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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF NATURAL & ENVIRONMENTAL SCIENCE
Ocean and Earth Science

Doctor of Philosophy

THE ROLE OF MESOZOOPLANKTON IN THE BIOLOGICAL

CARBON PUMP OF THE NORTH ATLANTIC

by Sarah Lou Carolin Giering

Biological processes in the oceans play an important role in the global carbon
cycle via the storage of carbon which sinks from the surface to depth in form
of organic matter; a process known as the ‘biological carbon pump’. The rate
at which atmospheric carbon is fixed, exported to depth and remineralized by
heterotrophic organisms is an important control over air-sea carbon dioxide
(CO2) partitioning, keeping atmospheric CO2 significantly lower than it would
be if the oceans were abiotic. A large component of the marine biota is
mesozooplankton, pelagic animals in the size range between 200-20,000 µm
whose distribution is determined by the currents. However, important aspects
of their contribution to the biological carbon pump are unclear.

I investigated the role of mesozooplankton in the high-latitude North At-
lantic carbon pump using a combination of field measurements during July-
August 2009/2010 and simple metabolic models. I show that mesozooplankton
are of tremendous importance for carbon cycling in the high-latitude North
Atlantic.

Mesozooplankton grazed little (6%) of the primary prodction, yet released
significant amounts of nutrients during digestion, potentially providing up to
59% of the iron required by phytoplankton. Furthermore, calculations suggest
that mesozooplankton repackaged 9% of the primary production into faecal
pellets, contributing 57% of the total export flux. This is likely to lead to
an increase in the export e!ciency of organic matter from the mixed layer,
making the biological carbon pump more e"ective. In the twilight zone, meso-
zooplankton break up and ingest !50% of the sinking particles, of which >30%
may be released as suspended and slowly sinking matter that is accessible
to prokaryotes, who ultimately respire it. This synergy leads to high rates of
carbon remineralization that prevent the majority of organic matter from sink-
ing below 1000 m. Mesozooplankton are therefore a key determinant of the
e!ciency of the biological carbon pump in the high-latitude North Atlantic.
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Chapter 1

Introduction

1.1 Climate change

The extent of human activities has reached a point where the Earth’s ecosys-

tem shows significant changes. Shifts in weather patterns cause melting of

the ice sheets, desertification and sea level rise. As a knock-on e"ect, the

distribution range of many species changes, leading to dramatic losses of bio-

diversity. The changes in local climates and biodiversity are occurring at a

faster rate than ever recorded in historic and geological data and have inspired

the naming of our era the ‘Anthropocene’ [Crutzen and Stoermer, 2000].

These environmental changes challenge local economies, and climate change

has been said to present ‘a unique challenge for economics: it is the greatest

and widest-ranging market failure ever seen’ [Stern, 2006]. As a consequence,

governmental and private sectors have started to invest extensively in climate

science. In the US, for example, funding for climate science has increased to !
1% of federal spending [Grieneisen and Zhang, 2011]. The rapidly increasing

number of journals and published articles dedicated to climate change science

further highlights the increased volume of research into this area (Fig. 1.1).

The main driver of the observed climate change is carbon dioxide (CO2), a

greenhouse gas that absorbs radiation in the thermal infrared range and thus

leads to an increase in atmospheric temperatures. CO2 is released into the

atmosphere naturally via respiration, weathering, volcanic eruptions, and an-

thropogenically via agriculture and fossil fuel combustion (Fig. 1.2) [Denman

et al., 2007]. The oceans, on the other hand, act as a sink for CO2 and are

estimated to store ! 30% of the anthropogenic CO2 emissions [Sabine et al.,

2004]. This property has lead to increased interest in the underlying marine

biogeochemistry for both modelling of future climate scenarios and potential
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Figure 1.1: Trends in
science. The increase
in published articles
(number of Web of
Knowledge records per
year) reveal the rising
demands for research
into climate change.
Search was carried out
for catchwords ‘climate
change’, ‘biological
carbon pump’ (BCP),
and ‘climate change’ +
zooplankton in topic.

manipulation of the global carbon cycle (‘bioengineering’) [Lampitt et al.,

2008]. Biologically-mediated processes, collectively termed the ‘biological car-

bon pump’, are a major contributor to CO2 storage and carbon export to the

deep oceans [Parekh et al., 2006], and are therefore the focus of this thesis.

1.2 The biological carbon pump

The concentration of total carbon varies throughout all ocean regions and is

higher in deep-waters than in the surface mixed layer [Sarmiento and Bender,

1994]. The mechanism that drives this concentration gradient is known as

the global ocean carbon pump [Volk and Ho"ert, 1985]. Atmospheric CO2

is converted into biomass by photosynthesizing phytoplankton in the upper

ocean. This biomass forms the input term for the biological carbon pump and

the basis of the marine food web [Fowler and Knauer, 1986]. In a complex web

of trophic interactions, this particulate organic matter (POC) is constantly

reworked [Urrère and Knauer, 1981; Wilson et al., 2008].

Higher trophic levels use this POC for body maintenance and reproduction,

and thereby return some of the POC into the inorganic phase (respiration),

some into the dissolved phase (excretion), and release the remains as energet-

ically less valuable faecal material (egestion) (Fig. 1.3) [Richman, 1958; Small

et al., 1983]. Furthermore, recycling processes and physical mixing cause the

formation of phytodetritus aggregates, called ‘marine snow’ [Nishizawa et al.,
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Figure 1.2: The global carbon cycle with natural (back) and anthropogenic (red)
fluxes (Gt C year!1). The biological carbon pump is fueled by the marine biota and
exports !11 Gt C year!1 to the deep ocean via sinking organic matter. [Adapted
from Denman et al., 2007].

1954]. Both faecal material and marine snow are rich in organic matter and

relatively dense, which causes them to sink through the water column [Mc-

Cave, 1975].

Upon export from the photic zone, these particles form the basis of the food

web in the twilight zone (here defined as the zone between mixed layer depth

and 1000 m) and are rapidly consumed and reworked by resident heterotrophic

organisms [Urrère and Knauer, 1981; Wilson et al., 2008]. Such flux feeding

leads to the often observed exponential decrease in POC flux [Martin et al.,

1987]. The ultimate depth at which a particle is remineralized determines

how long this carbon is stored in the deep ocean. Without this carbon export,

atmospheric CO2 concentrations would, according to numerical models, be up

to 200 ppm higher [Parekh et al., 2006].

The high-latitude North Atlantic (40"N to Iceland) covers !2% of the global

ocean, yet contributes !4% to the global POC export at 100 m [based on

Henson et al., 2011]. The residence time of exported carbon to depth is longer

in the North Atlantic than anywhere else in the oceans [Hill, 2004]. Carbon

exported below 100 m is mixed to depth via deep convection and advected
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Figure 1.3: Metabolic budget. In-
gested organic matter is absorbed across
the gut wall and incorporated as
biomass (Growth), released as dissolved
organic carbon (DOC) via excretion, or
converted into inorganic carbon (CO2)
via respiration. A fraction of ingested
food is not absorbed but passes the gut
and is released with other solid waste
products such as faecal material (Eges-
tion).

by the meridional overturning circulation, sequestering it for 500-1000 years,

compared to <100 years elsewhere [Hill, 2004]. This makes the North Atlantic

a key player in global carbon sequestration.

1.3 Mesozooplankton in the North Atlantic

Mesozooplankton are defined as animals in the size range 200 - 20,000 µm that

cannot propel themselves against the current [Sieburth et al., 1978]. This size

group includes a wide range of organisms such as copepodes (oar-footed crus-

taceans), euphausiids (krill), medusae (jellyfish), chaetognaths (arrow worms),

amphipods, marine gastropods (sea snails and sea slugs), polychaetes (seg-

mented worms), and ostracods (seed shrimps). This taxonomic diversity comes

with a wide range of ecological functions, which are determined by their phys-

iology, feeding strategies and life cycles.

Mesozooplankton of the North Atlantic are dominated by four taxa (Cala-

nus, Paraeuchaeta, Oithona (Fig. 1.4) and Oncaea), which together contribute

95% of the mesozooplankton both in numbers and biomass [Gislason, 2003].

Calanus finmarchicus is by far the most important species in terms of biomass,

making up !80% of the mesozooplankton biomass in this region [Gislason,

2003].
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Figure 1.4: Photos of typical mesozooplankton (a) Paraeuchaeta, (b) Oithona,
and (c) Calanus finmarchicus captured in the Irminger Basin 2010. Scale bar shows
1 mm.

1.3.1 Calanus finmarchicus

Calanus finmarchicus, Gunner 1765, are large calanoid copepods with a size

of 2-5 mm. Their optimum temperature is 4.5-8.5"C [Reygondeau and Beau-

grand, 2011], and their distribution covers the Irminger and Iceland Basin

[Heath et al., 2008], the Labrador Sea [Head et al., 2000], the Norwegian Sea

[Hirche et al., 2001], Barents Sea [Helle, 2000], and North Sea [Heath et al.,

1999].

C. finmarchicus are omnivorous and opportunistic filter feeders [Mayor

et al., 2006]. The composition of their prey is therefore dependent on the

local microplankton concentrations and includes larger phytoplankton, such

as diatoms or Phaeocystis spp., and microzooplankton, such as dinoflagellates

and ciliates [Castellani et al., 2008; Heath et al., 2008; Mayor et al., 2006].

The life cycle of C. finmarchicus is complex and involves six naupii stages

(N1-N6), five copepodite stages (C1-C5) and adulthood (C6). C. finmarchicus

copepodites (C4 and C5) overwinter in diapause [Bonnet et al., 2007] at a

depth of 500-2000 m across the Irminger Basin [Heath et al., 2008]. During

late winter, C. finmarchicus develop to stage C6 females and males, and ascend
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to the surface (upper 50-100 m) by April/May [Heath et al., 2008]. It is not

known what triggers their ascent, though potential cues include changes in

temperature, photoperiod, particle export, or depletion of energy stores.

Throughout the spring and summer, females produce up to 28 eggs d!1
across the Irminger and Iceland basin [Heath et al., 2008; Mayor et al., 2006,

2009b]. Per capita egg production rates show no seasonal trend across the

entire region, whereas population egg production is highest in the Irminger

Basin [Heath et al., 2008].

On average, !70% (range: 0-87%) of the eggs hatch, without a clear geo-

graphical pattern [Heath et al., 2008]. Many of the nauplii die through star-

vation, especially in areas with low chlorophyll concentrations (<0.6 mg Chl

m!3) such as the Central Irminger Basin. As a consequence, recruitment of C.

finmarchicus is highest around the fringes of the Irminger Basin [Heath et al.,

2008].

The development from spawning to maturation at a temperature of 5-9"C
takes 45-65 days [Hind et al., 2000], which is su!ciently short to allow the pro-

duction of two generations per year if environmental conditions are favourable.

In 2002, !7% of the new generation reached maturation and spawned during

July and August. However, survival rates for nauplii were lower than in spring

and only few individuals contributed to the overwintering stock [Heath et al.,

2008].

Towards the end of the summer, C. finmarchicus of the copepodite stage

C4 and C5 accumulate lipids, which make up 60-80% of their dry weight

at the end of the summer [Heath et al., 2008]. From late July onwards, C.

finmarchicus stages C4 and C5 descend to depth. The population in the

northeast of the Irminger Basin descends around 2-3 weeks earlier than the

population in the southwest; a delay likely caused by higher temperatures and

therefore more rapid development in the east of the region [Heath et al., 2008].

The overwintering depth for C. finmarchicus lies between 1000-2000 m in the

Labrador Sea Water. This water mass flows northwards towards Iceland.

Large parts of the C. finmarchicus population are therefore advected to the

north of the Irminger Basin, where they ascend during next year’s spring to

spawn the next generation.
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1.4 Mesozooplankton in the biological carbon

pump

Mesozooplankton influence the working of the biological carbon pump in var-

ious ways. In this section I will introduce five major pathways in which meso-

zooplankton can control the export and sequestration of carbon:

• Control of primary production via grazing (section 1.4.1)

• Enhancement of primary production via the release of nutrients (sec-

tion 1.4.2)

• Transport of organic carbon to depth (section 1.4.3)

• Carbon remineralization at depth via flux feeding (section 1.4.4)

• Manipulation of the air-sea CO2 exchange via calcite dissolution (sec-

tion 1.4.5).

.

1.4.1 Grazing in the upper ocean

Living organisms require the uptake of energy and nutrients for survival and

growth. Phytoplankton are autotrophic organisms that utilize sunlight, water

and inorganic nutrients, such as CO2 and nitrate (NO3), to build up biomass.

Zooplankton, on the other hand, are heterotrophic and rely on the breakdown

of organic matter, such as phytoplankton biomass, as a source of both energy

and nutrients. The total biomass of the marine ecosystem is therefore ulti-

mately regulated by the availability of abiotic factors and can be described as

‘bottom-up’ controlled. Examples for such bottom-up controlled systems can

be found in regions of high nutrient input such as coastal areas [Giraud et al.,

2008], areas that experience seasonal mixing [Williams and Follows, 1998], or

upwelling regions [Toggweiler and Carson, 1995]. These regions are character-

ized by high chlorophyll concentrations and are productive ecosystems.

The change of chlorophyll (Chl) standing stock over time can be described

by
#Chl

#t
= Chl ! (µ " a "m " s " g ± ah), (1.1)

where µ is the phytoplankton growth rate, a and m are respectively vertical

advection and mixing, s is sinking, g is grazing, and ah represents horizontal
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Figure 1.5: Controls over chlorophyll standing stock. Algal growth is balanced
temporally by loss in the mixed layer due to horizontal advection, vertical advection
and mixing, sinking, and grazing.

advection (Fig. 1.5) [Banse, 1994]. Over larger scales, horizontal terms and

patchiness can be assumed to be near zero. Vertical advection and mixing (a

and m) are generally low and make up only a few percent per day [Banse,

1994]. Phytoplankton growth is thus balanced by a combination of sinking

and grazing.

Grazing heavily a"ects the abundance and production of phytoplankton in

most parts of the oceans. In regions that experience strong grazing control,

phytoplankton biomass is low despite su!cient nutrient supply. In extreme

cases, grazing rates of zooplankton exceed phytoplankton growth rates, and

the phytoplankton stock decreases over time.

Zooplankton grazing rates that exceed primary production have been ob-

served in eutrophic lakes [Lampert et al., 1986], near the coast of South Cal-

iforna [Landry et al., 2009], in the Arabian Sea [Goericke, 2002], and in the

Antarctic [Dubischar and Bathmann, 1997]. In the high-latitude North At-

lantic, microzooplankton alone graze up to 77% of the primary production

[Stelfox-Widdicombe et al., 2000, and references therein]. Globally, microzoo-

plankton grazing controls 67% of the primary production [Calbet and Landry,

2004]. Mesozooplankton is somewhat less important and has been estimated

to graze on average 23% of the primary production [Calbet, 2001]. The sum

of grazing by microzooplankton and mesozooplankton is near 90%, suggesting

that grazing is commonly the primary cause of phytoplankton mortality.

The influence of bottom-up control of phytoplankton on the biological
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carbon pump is straight-forward as a shortage of nutrients halts primary pro-

duction [Liebig, 1941; Smith, 1984]. As a consequence, the uptake and fixation

of atmospheric CO2 is reduced when nutrient shortage is prevalent. However,

a change in the stoichiometry of available nutrients may change the phyto-

plankton community. For example, areas with low iron concentrations are

characterized by phytoplankton communities with a high fraction of pico- and

nanoplankton [e.g. Eldridge et al., 2004; Kolber et al., 1994]. It is generally

assumed that picoplankton are remineralized in the surface ocean and con-

tribute disproportionally little to carbon export [Michaels and Silver, 1988],

though this concept has recently been challenged [Barber, 2007; Richardson

and Jackson, 2007].

The implications of grazing for the biological carbon pump are more com-

plex. Grazing by micro- and mesozooplankton on phytoplankton cause re-

duced rates of primary production compared to expected primary production

rates based on available nutrients (e.g. nitrate). Excessive grazing control

could thus explain residual nutrient concentrations [Banse, 1990]. In areas

with high residual nutrient concentrations, the uptake of atmospheric CO2 is

lower than expected based on the availability of nitrogen, and the biological

carbon pump is therefore thought to run at suboptimal e!ciency [Bozec et al.,

2005; Salter et al., 2012].

Grazing further a"ects the export of organic carbon to depth. Thus, the

physiology of zooplankton plays a large role in determining this export produc-

tion. Microzooplankton are the primary consumers of phytoplankton [Calbet

and Landry, 2004; Stelfox-Widdicombe et al., 2000, and references therein].

They absorb !70% of the ingested material [Anderson and Tang, 2010, and

references therein], of which !40% is then utilized for growth [Pelegŕı et al.,

1999]. This implies that a large fraction (!40%; absorption ! (1 - growth))

of the ingested organic matter is directly returned into its dissolved phase

via respiration and excretion [Strom et al., 1997, e.g.]. Moreover, any organic

matter produced by microzooplankton, including biomass and faecal material,

is likely to be of small size and very slow sinking [Turner, 2002]. Microzoo-

plankton grazing consequentially contributes little to the export of organic

matter from the mixed layer to depth.

Mesozooplankton, on the other hand, absorb !60% of the ingested organic

matter [Mayor et al., 2011], with the remainder being packaged into dense,

fast-sinking faecal pellets that can contribute significantly to the export flux

[Turner, 2002, and references herein]. For example, faecal pellets contributed

more than 90% of the particle flux in the Norwegian Sea [Graf, 1989], equato-
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rial Atlantic [Bishop et al., 1977], and Mediterranean Sea [Wassmann et al.,

2000]. In the North Pacific, faecal pellets contributed 15% (0.7 g C m!2 year!1)
of the annual particle flux at 1000 m [Kobari et al., 2003].

