate D’ replicate with the low Chl-a 
concentration. 

 
 
Bolinopsis sp., a carnivorous ctenophore, 

was the dominant species among gelatinous 
zooplankton by numbers (Fig. 4e-f). Of the 
two size classes we distinguished (0.2-1 cm 
and > 1cm), the smaller one occurred at very 
high densities (10 to > 500 Ind. L-1; Fig. 4e). 

Effects of mixing intensity were obvious 
among the 6-m treatments in both size classes 
(which showed a dome-shaped relationship 
with mixing intensity here) but, overall, 
significantly affected large Bolinopsis sp. only 
(Table 2). Water column depth tended to 



Article 3 70 
 

 

positively affect the density of large Bolinopsis 
sp. (Table 2).  

The density of Bolinopsis sp. was strongly 
negatively correlated with the density of 
calanoid copepods (small Bolinopsis, 
Pearson’s r = -0.87; large Bolinopsis, 
Pearson’s r = -0.95; Fig. 4e) and less strong 
with the density of cyclopoid copepods (small 
Bolinopsis, Pearson’s r = -0.62; large 
Bolinopsis, Pearson’s r = -0.76; Fig. 4f). 

 

Discussion 

Vertical distribution of phytoplankton 
and limiting resources 

In waters with relatively low rates of 
vertical mixing theory predicts that because of 
decreasing light intensity the density of 
neutrally buoyant, sinking, and actively 
moving phytoplankton assumes a non-uniform 
vertical distribution and that the depth of 
maximum abundance should primarily depend 
on whether the system is predominantly 
limited by light or by nutrients (Huisman et al. 
1999b, c, Klausmeier and Litchman 2001, 
Huisman et al. 2002, Huisman and Sommeijer 
2002a). Accordingly, if phytoplankton 
production is primarily limited by light the 
peak in phytoplankton density is expected near 
the water surface; if phytoplankton production 
is primarily limited by nutrients the peak in 
phytoplankton density is expected closer to the 
underlying layer of water or the sediment 
provided they are the primary source of 
nutrients. If, however, both nutrients and light 
are about equally limiting the maximum 
abundance of phytoplankton should occur at 
some intermediate depth. Consumption of 
nutrients by phytoplankton should generally 
follow the pattern of primary production. In a 
thoroughly mixed water column both algal 
cells and dissolved nutrients should largely be 
homogeneously distributed. With decreasing 
intensity of turbulence the concentration of any 

limiting nutrient(s) may become increasingly 
heterogeneous and show an inverse vertical 
distribution to phytoplankton. In a water body 
dominated by light limitation this should result 
in an increase in the concentration of mineral 
nutrients towards greater depth (where less 
nutrients will be consumed) even in the 
absence of nutrient supply from below. 
Although vertical profiles of Chl-a and 
dissolved mineral nutrients are frequently 
recorded in the oceans (e.g., Eilertsen 1993, 
Knockright et al. 1994) the small number of 
experiments which investigated such patterns 
have, to our knowledge, never investigated a 
gradient of turbulence intensity and always 
included a sediment layer. Whereas water 
column depths on the scale of 1 m seem to be 
too shallow to produce vertical microscale 
patterns of Chl-a and mineral nutrient 
concentrations, at least under a light and 
nutrient regime typical for coastal waters 
(Petersen et al. 1998), Oviatt (1981) identified 
high near-surface and low near-bottom Chl-a 
concentrations during a phytoplankton bloom 
in the stagnant water column of 5 m deep 
mesocosms. Conversely, concentrations of 
dissolved mineral nutrients were lowest near 
the water surface and highest above the 
sediment. This experiment did, however, not 
allow to distinguish between nutrients released 
from the sediment and nutrients not consumed 
by phytoplankton production. 