An estimation of global grazing control suggests that mesozooplankton

alone ingest 5.5 Gt of phytoplanktonic carbon each year [Calbet, 2001]. If

!40% of this biomass is indeed repackaged into faecal pellets and exported to

depth, this would be equivalent to 23% of the current fossil fuel carbon emis-

sions [9.5 Gt C year!1; Le Quéré et al., 2012]. Grazing control by mesozoo-

plankton and subsequent repackaging of phytoplankton biomass may therefore

play a major role in determining the strength of the biological carbon pump.

1.4.2 Release of nutrients

An underlying theory of the organic matter production in the surface ocean is

that it is based on nutrients supplied either by recycling processes in the mixed

layer (‘regenerated production’) or from external sources including upwelling

and river discharge (‘new production’; Fig. 1.6) [Dugdale and Goering, 1967].

This distinction is fundamental in understanding the biological carbon pump

as, in a steady-state ocean, the amount of organic matter that sinks out of

the mixed layer has to be equal to the ‘new production’. The two ratios that

follow and are frequently used in the literature are e (‘export e!ciency’) and

f (fraction of primary production that is fuelled by allochthonous nutrients

[Eppley and Peterson, 1979]), whereby the latter is often expressed in terms

of nitrogen uptake [Dugdale and Goering, 1967]:

e = Export Production

New + Regenerated Production
, (1.2)

f = New Production

New + Regenerated Production
= NO+3 uptake

Uptake of (NO+3 + NH+4 + urea)
.

(1.3)

Over larger scales, where lateral advection and temporal variability can be ne-

glected, the e- and f -ratio are expected to be equal. In cases when distinction

between the two ratios is irrelevant, they are summarized as the ef -ratio.

A comparable ratio could be derived for regenerated production (here de-

fined as the r -ratio; Equation 1.4), whereby the sum of r -ratio and ef -ratio is

1 (Equation 1.5).
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Figure 1.6: Schematic of new and regenerated production. Zooplankton
ingest phytoplankton and release ammonium (NH+4 ) in the mixed layer (shallow
remineralization) or in the twilight zone (deep remineralization). In the mixed
layer, the uptake of NH+4 fuels ‘regenerated production’. In the twilight zone, NH+4
is converted to nitrate (NO!3 ), which fuels ‘new production’ once mixed back into
the mixed layer.

r = Regenerated Production

New + Regenerated Production
. (1.4)

Regenerated Production

New + Regenerated Production
+ New Production

New + Regenerated Production
= 1.

(1.5)

The ef -ratio varies considerably across the oceans: It tends to be high

in high-latitude regions and low near the equator [Henson et al., 2012; Laws

et al., 2000]. Following equation 1.5, the r -ratio follows the reverse pattern

with low regeneration ratios in high-latitude regions and high regeneration

ratios near the equator [e.g. Clark et al., 2008; Raimbault et al., 1999].

This global pattern indicates that recycling processes in the upper ocean

are less e"ective in high-latitude regions, and a relatively large fraction of

the primary production here is exported to the twilight zone. Hypotheses to

explain this global pattern are numerous, and potential drivers include (1) to-
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tal primary production [Eppley and Peterson, 1979], (2) nitrate concentration

[Platt and Harrison, 1985], (3) temperature [Laws et al., 2000], and (4) the

food-web structure [Azam, 1998].

New production typically represents a relatively small fraction of total

primary production. Rather, phytoplankton growth depends primarily on

nutrients that are recycled in the surface ocean [Banse, 1995], and regenerated

production typically makes up >80% of total production [Honjo et al., 2008].

This ‘permanent’ phytoplankton stock and the hereupon-based higher trophic

levels store 3 Gt carbon in form of biomass, which is equivalent to !50%
of the yearly anthropogenic CO2 emissions (Fig. 1.2). Zooplankton presents

a node of nutrient recycling and may thus play a major role in sustaining

phytoplankton stocks.

Nutrients recycled by mesozooplankton may be directly bioavailable to

phytoplankton and thus promote primary production. Ammonium (NH+4)
for example, which is released in large quantities by mesozooplankton [e.g.

Hernandez-Leon et al., 2008; Pa"enhöfer and Gardner, 1984], is the preferred

source of nitrogen for phytoplankton [Dortch, 1990]. Moreover, it has recently

been shown that Euphasia superba, an antarctic zooplankton, recycles sig-

nificant amounts of phosphate and iron, potentially supporting the primary

production in the Southern Ocean [Tovar-Sanchez et al., 2007].

In large parts of the ocean, phytoplankton growth is limited by insu!-

cient supply of nutrients that contain nitrogen (N), phosphate and iron (Fe)

[Boyd and Ellwood, 2010; Boyd et al., 2004, 2000; Coale et al., 1996; de Baar

et al., 1999; de Baar, 2005; Martin et al., 1994]. In high-latitude regions, this

is often observed as periods of low chlorophyll concentrations despite high

residual nitrate concentrations. Such high-nutrient, low-chlorophyll (HNLC)

conditions in the North Atlantic are thought to be due to a relative shortage

of Fe compared to N [Martin and Fitzwater, 1988]: A suboptimal supply ra-

tio of Fe:N relative to the requirements by phytoplankton cause the observed

residual nitrate concentrations.

Residual nitrate concentrations may increase in areas with high particle

export rates. Rapid solubilization of particulate N by bacteria [Smith et al.,

1992] and scavenging of particulate Fe onto particles during sinking [Clegg and

Whitfield, 1990] cause Fe:N ratios to increase in particles as they sink through

the water column [Frew et al., 2006]. The decoupling of Fe and N, with N

being retained in the upper ocean and Fe being exported to depth, therefore

intensify HNLC conditions.

HNLC conditions have been observed in the central Irminger Basin during
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2002 [Henson et al., 2006] and in the Iceland Basin during July to September

2007 [Nielsdóttir et al., 2009], when nitrate concentrations were high (>3 µM)

and chlorophyll concentrations low (<0.5 mg m!3). Moreover, a suite of phy-

toplankton incubations revealed increased photosynthetic activity and growth

when iron was added [Nielsdóttir et al., 2009; Ryan-Keogh et al., 2013], indi-

cating that phytoplankton in this region periodically experience iron stress.

However, if grazing by mesozooplankton recycles a significant fraction of

the primary production, the elemental stoichiometry of the recycling products

may reduce the intensity of the observed HNLC condition. Mesozooplankton

mechanically break up phytoplankton cells during digestion [Frey and Small,

1979], which enables the low gut pH [5.4-7.2; Pond et al., 1995; Tang et al.,

2011] to dissolve phytoplankton-bound iron. Indeed, two studies showed the

release of dissolved iron (DFe; <0.2-µm size fraction) by copepods in the lab

[Schmidt, 1999] and in the Southern Ocean [Sarthou et al., 2008]. The ob-

served release of ingested Fe iron during digestion [89-91%; Schmidt, 1999]

was higher than typical release rates for N [21-70 %; Mayor et al., 2011; Vin-

cent et al., 2007]. This suggests that mesozooplankton recycle relatively more

Fe compared to N, thus counteracting prevailing Fe deficiencies and enhance

primary production.

1.4.3 Active transport of organic matter

A key aspect of the biological carbon pump is the transport of organic carbon

from the mixed layer to depth. Mesozooplankton can actively transport enor-

mous amounts of organic carbon to depth via diel vertical migration (DVM)

[e.g. Steinberg et al., 2008; Takahashi et al., 2009]. DVM is thought to be a

visual predator avoidance strategy that is characterized by diurnal ascent to

the twilight zone after nocturnal feeding in the surface ocean. A fraction of

the organic matter consumed in the surface ocean is thus rapidly exported to

depth and released here in form of (1) particulate organic carbon (POC) via

defecation, (2) dissolved organic carbon (DOC) via excretion, and (3) CO2 via

respiration (Fig. 1.3). DVM is universal in all oceans and common in many

freshwater habitats [Hays, 2003].

Evidence for active export of carbon has been observed in the Subtropical

Convergence region, where the flux of organic matter via sinking aggregates

typically decreases with depth as energetically valuable matter is reminer-

alized. Sediment trap samples revealed a spike in photosynthetic pigments

between 220-550 m depth, coinciding with the daytime resting depth of verti-
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cally migration mesozooplankton [Nodder and Alexander, 1998]. Indeed, the

the increase in phaeopigment was due to high concentration of large faecal

pellets.

Vertically migrating mesozooplankton continuously release metabolic waste.

In the Pacific, excretion of DOC at depth exports 0.4-10.9 mg C m!2 d!1 to

below 150 m [Steinberg et al., 2008], equivalent to 2-47% of the passive flux at

150 m [Buesseler et al., 2007b]. The release of carbon via respiration is equally

important and respiratory fluxes range from 1-24 mg C m!2 d!1 [Takahashi

et al., 2009, and references herein]. It is noteworthy, however, that CO2 is inor-

ganic and therefore does not contribute to the pool of organic matter at depths.

Finally, mortality at depths has been estimated to export 1-5 mg C m!2 d!1
[Hidaka et al., 2001; Takahashi et al., 2009; Zhang and Dam, 1997].

The overall importance of active carbon transport by diel vertical migration

is highlighted by a study on Metridia spp. in the Pacific. Metridia alone

exported 1-20 mg C m!2 d!1 (respiration + mortality) to the twilight zone. The

annual total export was estimated to be !3 g C m!2 y!1, which corresponded

to 1% of the net primary production and !15% of the POC flux at 150 m

depth [Takahashi et al., 2009].

The high mesozooplankton biomass in the high-latitude North Atlantic is

dominated by Calanus finmarchicus [>70%; Gislason, 2003], a copepod that

is known to undergo DVM [Dale and Kaartvedt, 2000]. Active carbon export

by mesozooplankton may thus contribute significantly to the North Atlantic

carbon pump.

1.4.4 Flux feeding in the mesopelagic

Organisms living in the twilight zone are dependent on the rain of organic

matter from the upper ocean as their main food source, as photosynthetic

primary production is impossible in this dark regime [Sverdrup, 1953]. Sinking

organic matter arrives in the twilight zone as particles with a wide range of

both size and sinking speed [Alldredge and Gotschalk, 1988]. The two main

classes of particles are ‘marine snow’ and faecal pellets by larger zooplankton.

Marine snow are phytodetritus aggregates of >500 µm [Alldredge and

Gotschalk, 1988] with reported sinking rates of 10-400 m d!1 [Billett et al.,

1983; Lampitt, 1985; Nowald et al., 2009]. The density and composition of

marine snow depends on local plankton community structure [Alldredge and

Gotschalk, 1990].

Marine snow generally contains nutritiously valuable components includ-
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ing ‘fresh’ phytoplankton cells and bacteria. Larger mesozooplankton have

been observed to ingest entire aggregates [Dilling, 2004; Dilling et al., 1998;

Wilson et al., 2010], whilst smaller harpacticoid (e.g. Microsetella spp.) and

poecilostomatoid (e.g. Oncaea spp.) copepods colonize aggregates [e.g. All-

dredge, 1972, 1976; Koski et al., 2005, 2007; Shanks and Walters, 1997; Stein-

berg et al., 1994].

Mesozooplankton faecal pellets are typically between 100 µm and 1 cm in

size and sink between 5-2700 m d!1 [see review by Turner, 2002]. They contain

a high percentage of ‘fresh’ phytoplankton material in the upper twilight zone,

but become increasingly poor in nutritious value with depth. This change is

due to changes in community structure and feeding ecology with depth. A

good indication for this change is the colour of faecel pellets [Wilson et al.,

2008]. Faecal pellets in the mixed layer and upper twilight zone are green or

brown, as they contain large amounts of nutritious phytodetritus, repackaged

by herbivorous mesozooplankton. Below the mixed layer, a high proportion of

faecal material is transparent or light coloured, indicating feeding on detritus.

Deeper in the water column, the colour of faecal pellets changes to red and

orange, as the mesozooplankton switches to carnivorous feeding.

Faecal pellets are generally less valuable as a source of nutrition than ma-

rine snow and their role as food for mesozooplankton is unclear. Lampitt

et al. [1990] suggested that the calanoid copepod Centropages hamatus in-

gests the peritrophic membrane of faecal pellets, which is enriched in bacteria,

thereby breaking up the faecal pellet into smaller fragments (‘coprorhexy’).

Coprorhexy has also been observed for several other calanoid species, though

these filter feeders did not ingest the pellets but merely fragmented them

during rejection [Iversen and Poulsen, 2007; Noji et al., 1991; Poulsen and

Kiørboe, 2005]. This fragmentation may explain why sediment traps collect

fewer faecal pellets than expected from faecal pellet production rates [Gonza-

lez and Smetacek, 1994; Turner, 2002].

Feeding on sinking material requires specialized adaptations for the de-

tection of sinking particles. Filter-feeding species, such as euphausiids, are

omnivorous and consume marine snow when aggregates are present [Dilling,

2004]. Species that are associates with detritivory have more specialized feed-

ing behaviours. Oithona spp., for example, are ambush feeders that detect

the hydrodynamic signal produced by sinking particles [Svensen, 2000; Visser

et al., 2001]. A di"erent mechanism used by copepods to detect particles is

chemodetection: During sinking, aggregates release amino acids in concentra-

tions that can be detected by cruising copepods [Kiørboe et al., 2001]. The

15



1. Introduction

Figure 1.7: Flux feeding. A
sinking aggregate in the ocean
and its e!ects on the environ-
ment. The aggregate consti-
tutes phytodetritus, faecal ma-
terial and minerals (gastropod).
It leaves a plume of amino
acids behind, which can be de-
tected by chemodetectory cope-
pods (copepod 1) and fuels
the metabolism by free-living
bacteria. A cruising copepod
(copepod 2) can detect the hy-
drodynamic disturbance caused
by the particle. (Graphic by
Stemmann and Boss [2012])
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use of chemical clues to detect particles has been suggested to be more e!cient

than the detection via hydrodynamic signals [Jackson and Kiø rboe, 2004].

Mesozooplankton are an omnipresent and abundant inhabitant of the twi-

light zone. Their ability to detect and process sinking particles therefore

a"ects the flux of sinking POC, and thus contributes to the observed reminer-

alization profiles [Buesseler et al., 2007b; Martin et al., 1987]. Estimates for

the consumption of sinking POC flux by mesozooplankton range from 3-86%

in the deep ocean below 1000 m [Koppelmann, 2004, and references herein]

to 92->1000% in twilight zone [Boyd et al., 1999; Steinberg et al., 2008]. The

wide range in these estimates and the obvious discrepancy between flux at-

tenuation and mesozooplankton in the twilight zone highlights our limited

understanding of the ecology of mesozooplankton in this realm.

1.4.5 Dissolution of calcite during grazing

The ability of the ocean to take up atmospheric CO2 plays an important role

in controlling the ocean carbonate system. The atmospheric partial pressure

(pCO2atm) is in equilibrium with the oceanic pCO2. Increasing atmospheric

CO2 concentrations therefore cause an increase of dissolved CO2 in the upper

ocean (equation 1.6). This leads to a shift in the ocean carbon chemistry, and

concentration of both bicarbonate (HCO!3) and hydrogen ions (H+) increase

(equation 1.7), which induces a reduction in seawater pH.

CO2(g) +H2O(l) !H2CO3(aq) (1.6)

H2CO3(aq) !HCO!3 (aq) +H+(aq) ! CO2!
3 (aq) + 2H+(aq) (1.7)

Since the industrial revolution, the pH of the surface ocean has dropped

by 0.1 pH units due to human CO2 emissions [Orr et al., 2005]. By the year

2300, it may even fall below pH 7.0 [Caldeira and Wickett, 2005]. Lowered pH

makes calcification more di!cult, which may threaten calcifying marine or-

ganisms [Hoegh-Guldberg et al., 2007]. Moreover, many marine invertebrates

are osmoconformers, and increasing environmental H+ ions cause elevated up-

take rates of H+ into the organism. The subsequent decrease of internal pH

disturbs several metabolic processes including overall fitness and reproduction

[Pörtner, 2008]. Indeed, the egg-hatching success of Calanus finmarchicus has

been shown to decrease when pH decreases [Mayor et al., 2007]. Ocean acidi-

fication and its e"ect on the marine ecosystem have thus been a major focus

17



1. Introduction

of international research.

Calcium carbonate (CaCO3) is produced in the upper ocean by calcifying

organisms, such as coccolithophores and corals. During this process, CO2

is released, further increasing atmospheric CO2 concentrations [Frankignoulle

and Canon, 1994]. However, the release of CO2 is far less than predicted due

to dissolution of CaCO3 in the surface ocean [Chung et al., 2003; Iglesias-

Rodriguez et al., 2002; Milliman et al., 1999]. Dissolution rates can vary

greatly between di"erent regions, and the factors causing this variability have

been attributed to di"erences in the plankton community structure [Bishop

and Wood, 2008]. Yet, the exact mechanisms causing the observed dissolution

are unclear.

Dissolution of CaCO3 requires the exposure to micro-environments with

low pH, such as found in marine snow aggregates, in the food vacuoles of

microzooplankton, and in the guts of mesozooplankton [Antia et al., 2008;

Jansen and Wolf-Gladrow, 2001; Milliman et al., 1999; Tang et al., 2011].

Indeed, grazing by microzooplankton on coccolithophores has been shown to

cause the loss of 27-70% of calcite standing stock per day [Antia et al., 2008].

The role of copepods for calcite dissolution is less clear [Harris, 1994; Langer

et al., 2007], even though they are likely to play an active part due to their

low gut pH [5.4-7.2; Pond et al., 1995; Tang et al., 2011], high grazing rates

and omnivorous feeding behaviour.

The general interest to determine the factors involved in calcite dissolu-

tion has recently been increasing because of the coupling of dissolution with

atmospheric CO2 concentrations. Indeed, manipulation of the ocean carbon-

ate system has been focus of a bioengineering proposal [Kheshgi, 1995]: If

CaCO3 is dissolved via biological activity in the upper ocean, the addition of

limestone, an abundant mineral composed of CaCO3, could provide a mean

to enhance sequestration of atmospheric CO2.

The dissolution of CaCO3 in the upper ocean present a crucial component

of the ocean carbon cycling. The role that mesozooplankton plays in this

biologically-mediated process is thus of inherent interest, in particular as it

a"ects ocean pH, calcification rates and subsequently the e!ciency of the

biological carbon pump.

1.5 Summary

Increasing atmospheric CO2 concentrations linked to a rise in global temper-

atures has lead to an increase in research about the capacity of the ocean to
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Figure 1.8: Mesozooplankton play an active role in the ocean carbon
pump. Mesozooplankton (Z ) graze on phytoplankton (P) in the mixed layer [path-
way 1] and thereby release nutrients (N ) [pathway 2]. Both processes influence the
ability of phytoplankton to fix atmospheric carbon dioxide (CO2). Faecal pellet
production and diel vertical migration export carbon to the twilight zone [pathway
3]. Feeding on detritus (D) in the twilight zone contributes the attenuation of the
sinking particle flux [pathway 4]. Dissolution of biogenic calcite during grazing may
influence the marine carbon chemistry [pathway 5] and thereby the air-sea CO2

exchange.

store carbon. Massive amounts of carbon are yearly exported to depth via bi-

ologically mediated processes. Mesozooplankton has been identified as a key

player in this biological carbon pump, though its quantitative and qualitative

contribution to carbon export is unclear in large parts of the oceans.

A region of such uncertainty is the high-latitude North Atlantic. This

region plays an important part in global carbon cycling, as carbon exported

below 100 m depth is sequestered for >500 years. The ecosystem here is

characterized by a seasonal appearance of highly-abundant mesozooplankton,

including the large calanoid copepods Calanus and Euchaeta and the small

copepods Oithona and Oncaea, which could influence the workings of the

biolgical carbon pump in various ways (Fig. 1.8).

Mesozooplankton manipulate carbon fixation by primary production in the

upper ocean due to their grazing on the phytoplankton standing stock (path-
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way 1 in Fig. 1.8). Grazing can limit primary production and thus leave the

biological pump to run at suboptimal e!ciency. On the other hand, mesozoo-

plankton release some of the phytoplankton-bound nutrients during grazing

and thereby increase the availability of potentially limiting nutrients to phy-

toplankton (pathway 2 in Fig. 1.8). Grazing and nutrient recycling therefore

a"ect the uptake of atmospheric CO2 by phytoplankton.

Mesozooplankton further present an active agent for particle production in

the upper ocean (faecal pellet production), a process that converts neutrally-

buoyant organic matter into fast-sinking particles that export large amounts

of carbon to depth. This export of organic carbon is complemented by the

active transport of ingested material to depth during diel vertical migration

(pathway 3 Fig. 1.8). Faecal pellet production and active export thus influence

the magnitude of carbon export to the deep ocean.

In the twilight zone, resident mesozooplankton feed on sinking particles,

thereby contributing to the observed flux remineralization profiles (pathway 4

Fig. 1.8). The rate of this flux remineralization eventually determines how

long exported carbon is sequestered in the oceans.

Finally, mesozooplankton may a"ect the carbon chemistry of the seawater

by dissolving biogenic calcite in the upper ocean. The dissolution of coccol-

iths and other calcified particles during digestion could lead to an increased

capacity of the oceans to take up atmospheric CO2 (pathway 5 Fig. 1.8).

Despite intense research about the distribution and ecology of mesozoo-

plankton in the high-latitude North Atlantic, there is little consensus about

their role in controlling carbon fixation, export and remineralization. This the-

sis therefore aims to determine the quantitative impact of mesozooplankton

on the biological carbon pump in this region.
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1.5.1 Aims

The aims of this thesis are successfully reached in the following chapters:

• Quantify the potential role of mesozooplankton in controlling primary

production and particle export in the high-latitude North Atlantic (chap-

ter 2)

• Quantify the potential of mesozooplankton to support primary produc-

tion in the high-latitude North Atlantic via the release of dissolved iron

and ammonium (chapter 3)

• Quantify the role of mesozooplankton in POC remineralization in the

twilight zone (chapter 4)
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Chapter 2

Control of epipelagic carbon

fixation by grazing

2.1 Introduction

The aim of this chapter is to investigate the potential role of mesozooplankton

in controlling primary production and particle export in the high-latitude

North Atlantic.

2.1.1 Carbon fixation by primary production

Roughly half of the global primary production occurs in the ocean, which has

a turnover time of organic matter more than three orders of magnitude faster

than the terrestrial ecosystem [Field, 1998]. This fast turnover makes carbon

fixation by phytoplankton extremely sensitive to environmental conditions,

such as the availability of nutrients and light [Falkowski et al., 1998]. The trace

element iron has in recent years been identified as a major factor in controlling

primary production in the Southern Ocean [Boyd et al., 2000] and equatorial

and subarctic Pacific [Coale et al., 1996]. Iron is essential for photosynthesis

and a lack of iron supply is suspected to cause low chlorophyll concentrations

despite a high concentration of residual macronutrients (‘HNLC’ conditions)

[Martin and Fitzwater, 1988].

An alternative explanation for observed HNLC conditions is a restraint of

primary production via grazing by zooplankton and the subsequent inability of

phytoplankton to utilize all available nutrients [Banse, 1990, 1994]. Mesozoo-

plankton and microzooplankton exert strong grazing control in many regions

of the oceans, with the latter causing a loss of 67% of the primary production

across all marine environments [Calbet and Landry, 2004]. It is therefore cru-
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2. Grazing

cial to investigate both mechanisms when assessing potential causes for HNLC

conditions.

The high-latitude North Atlantic shows HNLC conditions towards the end

of the summer with residual nitrate concentrations of up to 3 µM [Nielsdóttir

et al., 2009; Sanders et al., 2005], indicating that the biological carbon pump

runs at suboptimal levels. A potential explanation for the observed residual

nitrate is seasonal iron stress, which has been supported by phytoplankton

incubation experiments [Blain et al., 2004; Nielsdóttir et al., 2009; Ryan-Keogh

et al., 2013].

However, this region is also characterized by a high abundance of calanoid

copepods [Gislason et al., 2008; Heath et al., 2008], which are e!cient fil-

ter feeders that could control primary production [Banse, 1994]. Moreover,

Calanus repackage much of the ingested carbon into faecal pellets [Mayor

et al., 2011] and thus actively support the export of organic carbon from the

surface ocean [Turner, 2002, and references therein]. Mesozooplankton could

consequentially exert strong control on primary production and the biological

carbon pump.

In this chapter I will estimate the grazing of primary production by meso-

zooplankton across the high-latitude North Atlantic in July/August when

HNLC conditions are prevalent. I will further explore the relative importance

of faecel matter production by mesozooplankton for carbon export during this

period.

2.2 Estimating grazing by mesozooplankton

2.2.1 Sampling site

I investigated the grazing impact of mesozooplankton during July/August

(summer) 2010 on the RRS Discovery (cruise D354). The cruise covered the

Irminger Basin and the Iceland Basin (Figure 2.1) with the primary objective

to investigate whether primary production in this region was iron-limited.

Samples for mesozooplankton biomass were collected at 20 stations across the

study region (Figure 2.1). At all stations information on water chemistry,

chlorophyll concentrations and hydrography were collected using CTD casts.

The Irminger Basin and Iceland Basin are defined as the regions north of 58"N
with a depth of >1000 m and, respectively, west and east of the Reykjanes

Ridge.
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2. Grazing

Figure 2.1: Sampling sites during July 2010. Topography of sampling regions
including cruise track (white line) and sampling stations for mesozooplankton (black
crosses). Boundaries of Irminger Basin and Iceland Basin are indicated in black.

2.2.2 Abdundance estimates

Mesozooplankton for abundance estimates were collected using a 95-µm Bongo

net (40 cm diameter) fitted with filtering cod-ends. Zooplankton were pre-

served in HDPE Nalgene bottles containing a 4% saline formaldehyde solu-

tion. On shore, zooplankton were counted; calanoids were identified to order,

and the remaining zooplankton were identified to class. 10-50 individuals of

each group were transfered into pre-weighed tin cups (Elemental Microana-

lyis Ltd.), dried at 70"C for 24 h, and weighed (ME5, Sartorius). Average

individual dry mass (DW ind!1) was determined using

mg DW ind!1 = cupt1 " cupt0

n
, (2.1)

where n is the number of individuals per cup, and t0 and t1 indicate the

mass of the cup (mg) without and with zooplankton after drying, respectively.

Biomass (mg DW m!3) or abundance (ind m!3) per station were calculated

using sampling depth (m) and the mouth opening of the net (m2). Dry weight

was converted to carbon weight assuming an average carbon content of 40%

dry weight [Banse, 1996].
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2.2.3 Food removal experiments

In situ grazing rates by mesozooplankton are commonly determined using

either (1) gut fluorescence analysis [Mackas and Bohrer, 1976] or (2) food

removal experiments [Frost, 1972]. I used both methods during the cruise

to determine grazing rates. However, due to poor regression fits for the gut

fluorescence analyses, I omitted this method for estimation of grazing rates.

A comparison of the two methods and the discussion of their results can be

found in appendix A.

Seawater for the food removal experiments was sampled either from the

Chlorophyll a maximum depth with a CTD rosette or via a tow-fish directly

prior to the collection of mesozooplankton. The incubation water was pre-

filtered (200-µm mesh) to remove smaller zooplankton and eggs, and care-

fully siphoned into 2-L polycarbonate bottles (‘time zero’, running control

and treatment in triplicates) a little at a time and at random to provide ho-

mogeneity [Mayor et al., 2009a].

Mesozooplankton were collected at night-time from a depth of approxi-

mately 60 m using a 200-µm WP2 net fitted with a non-filtering cod-end

(hauling speed 10 m min!1). In a controlled-temperature laboratory, meso-

zooplankton were transfered into 10 L of filtered water (200-µm mesh) to

reduce zooplankton density.

As soon as possible, individual Calanus were picked using tweezers and

added to each of the three experimental bottles. The number of Calanus per

incubation bottle needs to be su!ciently high to separate the copepod feeding

signal from natural variations in prey concentrations [Gi"ord, 1993]. If the

density is very high, however, food concentrations in the incubation bottle may

be reduced to a level at which copepods increase their feeding rate significantly

(by a factor of 6 - 8) to compensate for low food availability [Pa"enhöfer and

Lewis, 1990]. The stocking density during July/August was chosen to be 15

Calanus per incubation bottles, which resulted in noticeable feeding signals

(with the exception of ‘Experiment 5’; see Table 2.3 and Fig. A.3).

Care was taken that no air bubble was present in the incubation bottles,

reducing the risk of damage of microzooplankton due to turbulence. All bot-

tles were placed onto a temperature-controlled plankton wheel at in situ sea

surface temperature and kept at ambient photoperiodic light (Fig. 2.2). The

plankton wheel rotated incubation bottles at a constant speed (here 1 rpm) to

keep food particles in suspension, which is a prerequisite when investigating

feeding rates of filter-feeding mesozooplankton.
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Figure 2.2: Temperature-controlled plankton wheel. The plankton wheel is
connected to the non-toxic seawater supply (white hose) to maintain the ambient sea
surface temperature. An outlet (green hose) prevents overflowing. A rotor (orange
box) rotates the internal axle at a speed of 1 rpm. Incubation bottles are attached
to the axle with Jubilee clips.

After 24 h, experimental mesozooplankton were filtered out of the incu-

bation water, counted and their health status examined. Healthy animals

were transferred into plastic vials containing 4% saline formaldehyde solu-

tion. The following water samples were taken from each of the experimental

bottles: Chlorophyll a (250 mL), particulate inorganic carbon and biogenic

silica (200 mL), microplankton abundance (150 mL), nutrients (50 mL) and

POC/PON (800 mL).

2.2.3.1 Feeding rate calculation

Ingestion rates of Calanus were calculated based on the change of Chlorophyll

a following equations by Frost [1972]. The clearance rate (F ; L ind!1 d!1) was
calculated by

F = V (µr " µs)
n

, (2.2)

where V is the volume of the incubation bottles (2.3 L), µr and µs are the

apparent phytoplankton growth rates in the running control and treatment

bottles, respectively, and n is the number of Calanus per incubation bottle.

Apparent growth rates (µ; d!1) were calculated by

µ = "lnCt0

Ct1
! 24

t
, (2.3)
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where t is the total incubation time in hours, and Ct0 and Ct1 are respectively

the initial Chlorophyll a concentration (µg Chl L!1) and final Chlorophyll a

concentration in either running controls or treatment bottles.

The average Chlorophyll a concentration in the treatment bottles during

the incubation period (C#) was then calculated using

C# = Ct0
eµs " 1
µs

. (2.4)

The ingestion rate (I; µg Chl ind!1 d!1) was then derived using

I = C# ! F. (2.5)

2.2.4 Community grazing rates

Community grazing rate (g; µg Chl m!3 d!1) was estimated as

g =!(Fsp !Ca) ! nsp, (2.6)

where Fsp (L ind!1 d!1) is the group-specific clearance rate, Ca (µg Chl L!1) is
average Chlorophyll a concentrations in the euphotic zone, and nsp (ind m!3)
the group-specific abundance. The groups included (1) Calanus spp. and

large calanoids, (2) small calanoids, (3) cyclopoids (predominantly Oithona

spp.), (4) harpacticoids, and (5) euphausiids.

Clearance rates for Calanus were determined experimentally as described

above. For all other mesozooplankton, no grazing experiments were carried out

and their clearance rates were therefore estimated based on literature values

and the rates determined for Calanus. Large calanoids (>1 mm; median body

mass of 0.21 mg DW ind!1 ± 0.46 SD) were of similar size to Calanus (mean

body mass of 0.14 mg DW ind!1 ± 0.05 SD) and therefore assumed to have

the same clearance rate as Calanus.

Clearance rates for smaller calanoid copepods (0.2 - 1 mm) were also esti-

mated based on the emperically-determined clearance rates for Calanus. Paf-

fenhöfer [1984] investigated the e"ect of body size on ingestion rates by Para-

calanus feeding on di"erent prey items and found a log-log relationship with

varying slopes depending on the prey type (ranging from 0.54 to 1.94 with an

average of 1.07). A similar relationship was observed for Acartia tonsa with

slopes ranging from 0.46 to 1.80 (average: 1.09) [Berggreen et al., 1988] and

for Calanus helgolandicus (slope " 1) [Fig. 6 by Pa"enhöfer, 1971]. As the
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observed slopes (‘allometric scaling factors’) are close to 1, the equation de-

scribing the log-log relationship (equation 2.7) implies that the ingestion rate

by copepods of the same genus is proportional to the body mass:

ln(Ingestion) = 1 ! ln(Body mass) + b (2.7)

can be solved as

eln(Ingestion) = e1$ln(Body mass) ! eb (2.8)

and then simplified as

Ingestion = Body mass1 ! eb, (2.9)

which implies the linear function

Ingestion " eb Body mass. (2.10)

Such linear relationship between ingestion and average body mass has also

been observed when comparing di"erent copepod species in the Indian Ocean

[Table 2 by Bernard and Froneman, 2003]. Other studies [e.g. Atkinson, 1994;

Saiz and Calbet, 2010] have, however, suggested that the allometric scaling

factor across di"erent copepod species is closer to the value of 3!4, which

generally relates whole-organism metabolic rates to body mass [Savage and

Gillooly, 2004]. For simplicity, I applied an allometric scaling factor of 1,

acknowledging that the final calculated clearance rate presents an upper limit.

Small calanoids (mean body mass of 0.011 mg DW ind!1 ± 0.009 SD) were

ten times smaller than the average Calanus (mean body mass of 0.14 mg

DW ind!1 ± 0.05 SD) and their clearance rates were therefore calculated as

FCalanus ! 0.1.
Clearance rates for Oithona in the Irminger Basin were assumed to be

6 mL d!1 based on grazing experiments carried out in the North Atlantic by

Castellani et al. [2005, 2008]. Harpacticoid copepods are colonizing copepods

that can search several liters of seawater for food such as appendicularian

houses [Koski et al., 2005, 2007]. The use of a filtration rate to calculate their

ingestion rate is therefore not strictly correct. For the purpose of this study I

assumed that their ingestion was equivalent to a filtration volume of 12 mL d!1
based on the fact that their average individual biomass was !2 times higher

than that of the average cyclopoid. Euphausiids were assumed to ingest 370

mL d!1 [McClatchie, 1986]. Nauplii were assumed to clear 0.7 mL d!1 [Table 1
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Table 2.1: Sampling stations during spring and summer 2010. ’D’: food
removal experiment; ’GC’: gut clearance experiment.