In the ‘Low D’ treatments, the vertical 
pattern of the Chl-a concentration resembled 
the stationary depth distribution of light-
limited phytoplankton predicted for algal 
monocultures at low intensity of water column 
turbulence (Huisman et al. 1999b, c, 
Klausmeier and Litchman 2001, Huisman et al. 
2002, Huisman and Sommeijer 2002a): the 
Chl-a concentration showed a pronounced 
peak close to the water surface and declined to 
much lower concentrations at depths of 6 m 
and below (Fig. 3). The dominance of 
Eutreptiella gymnastica (a motile green alga) 
in live samples from near the water surface 
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suggests that the near-surface peak in Chl-a 
concentration may have been brought about 
not only by the local phytoplankton growth 
rate exceeding vertical mixing and loss rates 
but also by active migration of algae towards 
the light. Corresponding to theoretical 
expectations, the concentration of dissolved 
mineral nitrogen (DIN) in ’Low D’ treatments 
was relatively low near the water surface and 
strongly increased towards depth in all water 
columns (Fig. 2a-c). Beyond a depth of 6 m the 
light intensity available to phytoplankton 
usually was below the light compensation 
point, i.e. the light intensity at which net 
production equals zero and which is generally 
assumed to be 1 % of the incident light 
intensity. The fact that the observed vertical 
patterns of the Chl-a and dissolved nutrient 
concentration established early during the 
experiment when remineralisation of nutrients 
from sedimented seston likely was very small 
indicates non-consumption of nutrients as the 
primary cause of high nutrient availability at 
greater depths. Both the peak in phytoplankton 
density and the increase in dissolved nutrients 
to depth strongly suggest that phytoplankton 
production was primarily limited by light in 
the’Low D’ treatments In ‘Intermediate D‘ and 
‘High D’ treatments the vertical distribution of 
the Chl-a concentration did not exhibit any 
conspicuous pattern and thus corresponded to 
the largely homogeneous vertical distribution 
of phytoplankton expected at higher intensities 
of turbulent mixing (Fig. 2d-f, 3d-f). The 
observed vertical distribution of the dissolved 
inorganic nitrogen concentration showed some 
variation with water column depth in the 
‘Intermediate D’ treatments which may relate 
to slight differences in turbulence intensity 
across depth. A distinct vertical pattern of the 
concentration of DIN was conspicuous in one 
of the 6-m ‘Intermediate D’ replicates (Fig. 
2d). Although measurement of turbulence 
intensity was not successful in this enclosure 
visual inspection suggested it was relatively 
low throughout the experiment as technical 

reasons prevented adjustment of the mixing 
intensity to the level of the replicate treatment.  

In situations where the intensity of mixing 
is not sufficient to homogenize phytoplankton 
within a water column, local differences in 
zooplankton grazing generally should either 
reduce or enhance any pattern in 
phytoplankton vertical distribution. As a 
consequence, the chance of detecting relatively 
subtle patterns in phytoplankton vertical 
distribution as were expected in treatments 
with intermediate mixing intensity should be 
affected. Because zooplankton was collected 
by vertically integrating net tows we do not 
know whether it was distributed 
homogeneously within water columns and, 
hence, we can not entirely rule out the 
possibility that zooplankton grazing affected or 
even accounted for the vertical pattern of the 
Chl-a concentration observed in ‘Low D’ 
treatments. The persistence of the U-shaped 
pattern of the Chl-a concentration versus 
turbulence intensity irrespective of the 
abundance of the major grazer indicates, 
however, that phytoplankton net advection, 
migration, and growth account for the 
observed vertical pattern. Clearly, a grazer-free 
system will be required to rigorously test if 
opposite vertical concentration gradients of 
phytoplankton and nutrients may be 
maintained at the low intensities of turbulent 
diffusion typical for the surface layer of the 
stratified oceans when wind-mixing is weak. 

 
 

Effects on algal and herbivore density, 
and phytoplankton-zooplankton 
interactions 

In very shallow, unstratified waters only 
non-sinking algae should be able to bloom 
within the water column, according to 
reaction-advection-diffusion models (Huisman 
et al. 1999b, c). At intermediate to large water 
column depths the biomass of neutrally 
buoyant algae should decrease with increasing 
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intensity of turbulence as algae become 
progressively mixed to depths with an 
unfavourable light climate (Huisman et al. 
1999b, c). The biomass of sinking algae is 
predicted to show a unimodal relationship to 
mixing intensity across the same depth range; 
this is because algal cells will be mixed 
unfavourably deep towards very high 
intensities of turbulence while, towards lower 
turbulence intensities, algal cells will 
progressively sink out of the water column 
(Huisman et al. 2002, Huisman and Sommeijer 
2002a, b). At very shallow water column 
depths, a population of sinking algae should 
not be able to persist. If nutrient-limited 
growth is allowed for, light limitation should 
still be of overriding importance for algal 
growth in deep, well-mixed water columns 
except in extremely oligotrophic situations. At 
low to moderate mixing intensities nutrient 
limitation should become increasingly 
important for neutrally buoyant algae towards 
shallow water column depths. Across realistic 
mixing depths, sinking algae should experience 
nutrient limitation in well-mixed surface layers 
only at intermediate mixing depths (Huisman 
and Weissing 1995, Diehl 2002). Although the 
above predictions relate to the steady state of 
algal monocultures, phytoplankton 
assemblages, in which sinking and neutrally or 
positively buoyant algal species or motile 
phytoplankters compete for resources over 
time, may approach a state with some 
intermediate biomass versus turbulence 
pattern. 