Date Julian Station Time Position Chl a Exp.
(hh:mm) (N) (W) (mg m!3)

11 Jul 192 02 19:00 60 10.00 19 58.40 1.65 -
12 Jul 193 03 04:10 60 00.30 19 58.70 1.41 D4
13 Jul 194 04 03:25 61 49.80 21 00.40 1.54 GC5
14 Jul 195 05 03:20 60 00.23 19 59.72 0.93 D5
15 Jul 196 06 03:40 59 59.96 23 37.58 1.34 GC6
16 Jul 197 07 03:40 60 00.54 28 08.51 2.18 D6
17 Jul 198 08 05:30 59 59.96 35 00.28 2.72 GC7
18 Jul 199 09 03:30 59 59.98 35 00.05 2.30 GC8
19 Jul 200 10 03:30 59 59.73 41 21.80 1.09 D7
22 Jul 203 16 05:25 62 59.97 35 00.14 1.07 D8
23 Jul 204 17 03:30 63 00.50 34 59.65 1.07 GC9
24 Jul 205 18 03:40 63 00.08 29 59.26 2.54 D9
25 Jul 206 19 03:30 60 53.40 31 30.60 2.94 GC10
26 Jul 207 20 03:20 58 17.75 34 45.94 1.84 -
27 Jul 208 21 03:40 58 08.25 34 57.44 1.70 D10
30 Jul 211 22 03:30 63 49.22 35 00.99 1.19 D11
31 Jul 212 23 03:30 63 49.90 35 00.40 1.48 D12/GC 11
1 Aug 213 24 03:40 62 28.40 28 21.20 1.74 -
3 Aug 215 27 05:20 62 08.10 24 19.20 1.62 -
4 Aug 216 28 04:10 61 15.57 20 42.27 1.27 -
5 Aug 217 29 05:25 61 50.40 25 40.20 1.89 D13
7 Aug 219 33 03:40 60 21.60 20 56.70 0.95 -

by Finlay and Ro", 2004]. Amphipods and cheatognaths are carnivorous, and

all other mesozooplankton (ostracods, gastropods and polychaetes) made up

less than 5% both in biomass and numbers. These zooplanktonic groups were

therefore excluded from community grazing estimates.
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2.3 Mesozooplankton abundance and grazing

2.3.1 Physical setting

Surface Chlorophyll concentrations ranged from 0.9–2.2 mg Chl a m!3 in the

Iceland Basin and 1.1–2.7 mg Chl a m!3 in the Irminger Basin (Table 2.1). Sea

surface temperatures were on average 12.0±1.7"C. Temperature in the upper

300 m di"ered between the two basins with 8"C and 11"C in the Irminger

Basin and Iceland Basin, respectively.

Figure 2.3: Chlorophyll concentrations during July 2010. Satellite Chloro-
phyll a concentrations during July 2010. White line represents cruise track.
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Figure 2.4: Mesozooplankton biomass in July/August 2010. (Top panel)
Biomass (g DW m!2) of mesozooplankton (all groups) across the North Atlantic
during July/August 2010, based on samples collected from 0-100 m during night-
time. Circles are to scale as shown in top-left corner. (Bottom panel) Community
composition at all stations based on biomass (g DW m!2) collected from 0-100 m
during night-time. Stations are sorted from North to South and according to geo-
graphical region.
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Table 2.2: Biomass and abundance of mesozooplankton in July/August
2010. Biomass (g DW m!2) and abundance (ind. m!2 in thousands) of Calanus,
Oithona, and total mesozooplankton (>93 µm) in the upper 100 m in the Irminger
and Iceland Basin. Values are means ± S.D. with range in brackets underneath.

Iceland Basin Irminger Basin
g DW m!2 g DW m!2

Calanus 0.3 ± 0.3 3.3 ± 2.5
( 0.0 - 0.9 ) ( 0.3 - 8.5 )

Oithona 0.6 ± 0.5 2.0 ± 2.3
( 0.1 - 1.6 ) ( 0.3 - 6.9 )

Mesozoo 1.9 ± 1.6 6.0 ± 3.9
( 0.7 - 5.8 ) ( 1.7 - 12.4 )

ind. m!2 ind. m!2
Calanus 2.6 ± 2.0 23.0 ± 14.6

( 0.5 - 5.5 ) ( 2.8 - 44.3 )

Oithona 63.6 ± 42.8 149.3 ± 55.4
( 19.7 - 135.5 ) ( 68.2 - 258.5 )

Mesozoo 122.4 ± 92.6 247.7 ± 70.5
( 29.9 - 258.3 ) ( 113.3 - 363.6 )

2.3.2 Biomass and distribution

Mesozooplankton biomass was highest in the central Irminger Basin with up

to 12.4 g DW m!2 (0-100 m; Table 2.2) and decreasing biomass towards the

North and South (Fig. 2.4). Calanus was the dominant mesozooplankton

with 3.3±2.5 g DW m!2, contributing 55 (29-90)% of the biomass. Oithona

was second-most abundant with 2.0±2.3 g DW m!2, making up 31 (2-57)% of

the biomass. In the Iceland Basin, mesozooplankton biomass was considerably

lower with a maximum of 5.8 g DW m!2 (Table 2.2). The dominant mesozoo-

plankton group in this region was Oithona contributing 39 (19-57)% of the

biomass. The second-most abundant mesozooplankton group was made up by

large copepods (predominantly Euchaeta) with 19 (3-50)% of the biomass, fol-

lowed by Calanus with 19 (4-29)%, and harpacticoids with 15 (6-24)%. Meso-

zooplankton biomass and community composition at the Reykjanes Ridge was

similar to the Iceland Basin with Oithona dominating the community (on aver-

age 25%) followed by harpacticoids (21%), Calanus and large copepods (19%

both). Oithona and Calanus biomass across the Iceland Basin and above the

Reykjanes Ridge was 0.6±0.5 g DW m!2 and 0.3±0.3 g DW m!2, respectively
(Table 2.2).
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R2 = 0.90) and I = 0.03 PP (p < 0.003;
R2 = 0.71).

2.3.3 Grazing rates

Average clearance rates of phytoplankton by Calanus based on chlorophyll

removal ranged from 16–63 mL ind!1 d!1 with an average of 37.2 mL ind!1 d!1
(excluding experiments with negative rates). Station-specific ingestion rates

ranged from 17–96 ng Chl ind!1 d!1, equivalent to 0.7-3.8 µg C ind!1 d!1 when
assuming a C:Chl ratio of 40 [Poulton et al., 2010]. For a full analysis of the

grazing experiments see Appendix section A.3.2.

Community grazing di"ered significantly between the Irminger Basin and

the Iceland Basin (Student’s t-test, two-sample t = 6.1, df = 10.1, p < 0.001)
with highest rates in the Irminger Basin. Grazing rates above the Reykjanes

Ridge were not significantly di"erent from the rates observed in the Iceland

Basin (Student’s t-test, two-sample t = 2.1, df = 3.0, p = 0.12) and they

were thus pooled in further analyses (referred to as ‘Iceland Basin’ hereafter).

Mesozooplankton ingested on average 74.1 µg Chl m!3 d!1 in the Irminger

Basin with a maximum rate of 130.4 µg Chl m!3 d!1 in the central region

(Table 2.3). Assuming a C:Chl ratio of 40 [Poulton et al., 2010], this was

equivalent to 3.0 (0.9-5.2) mg C m!3 d!1. In the Iceland Basin, ingestion rates

were significantly lower with an average of 22.6 (7.5-75.5) µg Chl m!3 d!1 or

0.9 (0.3-3.0) mg C m!3 d!1. Variations in primary production explained >75%
of the variability in grazing rates (Fig. 2.5).

Mesozooplankton control over primary production was weak: when com-

paring community ingestion rates with primary production for each station,

mesozooplankton ingested on average 8 (3-12)% of the total primary produc-

tion in the Irminger Basin and only 3 (1-6)% in the Iceland Basin (Table 2.4).
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2.4 Potential grazing impact

This study shows that primary production in the high-latitude North Atlantic

was not controlled by grazing by mesozooplankton in July/August 2010. In the

following sections, I will discuss the low grazing impact and potential causes

including (1) mesozooplankton abundance and distribution and (2) potential

factors that cause the low observed grazing rates. Finally, I will explore the

role of mesozooplankton in carbon cycling in the upper ocean.

2.4.1 Abundance and distribution

Grazing by mesozooplankton is naturally a function of biomass, which can be

spatially variable across the high-latitude North Atlantic [e.g. Heath et al.,

2008]. Mesozooplankton biomass in the Iceland Basin (1.9±1.6 mg DW m!2)
was similar to observations during previous years (0.8-2.3 mg DW m!2) [Harris
et al., 1997; Head et al., 1999; Morales et al., 1991]. Biomass and abundance

of Calanus in the Irminger Basin (3.3±2.5 mg DW m!2 and !23.000 ind m!2)
compared well to previous estimates (0.9-4.5 mg DWm!2 and <36.000 ind m!2)
[Gislason, 2003, 2005; Gislason et al., 2008; Heath et al., 2008].

The distribution of Calanus showed a strong regional trend during our

study with very low biomass in the Iceland Basin (Fig. 2.4). A likely cause

for this pattern is the di"erence in temperature between the two basins (8"C
and 11"C in the Irminger Basin and Iceland Basin, respectively) and the sub-

sequent development time. Heath et al. [2008] predicted that the Calanus

population in the Iceland Basin develops faster and descends at least 20 days

earlier than the population in the Irminger Basin. During their study, the on-

set of the ontogenetic migration in the Iceland Basin must have had occurred

before the 28th July. It is thus likely that, during our study, the majority of

the Calanus population in the Iceland Basin had already descended to their

overwintering depths, whereas Calanus in the Irminger Basin were still feed-

ing.

Whilst the observed biomass of Calanus was consistent with previous stud-

ies, Oithona biomass (2.0±2.3 mg DW m!2) was higher in the Irminger Basin

than reported previously [!0.3 mg DW m!2 Castellani et al., 2007; Gislason,

2003]. This is surprising as populations of Oithona spp. have been shown to

be relatively stable throughout the year [Nielsen and Sabatini, 1996; Sabatini

and Kiørboe, 1994] due to constant reproduction rates [Nielsen and Sabatini,

1996], low metabolic rates [Castellani et al., 2005], and low mortality rates
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[Eiane and Ohman, 2004]. Their abundance, however, is strongly related to

temperature, food concentration (in especially dinoflagellates), and the abun-

dance of Calanus spp. [Castellani et al., 2007], which actively prey on nauplii

[e.g. Corner et al., 1976; Landry, 1980].

During 2010, chlorophyll conditions in the Irminger Basin were anoma-

lously high, with 2-3 times higher concentrations than typical for this region

[Henson et al., submitted]. These high chlorophyll concentrations indicate

high availability of phytoplankton as a source of food for Oithona, which may

explain the high abundance of these copepods during this study.

Biomass and abundance of Calanus, Oithona and total mesozooplankton

were 3-10 times higher in the Irminger Basin compared to the Iceland Basin

(Table 2.2). This di"erence between the two basins is reflected in the commu-

nity grazing rates, as grazing rates in the Iceland Basin were three times lower

than in the Irminger Basin relative to primary production (Fig. 2.5). Indeed, it

has been shown that grazing impact by Calanus changes dramatically between

regions and seasons in the high-latitude North Atlantic [Gislason, 2005]. The

observed di"erence in community grazing rates is likely to represent the sea-

sonal change from a Calanus-dominated summer population (Irminger Basin)

to an autumn population where the majority of calanoid copepods have de-

scended to their overwintering depths (Iceland Basin).

2.4.2 Controls over grazing rates

I estimated grazing rates using experimentally-derived clearance rates for

Calanus across the high-latitude North Atlantic. Both estimated clearance

rates and ingestion rates per capita are in good agreement with previous esti-

mates across the high-latitude North Atlantic (Table 2.5).

Mesozooplankton grazed only !8% and !3% of the total primary produc-

tion in the Irminger Basin and Iceland Basin, respectively. This is a sur-

prisingly low number considering that copepods make up over 50% of the zoo-

plankton biomass (microzooplankton + mesozooplankton) in the high-latitude

North Atlantic [Burkill and Edwards, 1993]. Yet, it is consistent with previous

reports showing that mesozooplankton exert little control on primary produc-

tion in the North Atlantic [1-22%; Dam et al., 1993; Gi"ord et al., 1995;

Morales et al., 1991, 1993].

A possible explanation for these low rates is that the phytoplankton com-

munity was dominated by cells of <5 µm. These small cells contributed

62±12% to the standing stock and were responsible for 55±17% of the pri-
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Table 2.5: Grazing rates by Calanus. Summary of clearance rates (mL ind!1d!1)
and ingestion rates (µg C ind!1d!1) by Calanus spp. across the Irminger Basin
(‘Irm’); Reykjanes Ridge (‘Rid’), Iceland Basin (‘Ice’), and English Channel (‘Engl
Ch’).

Region Ingestion Month Source
mL ind!1d!1 µg C ind!1d!1

Irm - 0.4±0.1 April/May Castellani et al. [2008]
Irm - 0.6-1.2 May Mayor et al. [2006]
Irm - 8-28 June Gislason et al. [2008]
Irm - 5.2±3.2 June/July Castellani et al. [2008]
Irm 16-63 0.7-3.8 July/August This study
Irm - 2.2-8.1 Aug Mayor et al. [2006]
Rid 0-182 0.5-1.1 April Mayor et al. [2009b]

Ice 77 - May
Cowles and Fessenden
[1995]

Ice 25 - May Gi!ord et al. [1995]
Rid - 0.0-4.0 June Gislason et al. [2008]

Rid/Ice 53 1.7-2.0 July/August This study

Ice 26±8 - August
Cowles and Fessenden
[1995]

Ice 21-68 - August Gi!ord et al. [1995]
Engl Ch 0-59 1.2-3.8 April; non-bloom Fileman et al. [2007]
Engl Ch 38-126 3.5-16.4 April; bloom Fileman et al. [2007]
Engl Ch 10-101 0.2-43.8 November Huskin et al. [2000]

mary production during the cruise (measured by A. Poulton). Phytoplankton

of <5 µm are on the lower end of the size limit for particle capture, which is

3-10 µm for Oithona spp. [Lampitt and Gamble, 1982; Nakamura and Turner,

1997] and 2-4 µm for small calanoid copepods of the genus Arcatia [Berggreen

et al., 1988]. It is thus possible that mesozooplankton during this study were

unable to e!ciently ingest the bulk of the phytoplankton community.

A comparison of community ingestion rates to primary production in the

>5-µm fraction indicates that ingestion rates were highly correlated with larger

(>5 µm) primary production (Fig. 2.6). Changes in primary production rates

of the large fraction explained more than 92% of the variability in observed

ingestion rates for both basins. The slopes of the regression fits indicated that

mesozooplankton grazed 22% of the primary production in the >5-µm fraction

in the Irminger Basin and 8% of the >5-µm fraction at the remaining stations.

The strong relationship between primary production in the >5-µm size

fraction and community ingestion rates suggest that mesozooplankton were

able to exert control on primary production of larger phytoplankton only.

Remarkably, it appears that grazing control of primary production in the >5-
µm size fraction is independent of zooplankton biomass for a given region,

indicating a tight coupling between primary and secondary production.
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Figure 2.6: Grazing vs. primary
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The relationship between ingestion rate
(I) and primary production (PP) in the>5-µm fraction in the Irminger Basin
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angle), and above the Reykjanes Ridge
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Irminger Basin and Iceland Basin, re-
spectively: I = 0.22 PP (p < 0.001;
R2 = 0.92) and I = 0.08 PP - 0.64
(p < 0.001; R2 = 0.95).

2.4.3 Are phytoplankton the only food source?

Many copepod species are omnivorous and opportunistic feeders [e.g. Castel-

lani et al., 2008; Lampitt and Gamble, 1982; Mayor et al., 2006] and thus do

not feed exclusively on phytoplankton. In the North Atlantic during summer

the microplankton community is typically mixed with microzooplankton con-

tribution !25% [Burkill and Edwards, 1993]. In such conditions, Calanus spp.

and Oithona spp. may ingest substantial amounts of prey that do not contain

chlorophyll. Ingestion rates determined by means of chlorophyll measurements

may thus underestimate their carbon ingestion rates and subsequently lead to

a misinterpretation of the ecosystem (see Appendix A.3.3). To test whether

grazing on phytoplankton was the primary food source for mesozooplankton

during this study, I estimated carbon demands for the two dominant meso-

zooplankton groups, Calanus spp. and Oithona spp.

‘Carbon demand’ is here defined as the amount of carbon that an individ-

ual mesozooplankton needs to ingest to sustain all metabolic processes (i.e.

respiration, excretion, growth, reproduction) including egestion. Daily carbon

demands (ZCD) can be calculated by applying allometric relationships to in-

dividual biomass (DW ; mg DW ind!1) following Ikeda [1985] and Al-Mutairi

and Landry [2001],

ZCD = exp(a1+a2 lnDW +a3!T )!RQ! 12

22.4
!((1"NGE)!AE)!1, (2.11)

where a1, a2 and a3 are fixed constants specific to copepod metabolism in the

epipelagic zone (-0.399, 0.801, 0.069; respectively) [Ikeda et al., 2001], T is the

ambient temperature ("C), RQ is the respiratory quotient, 12
22.4 is the molar

conversion factor, NGE is the net growth e!ciency, and AE is the absorption
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e!ciency.

The constants ax were determined for epipelagic marine copepods from a

large data set (n = 43) of oxygen uptake rates [Ikeda et al., 2001]. The regres-

sion fits the data well (R2 = 0.94), and the constants ax are therefore relatively

well constrained [Ikeda et al., 2001; Ikeda, 1985; Steinberg et al., 2008]. The

parameters RQ, AE and NGE, on the other hand, are associated with large

uncertainties: RQ has been reported to range from 0.71–1.24 [Richman, 1958],

AE has been shown to range between 0.47–0.85 in the North Atlantic [Mayor

et al., 2011], and NGE is reported to lie between 0.21–0.61 [Borgne, 1982;

Conover and Corner, 1968; Ikeda et al., 2001].

To account for the uncertainties and potential error propagation, carbon

demand was estimated using the Monte Carlo method. Data for temperature

and dry weights were simulated based on field data assuming normal distri-

bution (as shown by quantile-quantile plots in Fig. 2.7). Data for dry weights

of Oithona were positively skewed (Fig 2.7g) and therefore log-transformed.

As there is little information on the probability of the parameters RQ, AE

and NGE, they were assumed to be uniformly distributed. The number of

simulations was 100,000.

The results of the Monte Carlo simulation are displayed in Fig 2.8 and

show a positive skewness. Further analyses were therefore carried out on

log-transformed data. Daily carbon demands by Calanus were on average

0.36 µg C ind!1 h!1 (90% CI: 0.16 - 0.81). Oithona required on average

0.05 µg C ind!1 h!1 (90% CI: 0.02 - 0.14).

As the individual body mass of Calanus and Oithona di"er by an order

of magnitude, it is useful to normalize both carbon demand and ingestion

rates to individual body mass [Kleiber, 1932]. Weight-specific carbon demand

(WSCD; % body carbon d!1) and weight-specific ingestion (WSI; % body

carbon d!1) were calculated as

WSCDsp = ZCDsp

DWsp ! 0.4 (2.12)

and

WSIsp = Isp
DWsp ! 0.4 , (2.13)

where Isp is the ingestion rate (mg C ind!1 d!1) at each station for either

Calanus or Oithona, DWsp is the respective average individual dry weight
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Figure 2.8: Daily carbon demands Calanus and Oithona. Probability plot
for daily carbon demands of (a) Calanus and (b) Oithona during July/August
2010 across the high-latitude North Atlantic. Probabilities were calculated from
allometric equations using the Monte Carlo method with 100,000 simulations.
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Figure 2.9: Ingestions vs demand for Calanus and Oithona. Weight-specific
ingestion and carbon demands (% body carbon d!1) for (a) Calanus and (a)
Oithona during July/August 2010 across the high-latitude North Atlantic. Inges-
tion rates were based on chlorophyll-removal experiments. Carbon demand were
calculated allometrically using temperature and individual body mass. Error bars
represent S.D.

across all stations (mg C ind!1), and 0.4 is the conversion of dry weight into

carbon weight [Banse, 1996].

Weight-specific ingestion was 5.3±3.0% of the body weight for Calanus

and 13.3±8.5% for Oithona, both in agreement with previous studies (1-12%

[Castellani et al., 2008; Cowles and Fessenden, 1995; Mayor et al., 2006] and

2-41% [Castellani et al., 2008; Lampitt and Gamble, 1982; Nakamura and

Turner, 1997], respectively). Weight-specific ingestion covered only a fraction

of their daily carbon demands (Fig. 2.9): Calanus required on average 16%

(S.D.: 10-27%) of the body weight, which exceeded measured chlorophyll

ingestion rates by a factor of 3. Carbon demands by Oithona were on average

23% (S.D.: 11-45%) and exceeded chlorophyll ingestion rates by a factor of 2.

These results suggest that both Calanus and Oithona obtained <60% of

their daily requirements from phytoplankton, and microzooplankton were a

likely component of their diet in July/August.

2.4.4 Carbon budget for the mixed layer

The observation that mesozooplankton play a small role in grazing down pri-

mary production (#12%; Table 2.4) suggests that they also play a minor role

in producing material that is eventually exported (export production). To test

this hypothesis, I compiled a simple carbon budget for the mixed layer based
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on measurements during our study.

2.4.4.1 Metabolic rates of mesozooplankton

The metabolic budget for zooplankton follows the equation

I = G +R +U +E, (2.14)

where I is ingestion, G is growth, R is respiration, U is excretion, and E

is egestion (faecal pellet production). Community ingestion rates of primary

production were determined during the study and are presented in Table 2.4.

Ingestion of phytoplankton was assumed to make up one third of the total

ingestion by mesozooplankton (see section 2.4.3) with the remainder coming

from the ingestion of microzooplankton.

The partitioning of ingested carbon to growth and respiration can then be

calculated using absorption e!ciency (AE) and net growth e!ciency (NGE)

following

E = I ! (1 "AE) (2.15)

and

R = I !AE ! (1 "NGE). (2.16)

Excretion of DOC was assumed to be equivalent to 31% of the respired carbon

[Steinberg et al., 2000]:

U = R ! 0.31 = I !AE ! (1 "NGE) ! 0.31. (2.17)

The remaining fraction of absorbed carbon was allocated to growth:

G = I " (R +U +E). (2.18)

Due to large uncertainties in AE and NGE (see 2.4.3), the individual

budget terms were calculated using the Monte Carlo method. Community

ingestion was simulated based on the field data assuming normal distribu-

tion (Fig. 2.10). AE and NGE were assumed to be uniformly distributed

and ranged from 0.47–0.85 [Mayor et al., 2011] and 0.21–0.61 [Borgne, 1982;

Conover and Corner, 1968; Ikeda et al., 2001], respectively.

The results of the Monte Carlo simulation are presented in Fig 2.11. Meso-

zooplankton were estimated to ingest 6.1±4.7 mg C m!3 d!1, respire 1.7±1.4
mg C m!3 d!1, excrete 0.5±0.4 mg C m!3 d!1, defecate 2.1±1.8 mg C m!3 d!1
and use 1.9±1.7 mg C m!3 d!1 for growth (Fig 2.12).
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Figure 2.10: Parameterization of daily ingestion by mesozooplankton. (a)
Community ingestion rates determined during the study (Table 2.4). (b) Q-Q plot
comparing the field data to a normal distribution. (c) Probability distribution of
the simulated population.
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Figure 2.11: Results of the Monte Carlo simulation for the mixed layer
carbon budget. Probability plots for estimated budget terms (in mg C m!3 d!1)
showing (a) ingestion, (b) growth, (c) respiration, (d) excretion, and (e) defeca-
tion. Estimated ingestion was based on field collected data and used to calculate
probabilities for the remaining terms using the Monte Carlo method with 100,000
simulations.
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Figure 2.12: Simulated metabolic
budget. Simulated partitioning of in-
gested organic matter by mesozooplank-
ton to growth, respiration, excretion
and egestion. Partitioning was calcu-
lated using the Monte Carlo method
with 100,000 simulations. All values are
stated in mg C m!3 d!1 (± S.D.).

2.4.4.2 The mixed-layer carbon budget

The estimated metabolic rates for the mesozooplankton community can be

incorporated into a steady-state carbon budget for the mixed layer. To do

so, the missing fluxes including particle export and microzooplankton grazing

need to be estimated.

As this system is assumed to be at steady state, ingested carbon invested in

growth is assumed to be passed on to higher trophic levels until it is eventually

either respired or exported via faecal pellet production following the same

partitioning as mesozooplankton (see section 2.4.4.1). Higher trophic levels

were calculated to ingest 1.9±1.7 mg C m!3 d!1, respire 0.7±0.7 mg C m!3 d!1,
excrete 0.2±0.2 mg C m!3 d!1, and egest 0.9±1.0 mg C m!3 d!1 as faecal

pellets.

Particle dynamics were calculated based on field measurements. Particle

export flux at the base of the mixed layer was measured during the cruise by

Fred Le Moigne using the 234Th-method and was 266±95 mg C m!2 d!1 ranging
from 128-431 mg C m!2 d!1 (Le Moigne, pers. comm.). To compare this two-

dimensional rate with the three-dimensional metabolic rates, I assumed that

the overlaying water column contributed homogeneously to the flux measured

at 50 m. It follows that

Flux in the mixed layer (mg C m!3 d!1) = Flux at 50 m (mg C m!2 d!1)
50 m

.

(2.19)

Average particle flux was thus 5.3±1.9 mg C m!3 d!1 across the mixed layer.

Mesozooplankton and higher trophic levels were estimated to produce faecal

pellets at a rate of 3.0±2.8 mg C m!3 d!1, which would explain 57% of the

observed organic carbon flux. This estimate is an upper limit as the budget
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does not allow for faecal pellet recycling, which is an important water column

process causing a reduction in faecal pellet flux by up to 88% at the bottom

of the mixed layer [Beaumont et al., 2001]. The remaining particle flux was

assumed to consist of marine snow aggregates, which would thus make up 43%

of the observed flux (2.3±4.7 mg C m!3 d!1).

Primary production was on average 35.0±11.8 mg C m!3 d!1 (Poulton,

pers. comm.). Microzooplankton were assumed to graze 70% of the primary

production [Calbet and Landry, 2004], equivalent to 24.5±8.3 mg C m!3 d!1.
Primary production that was not ingested by either mesozooplankton or mi-

crozooplankton (8.5±21.7 mg C m!3 d!1) was assumed to aggregate into marine

snow particles. Only a fraction of these marine snow aggregates sink out of the

mixed layer [e.g. Martin et al., 1987] (here estimated to be 2.3±4.7 mg C m!3 d!1;
see above), and the remainder (6.2±26.4 mg C m!3 d!1) is assumed to be re-

cycled within the mixed layer.

The final carbon budget for the mixed layer is presented in Fig. 2.13.

Even though mesozooplankton ingested !6% of the primary production, they

contributed up to 57% to the export production and thus present a major

determinant over export fluxes to depth. This study is, to my knowledge, the

first to estimate the relative importance of faecal pellets to export production

in the Irminger and Iceland Basins. The rates reported here are in agreement

with measurements from the Norwegian shelf [11-100%; Urban-Rich et al.,

1999; Wassmann et al., 1999], the Gulf of Lawrence [20-100%; Roy et al.,

2000], and observations from one station South of Iceland that found similar

numbers of both aggregates and faecal pellets during June 2012 (Smith, pers.

comm.).

Documentation about the relative importance of faecal material to export

fluxes are rare due to the fragility of collected faecal pellets in sediment traps

and pumps [Honjo et al., 1982], and their contribution to total carbon flux

may often be underestimated. Faecal pellets are fast-sinking, dense particles

with a high load of organic carbon that may be less likely to be remineralized

compared to phytodetritus aggregates [Turner, 2002, and references herein].

They therefore play a fundamental role in export production and determi-

nation of export e!ciency, especially in regions with high mesozooplankton

biomass such as the Irminger Basin. This study highlights the urgency to un-

derstand faecal pellet production and export in order to correctly parameterise

export production.
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Figure 2.13: Predicted carbon cycle in the mixed layer. Atmospheric carbon
is fixed in the mixed layer by primary production (PP; green box). PP is processed
by mesozooplankton (Mesozoo) and microplankton (Prokaryotes & Microzoo), or
aggregates into phytodetritus (Agg). Organic carbon leaves the mixed layer (red
arrows) via sinking of aggregates or faecal pellets produced by mesozooplankton
and higher trophic levels (Higher zoo). Internal net flows (mg C m!3 d!1 ± SD.) are
represented as arrows (line width in scale). Fluxes of unknown size are presented
as dashed lines.

2.4.5 Conclusion

In large parts of the ocean, the rate of primary production is limited by abiotic

factors (bottom-up control) and grazing pressure via zooplankton, preventing

complete utilization of ambient nutrients. The high-latitude North Atlantic

shows high residiual nitrate concentrations towards the end of the summer,

which suggests that something is limiting primary production in this region

[Henson et al., 2006; Sanders et al., 2005]. Ship-board phytoplankton in-

cubations have suggested that iron limitation may be the cause [Nielsdóttir

et al., 2009; Ryan-Keogh et al., 2013]. However, an alternative explanation

for the high-nutrient low-chlorophyll conditions is grazing by mesozooplankton

[Banse, 1994], which are very abundant in this region.

In this chapter, I show that mesozooplankton played a minor role in con-
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trolling primary production in the high-latitude North Atlantic, grazing !6%
(±4% S.D.) of the primary production. However, according to a simple numer-

ical model, they were potentially responsible for half of the observed carbon

export to depth. Ingestion of phytoplankton was estimated to satisfy <40%
of the mesozooplankton carbon demand, and mesozooplankton were likely

to supplement their diet by feeding on microzooplankton. Mesozooplankton

were assumed to repackage the ingested carbon into dense, fast-sinking faecal

pellets; and according to the model, these faecal pellets contributed 57% of

the particle flux in the Iceland and Irminger Basin, respectively. These results

demonstrate that mesozooplankton do not control carbon fixation in the high-

latitude North Atlantic, yet they may be a key determinant over how much

of the fixed carbon is exported to depth.
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Chapter 3

Nutrient release - The role of

mesozooplankton in regenerated

production

3.1 Introduction

In this chapter, I will investigate the potential for mesozooplankton to sup-

port primary production in the high-latitude North Atlantic via the release of

dissolved iron and ammonium.

3.1.1 Nutrient-stress in the high-latitude North Atlantic

Phytoplankton play a fundamental role in biogeochemical cycles, accounting

for approximately 50% of global annual carbon fixation [Field, 1998]. Their

growth in large parts of the oceans is limited by a shortage of nutrient elements

such as nitrogen (N), phosphate and iron (Fe). ‘New production’, based on

nutrients that are introduced into the photic zone of the oceans via upwelling

and atmospheric deposition, typically represents a relatively minor fraction

of total production. Phytoplankton growth depends largely on nutrients that

are recycled within the system [Banse, 1995]: This ‘regenerated production’

is often 6 times greater than that of new production [Honjo et al., 2008].

High-nutrient low-chlorophyll (HNLC) conditions are believed to arise due

to the suboptimal supply ratios of Fe compared to N relative to the require-

ments for these elements by phytoplankton [Boyd and Ellwood, 2010]. This

may be exacerbated by the observed preferential recycling of N relative to Fe

as material sinks indicated by increasing particulate Fe:N ratios with depth

[Frew et al., 2006]. However, if a significant fraction of the production is re-
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cycled in the upper ocean by processes that retain more Fe relative to N in

the upper ocean, then this may act to alleviate the intensity of the HNLC

condition.

I hypothesise that mesozooplankton grazing may be such a process, as it

returns relatively more of the ingested Fe [89-91%; Schmidt, 1999] than N

[21-70 %; Mayor et al., 2011; Vincent et al., 2007] to the water column during

recycling processes. This is supported by observations of dissolved Fe release

(DFe; <0.2 µm size fraction) [Sarthou et al., 2008; Schmidt, 1999] during the

consumption and digestion of their prey owing to the physical disruption of

phytoplankton cells [Frey and Small, 1979] and possibly aided by their low

gut pH of 5.4-7.2 [Pond et al., 1995; Tang et al., 2011].

Indeed, simultaneous measurements of total Fe and N release by krill in the

Southern Ocean suggested zooplankton as an important node for Fe recycling

[Tovar-Sanchez et al., 2007]. However no studies that I am aware of have tested

this hypothesis via the simultaneous measurement of DFe and N release by

mesozooplankton during HNLC conditions in the North Atlantic Ocean. Here

I report observations in the central high-latitude North Atlantic Ocean, which

plays an important role in biological carbon sequestration, exporting 36-100

g C m!2 y!1 [Sanders et al., 2005]. The modest residual nitrate pool in this

region at the end of summer is suggestive of seasonal Fe limitation [Sanders

et al., 2005], which has been confirmed using shipboard bioassay experiments

[Nielsdóttir et al., 2009].

3.2 Measuring iron and ammonium release by

mesozooplankton

3.2.1 Study site

Release rates of DFe and NH+4 by mesozooplankton were investigated at five

sites in July/August 2010 on board the RRS Discovery (cruise D354) in the

Irminger Basin (Station R1 ), west and east of the Reykjanes Ridge (R3 and

R4, respectively) and in the Iceland Basin (R5 and R6 ) (3.1, Table 1). This

cruise targeted the post spring bloom period when earlier observations sug-

gested that HNLC conditions would be well established [Sanders et al., 2005].
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Figure 3.1: Study site. Stations where the release of DFe and NH+4 by mesozoo-
plankton was determined during July/August 2010.

Table 3.1: Station details. Chl: average Chlorophyll a concentration; t: time
between net retrieval and incubation; z: depths. bBased on average values.

Station Date Time Echo z Chl t PP Abund. Biom.
(h:mm) (m) (m) (µg L!1) (min) (mmol C

m!3 d!1)
(ind.
m!3)

(mg DW
m!3)

R1 30 Jul 3:53 2124 20 0.81 11 2.3 ±0.4 458.9 131.6
R3 1 Aug 3:40 1684 30 0.75 20 2.4 ±0.1 53.9 9.5
R4 3 Aug 5:00 1376 30 0.82 25 3.1 ±0.2 29.5 7.0
R5 4 Aug 4:05 2229 30 0.85 35 2.7 ±0.1 11.3 0.8
R6 7 Aug 3:40 2661 30 0.74 20 2.6b ±0.4 10.3 0.9

3.2.2 Experimental setup and sample analyses

All equipment was acid cleaned with 10% hydrochloric acid before use. Am-

bient seawater was collected using trace metal clean procedures and filtered

using a 0.2-µm pore filter capsule (Sartobran P300, Sartorius). Mesozoo-

plankton were collected using a 200-µm, 1-m diameter WP2 net fitted with

a non-filtering cod-end, hauled vertically from 20-30 m. All animals were

immediately washed and briefly held in 0.2-µm filtered sea water (Table 1).

Mesozooplankton were then transferred into 10 L of 0.2-µm filtered seawater

and incubated for #5 h in a class 100 laminar flow hood in darkness at the

ambient sea surface temperature of 12"C. No attempts were made to remove

damaged individuals.