The observed U-shaped relationship 
between the Chl-a concentration and mixing 
intensity clearly is in stark contrast to the 
negative or hump-shaped relationship between 
algal density and turbulence intensity expected 
for neutrally buoyant and sinking algae, 
respectively, at intermediate to large mixing 
depths (such as the 10- and 14-m treatments). 
Relatively high depth-averaged C:Chl-a ratios 
of around 86 ± 18.3 (mean ± SE) in 
‘Intermediate D’ treatments as compared to 

70.9 ± 7.5 in ‘Low D’ and 47.8 ± 6.8 in ‘High 
D’ treatments suggest that unpigmented 
microplankton, such as heterotrophic 
dinoflagellates, was more abundant here. 
Although no qualitative microplankton data 
exist to support this hypothesis results from a 
related experiment suggest that unpigmented, 
microzooplankton may have been 
comparatively abundant in treatments in which 
algae experience low mean light intensity 
(Kunz and Diehl, companion manuscript). In 
this experiment, Protoperidinium bipes, a 
heterotrophic dinoflagellate, increased in 
abundance with increasing mixing depth, i.e. 
with decreasing mean light availability. 
Treatments with intermediate turbulence 
intensity and, hence, relatively long mixing 
time (as compared to strongly mixed 
treatments) should therefore have favoured 
microorganisms capable of mixo- or 
heterotrophic feeding (including unpigmented 
forms). This, in turn, should have resulted in a 
relatively high seston C:Chl-a ratio, as 
compared to both treatments with high and low 
mixing intensity. The concentration of seston 
carbon was indeed largely unrelated to mixing 
intensity over the broad range of turbulence 
intensities examined (Fig. 5).  

 

Seston biomass

1

10

100

1000

6 10 14

Water column depth (m)

m
g 

C
 m

-3

 
FIG. 5. Effects of turbulent diffusion and water 
column depth on seston biomass concentration, 
measured as particulate organic carbon, at low, 
intermediate and high mixing intensity (symbols as 
in Fig.  4). Columns are means of two replicate 
treatments ± standard error (SE). 
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Intermediate turbulence intensity but not 
stagnant water or higher intensity of turbulence 
also favoured mixo- or heterotrophic 
dinoflagellates (Protoperidinium sp., 
Scrippsiella trochoidea) in a marine 
microcosm experiment (Estrada et al. 1987). 
Mixing intensity-dependent grazing effects of 
microzooplankton on phytoplankton therefore 
need to be considered when analysing 
relationships between the Chl-a concentration 
and the intensity of turbulent diffusion. 

In ‘Low D’ treatments, mixing time was 
very long and, hence, mixing rate so low that 
microplankton may have adapted to light levels 
locally in the water column and in various 
ways, on an individual or community basis. 
These processes may have resulted in the 
C:Chl-a ratio to average out over the water 
column. Photoadaptation of phytoplankton is 
unlikely to have accounted for the observed 
differences in C:Chl-a ratios between the 
different turbulence regimes because the 
longer mixing time in ‘Intermediate D’ 
treatments versus ‘High D’ treatments and, 
hence, longer exposure to an unfavourable 
light climate should have resulted in precisely 
the opposite pattern, i.e. a lower C:Chl-a ratio 
in ‘Intermediate D’ treatments. 