Samples for NH+4 (10 mL) analysis were collected before the introduction

of experimental mesozooplankton (t0) and thereafter 18 times at intervals of

increasing length (5-60 min). Samples for DFe (15 mL) analysis were collected
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Figure 3.2: Experimental set-up Collected mesozooplankton were transfered into
pre-filtered (0.2-µm) seawater. Subsamples for determination of dissolved iron (Fe)
and ammonium (NH+4 ) were removed using a peristaltic pump.

at t0 and 20, 40, 60, 120, 180 and 260 min after transfer. Samples were ob-

tained using a peristaltic pump fitted with silicone tubing. No animals were

removed during the sampling procedure. The samples for DFe were filtered

using 0.2-µm membrane filters (polycarbonate 25-mm diameter, Whatman

Nucleopore). All experiments were conducted using trace-metal-clean proto-

cols following Achterberg et al. [2001].

In parallel, a control incubation of filtered seawater was undertaken in

which ammonium (NH+4) concentrations were monitored over time. A small

increase in NH+4 concentration was observed (3.3±2.8% of the concentration

increase observed in the experimental incubations) and our NH+4 release data

was therefore corrected to reflect this. A similar suite of control experiments

was not carried out for DFe release as it is well established that DFe concen-

trations in filtered seawater decrease over time [Fischer et al., 2007; Schlosser

et al., 2011] as DFe rapidly adsorbs to the walls of the incubation container.

Our estimates of Fe release rates therefore represent lower limits for this bio-

geochemically important process.

Samples for DFe were acidified (pH!2) with nitric acid (Romil UpA) and

analyzed on board by S. Steigenberger following Obata et al. [1993]. The detec-

tion limit for this technique was 20 pM, and the method’s error was generally

<10%. NH+4 in the release experiments was determined fluorometrically on ship

by E.P. Achterberg using orthophthalate (OPA) following Holmes et al. [1999].
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Figure 3.3: Mesozooplankton community during the study. (a) Total
biomass (g DW m!2) and (b) community composition (%) at the five stations.
Copepods and other mesozooplankton were identified to genus and to class or or-
der, respectively. Only groups that represented >5% of the total biomass at one or
more stations are presented specifically; the remaining mesozooplankton are com-
bined as ’other’.

Samples for chlorophyll analysis (100-200 mL) were filtered using GF/F filters

(Whatman) and then extracted in 90% acetone for 24 h in the dark before

analysis with a fluorometer (TD70; Turner Designs) with Welschmeyer [1994]

filters.

Mesozooplankton from each experiment were preserved in 4% saline for-

maldehyde. On shore, preserved samples were counted, identified, and anal-

ysed for dry weight (DW). Copepods dominated at all stations, with large

calanoids constituting 50.1-98.7% of the total biomass (Fig. 3.3). Biomass

values were corrected for a DW loss of 40% of fresh weight due to formalde-

hyde preservation based on studies on Calanus helgolandicus [38%; Williams

and Robins, 1982] and mixed zooplankton [37-43%; Giguère et al., 1989].

3.2.3 Estimating release rates

The total volume of incubation water was reduced by sequential subsampling.

The total quantity of NH+4 or DFe released by mesozooplankton per mg DW

of biomass (Fe; nmol mg!1 DW) until time t was thus calculated as

Fe = Fet!1 + Vt!1 ! (ct " ct!1) !B!1Incub, (3.1)

where V is the volume (L) of incubation water, c is the concentration (nM),

and BIncub is the total mesozooplankton biomass (mg DW) in the incubation
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container. The increase in NH+4 and DFe over time was fitted using linear

regression and an exponential model with asymptote, respectively. The initial

release rate (nmol mg!1 DW h!1) was estimated from the models as total

release after one hour, and hourly release rates were extrapolated to daily rates

using 24 h for NH+4 and 7 h for DFe. The latter was based on mesozooplankton

feeding during the night only [e.g. Mackas and Bohrer, 1976] and the local

photoperiod (17 h day : 7 h night). All statistics were carried out in the R

programming environment v. 2.10.0.

3.3 Iron and ammonium release rates

This study presents the first parallel NH+4 and DFe release rates by meso-

zooplankton communities in the North Atlantic Ocean. The observed NH+4
excretion rates of 14.2-54.1 nmol NH+4 mg!1 DW h!1 (Table 2) are in good

agreement with previous estimates derived from copepods (1.5-70 nmol NH+4
mg!1 DW h!1 [Hasegawa et al., 2001; Ikeda et al., 2001]) and from mixed

zooplankton (0.1-65.2 nmol NH+4 mg!1 DW h!1 [Ikeda et al., 2000]).

Biomass-specific estimates of DFe release ranged from 0.04–0.97 nmol DFe

mg!1 DW d!1 (6–138 pmol DFe mg!1 DW h!1, Table 2), the same order of

magnitude as values previously reported for Antarctic krill, Euphausia su-

perba (0.04-0.17 nmol DFe mg!1 DW d!1 [Schmidt et al., 2011]). Sarthou

et al. [2008] present shipboard measurements of DFe recycling by copepods

incubated in seawater containing radiolabelled phytoplankton. Assuming that

regenerated Fe equals the sum of Fe uptake and the increase in DFe at the end

of their incubation, copepods regenerated 0.004-0.019 nmol DFe mg!1 DW d!1
[Sarthou et al., 2008]. These values are an order of magnitude smaller than

our estimates, possibly reflecting that their budget calculations do not account

for continuous recycling. Tovar-Sanchez et al. [2007] observed release rates of

0.5-17 nmol Fe mg!1 DW d!1 by krill in the Southern Ocean. These rates in-

cluded the production of both DFe and acid-leachable particulate Fe, possibly

explaining why they are more than an order of magnitude greater than our

observations and those of Schmidt et al. [2011].

3.3.1 Controls over ammonium and dissolved iron re-

lease

The increase of DFe and NH+4 in the incubations over time followed di"erent

trends indicating fundamentally di"erent release pathways. The near constant
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Figure 3.4: Nutrient release by mesozooplankton. Release over time of (a)
ammonium (NH+4 ) and (b) dissolved iron (DFe) during incubations at stations R1
(circle), R3 (diamond), R4 (square), R5 (triangle), and R6 (inverted triangle).
Lines represent linear regression for NH+4 (NH+4 = a time + b; in order R2 = 0.97,
0.95, 0.96, 0.90 and 0.98; p < 0.00 for all stations) and an exponential fit with

asymptote for DFe (DFe = a(1 ! e!b time); in order R2 = 0.96, 0.92, 0.80 and 0.99;
p " 0.00, 0.08, 0.09 and 0.00) (Table 3.3).

increase in NH+4 concentrations during our incubations (Fig. 3.4a) reflects the

accumulation of excretory waste products; crustacean zooplankton catabolise

nitrogenous products and thus excrete NH+4 even during starvation [Mayor

et al., 2011]. Previous starvation incubation studies, conducted over several

days, have reported NH+4 excretion rates to decline over time [e.g. Atkinson

et al., 2001]. This e"ect was not apparent in our short (<5 h) incubation

experiments; mesozooplankton excretion rates have been shown to be fairly

constant during the initial hours of starvation [Atkinson et al., 2001; Huntley

and Nordhausen, 1995].

In contrast, DFe concentrations increased rapidly during the first half

hour, and the release rate slowed down thereafter and became negligible after

!2 h (Fig. 3.4b). This likely reflects the initial, rapid increase of DFe being

caused by the elimination of phytoplankton-derived Fe from zooplankton guts.

Previous work has demonstrated that an increase of DFe concentrations dur-

ing zooplankton grazing originates from phytoplankton cells [Hutchins et al.,

1995], with the rate of increase being consistent with the removal of chlorophyll

or radiolabelled Fe from zooplankton guts [Mackas and Bohrer, 1976; Wang

and Dei, 2001]. We suggest that the apparent decline in the rate at which DFe

accumulated in our incubations reflects the transition from egestion-derived

DFe release towards basal DFe excretion.

58



3. Nutrient recycling

Table 3.3: Regression equations for ammonium (nmol N mg!1 DW) and
dissolved iron (pmol DFe mg!1 DW) release. The increases in NH+4 and DFe
concentrations over time t (h) were respectively fitted using the linear model y =
ax+ b, where b is the site-specific background level and physiologically independent
(therefore not presented), and the exponential model y = a(1 ! e!bx). Numbers in
parentheses represent p-values.

Release product Station a p(a) b p(b) R2

NH+4

1 14.223 (<0.01) - - 0.97
3 17.473 (<0.01) - - 0.95
4 15.982 (<0.01) - - 0.96
5 46.870 (<0.01) - - 0.91
6 54.147 (<0.01) - - 0.98

DFe

1 0.007 (<0.01) 3.236 (<0.01) 0.96
3 0.030 (0.01) 1.316 (0.08) 0.92
5 0.176 (0.01) 0.943 (0.09) 0.80
6 0.225 (<0.01) 0.949 (<0.01) 0.99

The observed biomass-specific release rates of NH+4 and DFe di"ered con-

siderably between stations. A previous study suggested a positive relation-

ship between Fe release by E. superba and ambient chlorophyll concentrations

[Tovar-Sanchez et al., 2007]. We did not find a relationship between ambient

chlorophyll concentrations and the release of either NH+4 or DFe (R2 $ 0.01,

p # 0.85 in both cases), reflecting the relatively constant concentrations of

chlorophyll across all stations (Table 1). Proximity to hydrothermal vents has

also been reported to influence the release rate of trace metals by zooplank-

ton [Tovar-Sanchez et al., 2009]. The large distances between sampling depth

and sea floor (Table 3.3) were su!ciently large to prevent any potential hy-

drothermal vent plume enhancing the trace metal release by surface feeding

mesozooplankton [Lupton, 1995].

Rather, I suggest that the variability of release rates between stations re-

flects the relationship between animal size and metabolism. Biomass-specific

NH+4 excretion rates decrease with increasing body size [Butler et al., 1969,

1970; Conover and Corner, 1968; Corner et al., 1965], as small zooplankton

have a higher metabolic rate per unit body weight compared to larger zoo-

plankton [e.g. Ikeda, 1985]. Indeed, average body mass explained 91 and 94%

of the variability in NH+4 and DFe release rates respectively during the first

hour (Fig. 3.5). The size dependent release of DFe can thus be attributed to

the relationship between animal size and metabolism, which causes weight-

specific ingestion rates to decrease with increasing body mass [Hansen et al.,

1997; Pa"enhöfer and Gardner, 1984]: less food intake per unit biomass subse-

quently leads to lower solubilisation and biomass-specific release of DFe from

ingested phytoplankton.
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Figure 3.5: E!ect of body size.
Relationship between average body
mass and release of NH+4 (circles) and
DFe (triangles) during the first hour
at stations R1-R6. Linear regres-
sions: log(N) = -0.97 log(DW) + 1.34
(p = 0.01, R2 = 0.91) and log(DFe) = -
2.18 log(DW) (p = 0.03, R2 = 0.94).

3.3.2 Potential support for primary production

Here I present the first attempt to quantify the importance of Fe recycling

by mesozooplankton on primary production in the high-latitude North At-

lantic. Phytoplankton nutrient uptake was estimated by converting primary

production data (measured using a 14C technique [Poulton, unpublished data]

as described by Poulton et al. [2010]) to N and Fe uptake using a C:N ra-

tio of 106:16 mol mol!1 and a Fe:C ratio of 4.3 µmol!1 (S.D. ±1.5; measured

during the cruise [Moore, unpublished data]). The latter compares well to

literature values for temperate, Fe-limited taxa (2-10 µmol mol!1) [Sunda and

Huntsman, 1995].

It is not possible to determine whether DFe was solubilised in the guts and

(1) directly released into ambient water or (2) incorporated into faecal material

from which DFe leached by di"usion after egestion. The latter pathway could

cause significant amounts of DFe to sink out to deep waters, where it becomes

unavailable to phytoplankton. We observed that most DFe was released during

the initial 2 h of our incubation. As average sinking speed of copepod faecal

pellets is <10 m h!1 (review by Turner [2002]), DFe was likely released <20 m

below the depth of egestion and thus available to phytoplankton.

Assuming the products released by mesozooplankton were bioavailable and

representative of the region, mesozooplankton-derived NH+4 therefore had the

potential to support 3.0±5.5% (0.2-12.9%) of the N uptake by primary pro-

duction (Table 2). This is in good agreement with the estimate of 3.9% in the

North Atlantic region between 60-80"N [Hernandez-Leon et al., 2008]. Fe recy-

cling appeared to be more important, with the potential to support 22.4±24.5%
(6.3-58.7%) of the daily requirements for primary production across the region
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of study (Table 2). Sources of uncertainty for the latter estimate are poten-

tial variability of community composition and thus phytoplankton Fe:C ratios.

The community showed little variation across the study sites and was domi-

nated by small (<5 µm) flagellates (A. J. Poulton, unpublished data, 2012).

Using the aforementioned Fe:C ratios of 2 and 10 µmol mol!1 as upper and

lower limit, relative support ranged from 10±11% to 48±53%.

The utilization of Fe sources by phytoplankton depends on factors such as

lability of DFe and species of Fe-binding ligands [e.g. Hutchins et al., 1999],

hence not all released DFe may contribute to primary production. Conversely,

there is evidence that a significant fraction of particulate Fe may become avail-

able to phytoplankton via, e.g., ligand-assisted dissolution and photochemical

processes [Lippiatt et al., 2010, and references herein]; a possible source of Fe

that I have not accounted for in this study.

It is noteworthy that the site where mesozooplankton-mediated NH+4 and

DFe recycling was most important also showed the highest mesozooplankton

abundance. This suggests that areas experiencing heavy grazing pressure due

to high mesozooplankton abundance, as being the case in the Irminger Basin

[Gislason et al., 2008], are sites of extensive nutrient recycling.

3.3.3 Stoichiometric approach

The DFe:N regeneration ratios ranged between 129–745 µmol mol!1 and were

5-26 times larger than the calculated Fe:N ratios in phytoplankton (42.4 µmol

mol!1). This regeneration ratio is possibly a slight overestimate as it does not

include the release of urea and amines, although their release is reported to

occur in relatively small amounts (14-26% of total N excreted) [Miller and

Roman, 2008]. The high DFe:N regeneration ratio is consistent with copepod

physiology: copepods absorb 60-79% of ingested N [Mayor et al., 2011; Vincent

et al., 2007] and only 5-16% of ingested Fe [Wang and Dei, 2001]. This suggests

that mesozooplankton recycle Fe into the dissolved phase much faster than N,

a decoupling that results in considerably more Fe being available to support

primary production than would be predicted from a simple consideration of

Fe:N ratios in the upper ocean and an estimate of Fe supply.

Relatively high Fe:N ratios observed in sinking particulate matter [Frew

et al., 2006], including copepod faecal pellets, suggest that mesozooplankton

defecation drives pelagic ecosystems towards Fe limitation. The notion that

mesozooplankton rapidly recycle, and thus retain DFe in surface waters is

at odds with this interpretation. However, it is strongly supported by the
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3. Nutrient recycling

observation that the copepods release !50% of ingested Fe into the dissolved

phase and only !30% as particulate matter [Schmidt, 1999].

This chapter clearly highlights the need for a better understanding of the

role of mesozooplankton in nutrient recycling, particularly with regards to the

relative partitioning of Fe and N into the dissolved and particulate phases.

This has important implications for the role that Fe plays relative to N in

regulating marine primary production.

3.3.4 Conclusion

Low DFe concentrations limit primary production in most HNLC regions

[Boyd and Ellwood, 2010]. Increased recycling of Fe relative to N by mesozoo-

plankton may help to sustain phytoplankton production in these conditions. I

concurrently determined rates of DFe and NH+4 recycling by natural mesozoo-

plankton communities in HNLC conditions of the Northeast Atlantic. NH+4
excretion remained constant and ranged between 13.2–54.1 nmol NH+4 mg!1
DW h!1. Fe recycling ranged between 6–138 pmol DFe mg!1 DW h!1 during

the first hour and decreased thereafter, reflecting the transition from the loss

of phytoplankton-derived Fe to basal DFe excretion.

Mesozooplankton-driven nutrient recycling was estimated to support 6-

59% and <1-13% of the respective phytoplankton requirements for DFe and

N. DFe:N regeneration ratios were 5-26 times larger than those required by

phytoplankton. This data suggest that Fe recycling by mesozooplankton has

the potential to reduce the intensity of HNLC conditions.
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Chapter 4

Synergy between

mesozooplankton and microbes

reconciles the carbon budget in

the ocean’s twilight zone

4.1 Introduction

The aim of this chapter is to investigate the role of mesozooplankton in rem-

ineralization of organic carbon in the twilight zone.

4.1.1 The twilight zone carbon budget

The export of organic carbon to depth is a key feature of the biological car-

bon pump. As organic matter is reworked in the surface ocean, some of it

is converted into dense material and starts sinking to depth. This sinking

particulate organic matter (POC) is thought to be the main source of energy

for marine biota in the deep ocean, as heterotrophic organisms at depth rely

on this export flux as their source of energy and nutrients. As a consequence,

POC flux deceases with depth, and the shape of this flux attenuation typically

follows an exponential power function [Buesseler et al., 2007b; Martin et al.,

1987].

A key constraint in the analysis of carbon fluxes in the twilight zone is that,

at steady state, the attenuation of POC flux with depth should be balanced

by community respiration. Published estimates of POC flux attenuation with

depth are, however, up to two orders of magnitude lower than corresponding

estimates of heterotrophic metabolic carbon demands [Baltar et al., 2009a;
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4. Remineralization in the twilight zone

Boyd et al., 1999; Reinthaler et al., 2006; Steinberg et al., 2008]. This dis-

crepancy indicates that either estimates of POC flux and/or carbon demands

are unreliable, or that additional, unaccounted sources of organic carbon to

the twilight zone exist [Burd et al., 2010]. As well as (1) sinking particles,

potential additional sources of organic carbon to the twilight zone include (2)

downward mixing of dissolved organic carbon (DOC) [Hansell et al., 2012], (3)

lateral advection of organic matter from the continental shelf [Baltar et al.,

2009a, 2010b], (4) active transport via the diel vertical migration (DVM) of

mesozooplankton that feed in the mixed layer during night time and rest at

depth during the day [Al-Mutairi and Landry, 2001; Wilson and Steinberg,

2010], and (5) chemolithoautotrophy (prokaryotic growth using dissolved inor-

ganic carbon and chemical energy sources) [Baltar et al., 2009b; Herndl et al.,

2005; Reinthaler et al., 2010].

In this chapter I will investigate the role of mesozooplankton for carbon

remineralization in the twilight zone by comparing the respiration of meso-

zooplankton and prokaryotes with the organic carbon sources at the Porcu-

pine Abyssal Plain site (PAP; 49"N, 16.5"W), Northeast Atlantic. The role

of mesozooplankton in particle processing is further explored using a simple

steady-state model.

4.2 Estimating carbon sources and sinks

I compiled a carbon budget of the twilight zone based on an extensive pro-

gramme of field measurements at the Porcupine Abyssal Plain site (PAP) in

July/August 2009. This site is located in the transition region between the

subtropical and subpolar gyres of the North Atlantic [Henson et al., 2009] and

has been the longest running open-ocean observatory around Europe [Hart-

man and Lampitt, 2012].

The carbon budget was compiled from several components for both sinks

and sources:

Sources Sinks

1. POC flux 1. Zooplankton respiration

2. DOC flux 2. Prokaryotic respiration

3. Active export via DVM

4. Lateral advection

Rates for all components were estimated using data collected during the cruise,
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4. Remineralization in the twilight zone

Figure 4.1: PELAGRA sediment trap. Schematic of the neutrally-buoyant sed-
iment trap PELAGRA. (Schematic: National Oceanography Centre, Southampton)

with the exception of estimates for DOC export, which I based on data col-

lected during previous cruises at the study site.

4.2.1 Sources

4.2.1.1 POC flux

POC is here operationally defined as organic matter than is retained by glass-

fibre filters, which collect particulate matter of $0.4 µm [Danielsson, 1982;

Hickel, 1984]. Sinking POC is commonly considered as the largest source of

organic matter to the deep sea [Burd et al., 2010]. Direct measurements of

the POC flux are, however, di!cult to obtain, and the most commonly used

method to collect sinking particles involves the deployment of sediment traps.

Sediment traps come in a wide variety of designs and are typically large

cylinders or cones that are deployed either fixed to the seabed (‘moored’) or

freely drifting with the currents [e.g. Buesseler et al., 2007a, 2000; Lampitt

et al., 2008; Martin et al., 1987; Peterson et al., 1993]. Deployment periods

may vary from 12 hours [e.g. Bonnin et al., 2002] up to a year [e.g. Jickells
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4. Remineralization in the twilight zone

et al., 1996, and references herein]. Sediment traps have many accuracy is-

sues caused by solubilization of trapped particles [Antia, 2005; Hansell and

Newton, 1994], hydrodynamic disturbances [Buesseler et al., 2007a], temporal

and spatial variability [e.g. Beaulieu, 2002; Conte et al., 2003; Guidi et al.,

2007; Nodder and Northcote, 2001], and zooplankton ‘swimmers’ (zooplank-

ton that actively swim into the trap) [Knauer et al., 1984; Michaels et al.,

1990]. Neutrally-buoyant sediment traps can minimize the e"ect of hydrody-

namic disturbances and thus attraction to ‘swimmers’ [Buesseler et al., 2000].

Alternative methods to estimate POC flux are based on naturally occurring

radiochemical tracers such as 234Th, 230Th and 210Pb, which integrate parti-

cle fluxes over a period of days (24-138 d) [Buesseler et al., 1992; Le Moigne

et al., 2013; Stewart et al., 2010; van der Loe" et al., 2006; Verdeny et al.,

2008], or the collection of individual particles using, for example, the Marine

Snow Catcher [Riley et al., 2012]. It has been recommended to compare fluxes

obtained by at least two di"erent methods when estimating POC fluxes [Le

Moigne et al., 2013].

Simultaneous deployments of sediment traps at several depths throughout

the water column have revealed a strong decrease of POC flux with depth

[e.g. Buesseler et al., 2007b; Martin et al., 1987] that is best described by the

power function

Fz = FML( z

ML
)b, (4.1)

where Fz is the POC flux at a given depth (mg C m!3 d!1), ML is a refer-

ence depths (m; here the depth of the mixed layer), FML is the flux at the

reference depth (mg C m!3 d!1), z is depth (m), and b is a parameter that

the flux describes attenuation rate [Martin et al., 1987]. It is noteworthy that

this equation is based on best fit and does not reflect underlying physical or

biological processes [Martin et al., 1987].

During our study, the downward flux of sinking particles was measured

by Chris Marsay using simultaneous 48-h deployments of neutrally-buoyant

sediment traps (PELAGRA) at 50, 150, 300, 450 and 600 m (Table 4.2). The

functioning of these traps has been thoroughly described elsewhere [Lampitt

et al., 2008; Martin et al., 2011; Salter et al., 2007]. In brief, PELAGRA traps

descend to their target depth over a period of several hours, at which point

their cups open and collect sinking particles over approximately 24-48 hours.

After the cups shut, the traps drop their ballast and surface. Once on deck,

the sample pots are removed and POC measured. The downward flux of POC

at each depth is then calculated based on trap geometry and the sampling
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4. Remineralization in the twilight zone

period.

The flux attenuation parameter b was determined using linear regression

on the log-log transformed data for POC flux (mg C m!3 d!1) vs. depth (m).

4.2.1.2 Sources of DOC

DOC is here operationally defined as dissolved and colloidal organic carbon

that passes through filters with a pore size of 0.8 µm. These filters initially

allow smaller organisms (including bacteria, microplankton and virus) and

small suspended organic matter to pass [Koike et al., 1990] until the pores

are reduced in size due to particle build up. Thereafter, the filtrate contains

‘truly dissolved matter’ and a small fraction of colloidal and particulate matter

(7-34%) [Benner et al., 1992; Pakulski and Benner, 1992].

The production of DOC is mostly controlled by the plankton community

and occurs mainly in the euphotic zone during photosynthesis [Carlson, 2002].

Phytoplankton exudate DOC directly into the water at rates of <10% of their

daily carbon fixation [e.g. Sharp, 1977; Williams, 1990] and at higher rates

during nutrient limitation and senescence [Strom et al., 1997]. Zooplankton

grazing supplies another important source of DOC, releasing DOC via sloppy

feeding, excretion, and leakage from faecal pellets [Dagg, 1974; Jumars et al.,

1989; Lampert, 1978; Lampitt et al., 1990; Steinberg et al., 2000; Strom et al.,

1997]. The concentration and distribution of DOC, on the other hand, are

largely controlled by physical processes such as vertical mixing [Carlson and

Ducklow, 1995; Hansell and Waterhouse, 1997].

Oceanic DOC concentrations are higher than POC concentrations by one

to two orders of magnitude in the upper ocean and by two to three orders

of magnitude at depth [Dru"el et al., 1992]. Depending on the radiocarbon

age [Bauer et al., 1992] and reactivity of DOC, the bulk of DOC can be

separated into a labile, semi-labile and refractory pool [Carlson and Ducklow,

1995; Kirchman et al., 1993]. Hansell et al. [2012] characterized semi-labile,

semi-refractory, and refractory DOC pools by apparent removal rates and

suggested that their distinct lifetimes (1.5, 20 and 16,000 years, respectively)

control carbon sequestration scales. According to their model, semi-labile

DOC in the North Atlantic is exhausted at !53-55 µmol C kg!1, and semi-

refractory DOC is depleted at !42-43 µmol C kg!1 [Hansell et al., 2012]. DOC

is an important energy source for bacteria, and thus forms the basis of the

microbial loop [Azam et al., 1983].

The contribution of DOC to sustaining interior heterotrophic respiration
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can be calculated by assuming that the utilization of primary elements in the

twilight zone generally follows the Redfield ratio [Ogura, 1970]. In brief, the

ocean’s mixed layer is saturated in oxygen due to its equilibrium with the

atmosphere. Below the mixed layer, oxygen is not in equilibrium with the

atmosphere anymore and is depleted by heterotrophic micro-organisms that

decompose organic carbon. The di"erence between measured dissolved oxygen

and theoretical oxygen saturation for a given water mass is the apparent oxy-

gen utilization (AOU). Assuming that the utilization of organic carbon and

oxygen follows a stable ratio (Corg/-O2 = 117/170) [Anderson and Sarmiento,

1994], we can calculate the concentration of DOC that we would observe if

all respiration were due to the consumption of DOC (DOC#; Figure 4.2a).

However, a fraction of the respiration in the twilight zone is due to the de-

composition of particulate organic matter [Ogura, 1970], and measured DOC

concentrations are therefore higher than the theoretical DOC# (Figure 4.2b).

The slope of the correlation between measured DOC and AOU can be com-

pared to the theoretical slope (Corg/-O2 = 117/170) thus giving the relative

contribution of DOC to heterotrophic respiration. It is noteworthy, however,

that any internal recycling of DOC (e.g. via dissolution of POC) will shift

the measured DOC concentrations towards higher concentrations, and thus

underestimate the relative importance of DOC for interior respiration (Fig-

ure 4.2b).

Neither DOC nor AOU had been measured during the field programme, I

therefore used previous data on DOC concentrations and AOU collected near

the PAP site during Atlantic Meridonial Transect (AMT) cruises 16 and 17

in June and October 2005.

An alternative calculation uses turbulent di"usivity measurements coupled

with the aforementioned DOC profiles. The flux of DOC into the twilight zone

(FDOC) can be calculated as

FDOC = k#DOC

#z
, (4.2)

where k is the di"usivity measured at the PAP site (10!5-10!4 m2 s!1) [Martin

et al., 2010], #z is the depth interval (57-300 m), and #DOC is the concen-

tration gradient across this depth interval (10 µM). This latter method does

not include DOC fluxes out of the mixed layer from mesoscale processes which

transfer fluid into the interior along isopycnal layers, and I therefore regard it

as a lower limit with the true value likely being closer to the estimate derived

using the relationship between AOU and DOC.

68



4. Remineralization in the twilight zone

0 20 40 60 80
DOC or AOU (µM)

30
0

20
0

10
0

50
0

De
pt

h 
(m

)

AOU
DOC*
ML

a
40 50 60 70 80

DOC (µM)

30
0

25
0

20
0

15
0

10
0

50
0

De
pt

h 
(m

)

100% 0%
ob

se
rv

ed

b

Figure 4.2: Theory behind AOU:DOC calculations. (a) Depth profiles of
apparent oxygen utilization (AOU) and theoretical DOC concentration that would
be observed if all respiration were due to the consumption of DOC (DOC#). DOC#
concentrations in the mixed layer (ML; shaded area) are the average of measured
DOC at the PAP site. (b) Depth profiles for concentrations of DOC#, observed
DOC, and theoretical DOC if none of the AOU were due to DOC consumption.
Internal recycling of DOC (e.g. via dissolution of POC) will increase observed DOC
concentrations (arrow) and lead to an underestimation of the relative importance
of DOC for interior respiration.
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The final source of DOC, excretion at depth via the active flux, was esti-

mated by assuming that DOC excretion by migrating zooplankton is equiva-

lent to 31% of their respiration [Steinberg et al., 2000]. Details for the calcu-

lation of respiration are outlined in section 4.2.2.2.

4.2.1.3 Other sources

A great fraction of carbon to the twilight zone is thought to originate from

organic matter that has been advected laterally from the continental shelf,

either in suspended or dissolved form [Baltar et al., 2010a]. The potential input

of organic matter via lateral advection was analysed using back-trajectories

(derived from satellite-derived near-surface velocities over 3 months) [Hartman

et al., 2010] of the water masses arriving at the PAP site during the study

period.

Defecation and mortality of diel vertical migrating mesozooplankton at

depth present further sources of organic carbon to the twilight zone, but these

were excluded from the budget due to large uncertainties associated with their

estimation.

Finally, the magnitude of chemolithoautotrophy as a source of organic

matter in the deep ocean has been suggested to be of importance [Reinthaler

et al., 2010], but without strong evidence that this poorly understood process

could provide a major contribution at our study site, I chose to exclude it

from the carbon budget.

4.2.2 Sinks

The two major sinks of organic carbon in the twilight zone are respiration

by prokaryotes and by mesozooplankton. Direct measurements of respiration

for mesozooplankton are labour intensive especially if measurements are to be

taken at ambient pressure [Ikeda et al., 2006]. An easier way that allows for

high-resolution estimates is to estimate respiration rates based on individual

biomass (allometry) and ambient temperature; a relationship that yields a

relatively good fit (R2 > 0.90) [Ikeda et al., 2001; Ikeda, 1985]. During the

cruise, I used the Autosampling and Recording Instrumented Environmental

Sampling System (ARIES) to collect high-resolution profiles of mesozooplank-

ton abundance and biomass.
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4.2.2.1 The ARIES sampling system

The Autosampling and Recording Instrumented Environmental Sampling Sys-

tem (ARIES) is a useful tool in sampling zooplankton over a set range of

depths [Dunn et al., 1993]. The ARIES main frame is made from sea-water

resistant aluminium sca"olding tube and holds the ARIES components inside

to protect them from damage (Fig. 4.3a). A large number of sensors can be

placed on the frame. Any instrument that is removed needs to be replaced

with according weights, as the frame is designed to glide horizontally through

the water. ARIES is towed on 11-14 mm wire rope at a towing speed of 4-5

knots.

The conical ARIES net is located in the middle of the frame. A flow meter

at the net opening measures the amount of water that is sampled (Fig. 4.3b).

The net is connected to a cassette containing feed spool, take-up spool and

a rubber belt with a series of 110 individual cod-ends (Fig. 4.3c). ARIES

cod-ends are made of 200-µm mesh, and fitted with Velcro bands, which can

be fixed to the opposing Velcro on the belt to ensure that the cod-ends are

held in place (Fig. 4.4). The tail opening of the net is opened and closed for

pre-programmed times and depths. At the end of a sampling interval, the

rubber belt rotates forward and places a new cod-end over the net tail. An

optical sensor in the front of the cassette above the net tail detects the cod-end

holes and controls the motor that drives the take-up spool to ensure proper

positioning of the cod-end. Each cod-end hole has an allocated number, so

that the sample can be allocated to a sampling depth.

Downcast and upcast of the ARIES sample vary in functionality. Due to

small sampling volume during the ascent, downcast samples are not quanti-

tative and cannot be used for zooplankton abundance and biomass estimates.

However, the samples can be used for biogeochemical analysis. The upcast is

quantitative, and gives a good representation of the zooplankton community

at each depth interval.

4.2.2.2 Zooplankton collection and calculation of respiration

Four tows were undertaken in association with the trap deployments: one at

daytime and one at night-time at both the beginning and end of the observa-

tional period. Samples were preseved in 4% saline formaldehyde. On shore,

samples were size-fractionated (50-200, 200-350, 350-500, 500-1000, 1000-2000,

>2000 µm) using stacked mesh-dishes (Spartel Ltd.) and rinsed with ammo-

nium formate to remove excess salts. Abundance and dry weight for each
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!

! !

Figure 4.3: ARIES sampling system (a) ARIES steel frame. (b) ARIES net
opening. A flowmeter within the net system (yellow) allows the volume of water
filtered through each cod-end to be calculated. (c) ARIES cartridge system places
an individual cod-end (200-µm mesh) behind the main net at set intervals

depth interval (B; mg DW m!3) was calculated as in section 2.2.2.

Zooplankton respiration (ZR; µg C individual!1 h!1) was estimated from

net samples as a function of body mass (DW ; mg DW ind!1) and temperature
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!

Figure 4.4: ARIES cartridge system and samples Samples after retrieval. The
cod-ends containing samples from the discrete depth intervals can be removed and
processed independently.

(T ; "C) [Ikeda et al., 2001; Ikeda, 1985] using

ZR = exp(a1 + a2 lnDW + a3 ! T ) !RQ ! 12

22.4
, (4.3)

where RQ is the respiratory quotient of 0.8 (0.72-0.97 [Gnaiger, 1983]), and
12
22.4 is the molar conversion factor. For copepods, the parameters a1, a2 and

a3 were -0.399, 0.801 and 0.069, respectively [Ikeda et al., 2001]. For other

mesozooplankton, the respective parameters were -0.2512, 0.7886 and 0.0490

[Ikeda, 1985].

A potentially important feature of the North Atlantic carbon pump is

DVM, which is thought to balance the need for feeding on nutritious phyto-

plankton and smaller zooplankton in the photic zone with predator avoidance

at depth. Indeed, distinct circadian feeding patterns have been observed in

migratory mesozooplankton [Mackas and Bohrer, 1976; Morales et al., 1993],

indicating that their feeding occurs predominantly in the upper ocean. This

spatial separation has two important implications for carbon budgets. Firstly,

estimates of respiration in the twilight zone that have been based on daytime

hauls may present overestimates, as the respiration by migratory mesozoo-

plankton resting at depth is not fuelled by organic matter ingestion in the

twilight zone. Secondly, feeding by migratory mesozooplankton in the mixed
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layer and subsequent descent may provide additional sources of carbon not

accounted for in conventional budgets for the twilight zone.