The patterns observed in copepod and salp 
density indicate that grazing may have differed 
considerably between crustacean and 
gelatinous zooplankton and between 
treatments. With the exception of the 6-m 
‘High D’ treatments, the relatively low overall 
density of calanoid copepods suggests they 
only had a minor grazing impact on 
phytoplankton while the strong positive 
correlation of both calanoid and cyclopoid 
copepods with the Chl-a concentration 
indicates bottom-up control of crustacean 
zooplankton in this experiment (Pearson’s r  = 
0.98). In contrast, high salp density in ‘Low D’ 
and ‘Intermediate D’ treatments and the 
negative correlation between salp density and 
the Chl-a concentration suggest that grazing by 
salps had some negative effect on 

phytoplankton biomass. Because of high 
variability of salp abundance within treatments 
and variability of C:Chl-a ratios across 
turbulence treatments the correlation was, 
however, not very strong (Pearson’s r  = -0.5). 
High clearance rates and removal of substantial 
amounts of phytoplankton from surface waters 
have previously shown that salps are important 
grazers in coastal and oceanic waters (Zeldis et 
al. 1995, Lalli and Parsons 1997). Overall, 
however, the tendency of calanoid copepod 
density to first decrease and then increase with 
mixing intensity, and of salp density to 
decrease with increasing turbulence should 
have acted in favour of, rather than against, the 
expected pattern of phytoplankton versus 
turbulence (Fig. 4a, b, d).  

 

Effects on herbivores, predators and 
predator-prey interactions in the 
plankton 

The response of zooplankton density to 
turbulent diffusion should be a combination of 
both direct and indirect (food- and predation-
related) effects. Turbulent fluid motion will 
generally affect the velocity components of 
travelling suspended particles. This suggests 
that the feeding mode of zooplankton should 
generally matter in terms of turbulence effects. 
Mathematical investigation of the problem 
showed that zooplankton encounter rate with 
food increases with increasing turbulent 
velocity in ambush and cruise-type predators 
and in grazers which generate a feeding current 
(Rothschild and Osborn 1988, Kiørboe and 
Saiz 1995, Osborn 1996). As turbulence 
intensity continues to grow, the prey capture 
rate should, however, be negatively affected, 
resulting in a dome-shaped relationship 
between zooplankton predation and turbulence 
intensity (Jenkinson 1995). Observations of 
decreasing feeding rates in a number of 
copepod species under relatively turbulent 
conditions have led to the proposition that this 
translates into a dome-shaped relationship 
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between turbulence and zooplankton 
production (Visser et al. 2001, Visser and Stips 
2002). Effects of turbulence intensity on 
encounter rates with conspecifics/ mating 
behaviour should, generally, be governed by 
similar principles as predator-prey encounter 
rates, whether the zooplankter is a broadcast 
spawner or not; this issue will, however, not be 
considered further here. In the case that 
turbulence intensity does not affect 
phytoplankton stoichiometry and, therefore, 
food quality then algal density and grazer 
growth should be proportional. Effects of 
turbulence intensity on interactions between 
predators and grazers should differ from 
interactions between grazers and algae in that, 
as a prey, the grazer is also motile; however, 
effects of turbulence intensity on growth of 
grazers and predators should still be in the 
same direction, according to the 
aforementioned theory. 

The tendency to a U-shaped relationship 
between the density of calanoid copepods and 
turbulence intensity, the strong positive 
correlation between calanoida density and the 
Chl-a concentration (itself inversely unimodal 
related to mixing intensity), and the strong 
negative correlation with the major predator of 
copepods in the experiment, Bolinopsis, all 
indicate that indirect effects of turbulence 
intensity on copepod abundance were very 
important (Fig. 4). Despite that the abundance 
of secondary factors may have blurred the 
turbulence signal, it does not seem that the 
mixing intensity generated in ‘High D’ 
treatments had strong negative effects on 
copepod growth. This finding fits to the 
conclusion of Kiørboe and Saiz (1995) that 
negative effects on the feeding current of 
copepods were not likely at the intensities of 
turbulence typically found in oceans (see 
Petersen et al. 1998 for an overview of 
qualitative effects of turbulence on 
zooplankton). A U-shaped relationship 
between zooplankton growth and turbulence 
intensity has previously been attributed to the 

dispersal of prey patches at ‘intermediate 
levels of turbulence’ and increasing predator-
prey encounter rate towards higher turbulence 
intensity (Davis et al. 1991, Druet 2003). 
However, the turbulence intensities generated 
in our experiment (2.3-147 cm² s-1) fall into a 
somewhat higher range of turbulence 
intensities anticipated to yield a dome-shaped 
relationship between the intensity of turbulent 
diffusion and zooplankton capture and growth 
rates (Jenkinson 1995, Visser and Stips 2002). 
Hence, the U-shaped pattern between calanoid 
copepod density and mixing intensity observed 
in our experiment more likely resulted from 
combined effects of phytoplankton availability 
and predation by Bolinopsis along the 
turbulence gradient. The pattern observed in 
salp density is more difficult to explain as the 
decrease in abundance with increasing 
intensity of turbulence was not statistically 
significant (Fig. 4d, Table 2). The mere 
absence of salps from ‘High D’ treatments 
was, however, a consistent pattern that may 
have resulted from detrimental effects of high 
mixing intensity on individual specimen and/ 
or their feeding current. Individual and 
population growth may thus have been 
consistently suppressed. As this study may be 
the first to investigate effects of tubulence 
intensity on salp density and because the 
susceptibility of the feeding current of salps to 
turbulent diffusion seems to lack experimental 
treatment it is, however, impossible to draw 
any conclusion here. The high variability of 
salp density within treatments may relate to 
considerable differences in abundance already 
at the beginning of the experiment owing to the 
reduced likeliness to capture a representative 
number of  larger-sized organisms (the 
approximate size of mature salps was ~ 1 cm) 
in relatively small volumes of water (such as 
used for filling the enclosures). The decrease in 
abundance of salps from ‘Low D’ to ‘High D’ 
treatments should have relaxed food 
competition with calanoid copepods and so 
may have contributed to the pattern observed 
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in calanoid density. In cyclopoid copepods 
which primarily feed on ciliates only indirect 
effects of the concentration of phytoplankton 
biomass on their density were to be expected. 
The density of cyclopoid copepods was indeed 
less tightly correlated with the Chl-a 
concentration (as compared to calanoid 
copepods). It was, however, very strongly 
related to the concentration of seston carbon as 
expected for mesozooplankton predators 
feeding on microzooplankton. Cyclopoid 
copepod density did not show any clear pattern 
with increasing intensity of turbulence. The 
very low abundance of cyclopoid copepods in 
the 6-m ‘Low D’ and ‘Intermediate D’ 
treatments, and in the 14-m ‘High D’ 
treatments should, however, have made 
detection of any trend difficult (Fig. 4).  

Bolinopsis sp., as an ambush predator, will 
be strongly reliant on prey movement and, 
therefore, likely be considerably affected by 
turbulent fluid motion (Kiørboe and Saiz 
1995). Increases in intensity of turbulent 
diffusion from should therefore have positively 
affected the prey encounter rate of Bolinopsis 
in the lower turbulence range. Higher 
intensities of turbulence may, however, have 
reduced the prey-detection ability of 
Bolinopsis and the rate of successful 
encounters with prey, or had negative effects 
on fecundity and survival of Bolinopsis. The 
observed  tendency of Bolinopsis abundance to 
be unimodally related to turbulence intensity in 
our experiment therefore not only supports the 
paradigm of a dome-shaped relationship 
between zooplankton growth and turbulence 
intensity but may also provide the first field 
evidence of such a relationship in 
mesozooplankton .  

 

Conclusions 

The results of our experiment suggest that 
the detection of relationships between 
phytoplankton density and mixing intensity 

and depth is sensitive to the surrogate 
parameter used because long mixing times may 
select for heterotrophic microplankton, as 
indicated by elevated C:Chl-a concentrations 
at intermediate mixing intensity. Hence, a 
detailed qualitative and quantitative analysis of 
the microplankton composition, including the 
assessment of the nutritional mode of small 
flagellates and dinoflagellates, and knowledge 
of species-specific sinking or buoyancy 
characteristics will be required to assess effects 
of mixing intensity on the biomass of 
phytoplankton assemblages. Clearly, this is not 
easily accomplished. Alternatively, pigment 
analysis of water samples might provide a 
more time- and cost-efficient solution but was, 
unfortunately, not available when the 
experiment was conducted. As for 
zooplankton, this study potentially provides 
rare evidence for direct effects of turbulence 
intensity on the actual density of a species 
despite confounding indirect effects of food 
availability and predation. The direction of 
response of zooplankton growth to increasing 
turbulence intensity in a plankton community 
should therefore depend on the pattern of 
phytoplankton density, the presence of any 
predators, and on the feeding mode and 
susceptibility of a species of zooplankton to 
detrimental effects of turbulent fluid motion on 
reproduction and survival. 
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