The first implication only holds true if migratoring zooplankon feed exclu-

sively in the mixed layer. This assumption may not be strictly true as flux

feeding at depth by migrating zooplankton has been shown for euphausiids

[Cleary et al., 2012; Hamame and Antezana, 2010]. However, during both

studies day-time ingestion was due to demersal feeding in shallow water en-

vironments. I therefore assume that such day-time feeding is unlikely at the

PAP site, which has a depth of 4800 m.

Following this assumption, I distinguished between apparently non-migrating

and migratory mesozooplankton in my data set. Biomass that was present at

a given depth during both day and night was defined as apparently non-

migrating biomass. Di"erences between night biomass and day biomass at

a given depth were allocated to migratory mesozooplankton. Respiration for

both groups was calculated following the aforementioned equations.

4.2.2.3 Prokaryotic respiration

Respiration by prokayotes is usually estimated from measurements of prokary-

otic production rates coupled with an assumption about their growth e!-

ciency. Production is determined by long-term incubations that measure the

uptake of the radiolabelled amino acid 3H-Leucine, which is used as an in-

dex for protein synthesis [Kirchman et al., 1985]. The need for incubations

means that only a limited amount of samples can be analysed at any one time,

making it nearly impossible to generate high-resolution profiles for prokaryotic

respiration. During this study, I therefore pooled production measurements

which had been taken over a period of three weeks.

Prokaryotes were sampled from di"erent depths (1, 5, 10, 25, 50, 150, 200,

300, 500, 750, 875, and 1000 m) using Niskin bottles mounted on a CTD

rosettes or a conventional bucket (for surface samples only). Leucine incor-

poration rates were measured by C. Tamburini, M. Boutrif and M. Zubkov

during bioassays [methods described by Zubkov et al., 2007].

The estimation of prokaryotic respiration (PR) based on leucine incorpo-

ration rates requires two factors:

PR = Leucine incorporation !LeuCF ! 1 " PGE

PGE
, (4.4)

where LeuCF is the leucine-to-carbon conversion factor, and PGE is the

prokaryotic growth e!ciency. Conventionally, a LeuCF of 1.55 kg C mol Leu!1
74



4. Remineralization in the twilight zone

Table 4.1: PGEs reported in the twilight zone (50-1000 m). Prokaryotic
growth e"ciencies (PGE) determined in the twilight zone across the oceans.

Region Depth PGE Source
Northeast Atlantic, subtropical 600 m 0.18 ± 0.03 Aŕıstegui [2005]

1000 m 0.13 ± 0.02
North Atlantic, BATS 250 m 0.05 - 0.13 Carlson et al. [2004]

North Atlantic 100 - 3000 m 0.02 ± 0.01 Reinthaler et al. [2006]
Mediterranean 100 - 1000 m 0.19 - 0.39 Tanaka and Rassoul-

zadegan [2002]
Mediterranean 200 - 1500 m 0.06 - 0.11 Zaccone et al. [2003]

2000 - 3500 m 0.07 - 0.21
Northeast Atlantic, subtropical 350 - 1000 m <0.01 - 0.34 Baltar et al. [2010a]

min <0.01
max 0.39

is assumed [Simon and Azam, 1989], and PGE is reported to range between

<0.01 and 0.4 [Table 4.1; Aŕıstegui, 2005; Baltar et al., 2010a; Carlson et al.,

2004; Tanaka and Rassoulzadegan, 2004; Zaccone et al., 2003]. Indirectly ob-

tained PR based on the aforementioned equation thus results in estimates that

vary by up to two orders of magnitude depending on which PGE is assumed.

Recent studies however suggest that the oceanic LeuCF also varies substan-

tially and that it is positively correlated with PGE [Alonso-Saez et al., 2007;

Baltar et al., 2010a; del Giorgio et al., 2011]. The strong correlation between

these two factors, which have opposing e"ects on the calculated respiration,

reduces the range in calculated PR substantially. In order to explore this

e"ect on our estimate of PR, I applied all paired values of the LeuCF and

associated PGE determined in the twilight zone of the North Atlantic [Baltar

et al., 2010a] to our measured values of leucine uptake. PR for all stations was

pooled and integrated based on exponential interpolation. Upper and lower

limits for estimated PR were calculated using 95% confidence intervals of the

regression fit.
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4. Remineralization in the twilight zone

4.3 Carbon sources and sinks to the twilight

zone

4.3.1 Physical setting

Chlorophyll concentrations in the surface ranged from 0.6 - 1.2 mg Chl a

m!3 and were thus typical for post-bloom conditions in the North Atlantic

(Fig. 4.5) [Ryan-Keogh et al., 2013]. CTD profiles around the borders of the

study site revealed that water properties varied little between stations. Sea

surface temperature was !15.5"C dropping to 8 - 12"C in the mesopelagic zone

(Fig. 4.6a), and the temperature-salinity plot suggested that all samples were

taken from the same water mass (Fig. 4.6b).

Figure 4.5: Study site and deployments. ADCP current vectors (thin black ar-
rows) overlaid on satellite-derived surface chlorophyll concentrations (mg m!3; av-
eraged from 28th July-8th August 2009). The five sediment traps (Pelagra; squares)
were advected along the edge of an eddy (thick black arrow). Collection sites for
mesozooplankton and prokaryotes are marked (circles and crosses, respectively).
The inset map shows the location of the PAP site. (Figure by S.A. Henson)
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4. Remineralization in the twilight zone

Figure 4.6: Watermass properties during the study. (a) Temperature profiles
from all CTD casts during the study. P1-P5 indicate the depth of the PELAGRA
deployments. (b) Temperature-Salinity plot from the same CTD casts (0 - 600 m).

4.3.2 POC flux

Satellite chlorophyll imagery and horizontal velocities (obtained by S.A. Hen-

son using a 150-kHz Vessel-Mounted Acoustic Doppler Current Profiler) con-

firmed that all of the traps followed the edge of an anticyclonic eddy for 50

km before surfacing within 3.5 km of each other (Fig. 4.5).

Measured POC flux at 50 m (84±8 mg C m!2 d!1) was close to indepen-

dently derived estimates using 234Th and the Marine Snow Catcher (99±41 and
146±26 mg C m!2 d!1, respectively) [Riley et al., 2012]. The Martin equation

[Martin et al., 1987] explained the data well: The rate of remineralization with
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Figure 4.7: POC flux. POC flux
(black dots) below the mixed layer
(shaded area) at the PAP site during 3-
6th Aug 2009 fitted to power function
POC = 78.3 mg C m!2 d!1( z

50m)!0.7,
where z is depth in m (solid line). The
observed attenuation is consistent with
attenuation rates observed in the Pacific
(grey area and dotted lines) [Buesseler
et al., 2007b; Martin et al., 1987].
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4. Remineralization in the twilight zone

Figure 4.8: DOC supply to the twilight zone. (a) Depths profiles of DOC at
four stations during June (grey) and Octobter (black) 2005. Shaded areas repre-
sent background concentrations of refractory (R), semi-refractory (SR) and semi-
labile (SL) pools based on [Hansell et al., 2012]. (b) Relationship between AOU
and DOC at the four stations. Black circles and grey triangles represent samples
collected above and below the mixed layer (here 57 m), respectively. DOC recorded<57 m correlates to AOU (grey line; DOC = !0.26 AOU + 62.5; p = 0.01,
r2 = 0.53). Dotted line represents the theoretical relationship following the Red-
field ratio (DOC = !117!170 AOU + 62.5), which would occur if all AOU were
caused by the respiration of DOC.

depth (b = -0.70; p < 0.01; r2 = 0.95) was consistent with rates observed in

the Pacific Ocean (b: -0.50 to -1.38; Fig. 4.7) [Buesseler et al., 2007b; Martin

et al., 1987]. Following the fitted equation, the POC flux at the mixed layer

depth (FML at 50 m) was 78 mg C m!2 d!1. POC flux was then extrapolated

to 1000 m using b = -0.70, giving F1000 = 10 mg C m!2 d!1. The total loss of

POC within the twilight zone (FML " F1000) was thus 68±8 mg C m!2 d!1.

4.3.3 DOC

DOC showed the characteristic surface enhancement (up to 70 µM) with a

reduction to 55 µM at 300 m. The profiles showed little variability implying

that the supply of DOC is rather constant with season (Fig. 4.8a). Figure 4.8b

shows the regression between AOU and DOC and the theoretical relationship

which would occur if all AOU was due to DOC degradation (Corg:O2 ratio

of 117:170). The ratio between the two gradients is 0.377 suggesting that

DOC explains 38% of the respiration between 57-300 m. This is consistent

with an estimated contribution of DOC respiration to total AOU of 18-47%
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4. Remineralization in the twilight zone

Figure 4.9: Lateral ad-
vection. Surface parti-
cle back trajectories of the
water masses sampled using
PELAGRA (grey) and ARIES
(black) derived from satellite-
derived near-surface velocities
over 3 months. Particles
started at the solid circles.

in the upper 500 m across the South Pacific and Indian Ocean [Doval and

Hansell, 2000].

Assuming that the attenuation of the sinking POC flux between 57 m and

300 m (49 mg C m!2 d!1) made up the remaining 62%, DOC contributed

30 mg C m!2 d!1 to the carbon flux. The estimated export of DOC into the

twilight zone via turbulent mixing was 0.4-4 mg C m!2 d!1. Based on the two

estimates for DOC export, I applied a conservative value of 15 mg C m!2 d!1
for the construction of the twilight zone carbon budget at the PAP site. DOC

export through excretion at depth via the active flux was 3 mg C m!2 d!1.

4.3.4 Lateral advection

The final source of organic matter supply to the twilight zone that I estimated

was the lateral advection of organic matter into the study areal. The computed

back-trajectories suggest that the water that arrived at the PAP site during

our cruise had not passed over the continental shelf or slope during the previous

three months (Fig. 4.9). Assuming that most organic matter is remineralized

over a period of three months, the lateral advection of energetically valuable

organic matter from the continental shelf was negligible.

4.3.5 Zooplankton abundance and community structure

Integrated biomass (0-1000 m) at the two deployment sites were respectively

1.2 and 1.1 g DW m!2 during the day and 1.1 and 2.0 g DW m!2 during the
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Figure 4.10: Mesozooplankton community composition. (a,b) Integrated
biomass (a) between 0-1000 m and (b) between 0-100 m during day and night
deployments at the two deployment sites. (c,d) Relative community composition
for mesozooplankton (c) in the entire water column (0-1000 m) and (d) in the top
100 m during day and night deployments at the two deployment sites.

night (Fig. 4.10a). During night, 43% and 61% of the total biomass was found

in the upper 100 m, whereas during the day this number dropped to 11% and

26% at site 1 and 2, respectively (Fig. 4.10b and Fig. 4.11a,b).

Community composition for the entire water column was similar for all

profiles (Fig. 4.10c). The only exception were euphausiids during night at the

second deployment site, where their biomass was approximately twice as high

as for the other profiles. The dominant organisms throughout the whole water

column were chaetognaths (17-25%), large copepods (17-30%), small copepods

(11-32%) and euphausiids (15-45%) (Fig. 4.10c). The homogenous distribution

for all profiles is reassuring considering that the open-ocean is often patchy

and that ARIES was hauled horizontally over a distance of !11 km for each

profile. I therefore considered the profiles representative for the region at that
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Figure 4.11: Mesozooplankton depth distribution. Depth profiles of (a,b)
total mesozooplankton community and (c,d) migratory mesozooplankton at de-
ployment site 1 (left) and 2 (right). Biomasses of community and migratory meso-
zooplankton are represented for day and night time (right-hand and left-hand, re-
spectively). Shaded area represents mixed layer.
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Figure 4.12: ADCP profile. Diel vertical migration by mesozooplankton is picked
up by the Acoustic Doppler Current Profiler (ADCP). High concentrations of zoo-
plankton (dark red) are found in the top 100 m during the night (9 pm–5 am). In
the morning and evening, parts of the zooplankton migrates to depth (300-400 m),
where they reside during daylight hours. This profile was recorded on 7 Aug 2009
using the RDI Ocean Surveyor 150 kHz Phased VM-ADCP and displays backscatter
strength (dB).

time.

DVM was apparent at both deployment sites with animals retreating to a

depth between 400-550 m and 300-450 m during the first and second deploy-

ment, respectively (Fig. 4.11c,d). This migratory pattern was confirmed by

ADCP data, which identified the time of descent and ascent as 5-8 am and

7-9 pm, respectively (Fig. 4.12).

DVM was predominantly performed by euphausiids, which were respon-

sible for 61-71% of the biomass in the upper 100 m during night time and

only 7-12% during the day (Fig. 4.10b,d). Large copepods also showed signs

of DVM, though their biomass in the upper 100 m increased by only !80
mg DW m!2 during the night compared to an increase of 275-836 mg DW

m!2 in euphausiid biomass. All other groups did not show consistent signs of

DVM (Fig. 4.13). Non-migrating mesozooplankton were mostly small cope-

pods (Oithona, Oncaea) and chaetognaths.
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Figure 4.13: For legend see next page.
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Figure 4.13: Species depth distribution. Depth profiles of chaetognaths, large
copepods, small copepods, euphausiids, and ostracods at deployment site 1 and
deployment site 2 (left and right column, respectively). Biomasses are represented
for daytime (light grey) and night time (dark grey). Shaded area represents mixed
layer.
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Figure 4.14: Respiration in the twilight zone. (a) Depth profiles of respiration
(mg C m!3 d!1) by apparently non-migrating mesozooplankton (determined as the
di!erence between day and night biomasses) at deployment site 1 (solid line) and
deployment site 2 (dashed line). Shaded area indicates mixed layer. (b) Depth
profile of leucine update rates by prokaryotes (mol Leu m!3 d!1). Lines represent
exponential fit (Leu = 0.047 " 10!0.0012m; p < 0.01; r2 > 0.73; solid line) and 95%
confidence intervals (dashed lines). Shaded area indicates mixed layer.

4.3.6 Respiration

Profiles of mesozooplankton respiration rates reflected patterns of biomass.

Mesozooplankton that did not appear to migrate in the twilight zone had

combined respiration rates of 15.2 and 12.7 mg C m!2 d!1 (50-1000 m), respec-

tively, during the two deployment periods (Fig. 4.14a). The daily respiration

rates of migratory mesozooplankton were 8 mg C m!2 d!1.
Leucine incorporation rates were 41.7±21.2 nM Leu m!3 d!1 at 150 m

and 6.6±4.1 nM Leu m!3 d!1 at 500-750 m, which is similar to previous es-

timates in the Northeast Atlantic Ocean (37.7 and 7.5 nM Leu m!3 d!1, re-
spectively)[Reinthaler et al., 2010]. Integrated leucine incorporation (50-1000

m) based on exponential interpolation was 13.5 M Leu m!2 d!1 (10-19 M

Leu m!2 d!1 according to 95% confidence intervals). Integrated leucine in-

corporation (50-1000 m) was converted into respiration by applying paired

values of leucine-to-carbon conversion factors (0.13-0.67 kg C mol!1 Leu) and
growth e!ciencies in the mesopelagic (0.01-0.10) [Baltar et al., 2010a]. This

yielded an integrated prokaryotic respiration rate of 100 (70-134) mg C m!2
d!1 (Fig. 4.15).
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Figure 4.15: E!ect of varying PGE and LeuCF on respiration estimates.
Paired values of prokaryotic growth e"ciencies (PGEs) and leucine-to-carbon con-
version factors (LeuCF) determined in the twilight zone of the Northeast Atlantic
[Baltar et al., 2010a] (black dots). The lines represent the associated column inte-
grated respiration (mg C m!2 d!1) when these factors are applied to our measured
column integrated leucine uptake. It is clear that the twilight zone values (black
circles) lead to respiration rates clustered around the 100 mg C m!2 d!1 line.
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Figure 4.16: Twilight zone car-
bon budget. The sum of net car-
bon supply (#OC; light grey) of POC,
DOC and active flux (marked with an
asterisk) matches respiration by non-
migratory zooplankton (ZR; dark grey)
and prokaryotes (PR; mid grey). Er-
ror bars represent upper and lower es-
timates (see text and Table 4.3).

4.3.7 Budget

The total export of organic matter to the twilight zone was 63-109 mg C m!2 d!1.
Sinking POC was the dominant source for organic carbon in the twilight zone

and contributed 79% of the total input. Vertically mixed DOC contributed

17%, with the reminder being exported via DVM.

Community respiration was 83-149 mg C m!2 d!1, whereby prokaryotes

dominated total respiration (88%). The sum of the inputs of organic car-

bon was remarkably similar to that of total community respiration (Fig. 4.16,

Table 4.3).

Table 4.3: Carbon budget for the twilight zone (50-1000 m). Input fluxes
and respiration rates (mg C m!2 d!1) are based on measurements at the PAP site,
North Atlantic. Numbers in brackets refer to lower and upper estimates (see text).

Input Respiration
Sinking POC 68 (60-76)

Mesozooplankton 14 (13-15)
Vertical mixing (DOC) 15 (0-30)
Active transport (DOC) 3

Prokaryotes 100 (70-134)
Lateral advection 0

Total
86

Total
114

(63-109) (83-149)
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4.4 Reconciling the twilight-zone carbon bud-

get

This study is the first to successfully reconcile the various elements of the

carbon budget in the twilight zone of the ocean. In the following paragraphs

I will present the di"erent factors that achieved this balance. Key features in

this discussion include (1) the exclusion of vertical migrators from the estimate

of mesozooplankton respiration in the twilight zone, and (2) the assumption

that respiration rather than carbon demand is the sink for organic carbon.

Last I will explore the importance of mesozooplankton in the workings of the

biological carbon pump.

4.4.1 Exclusion of migrating mesozooplankton from res-

piration estimates

As mentioned above, the distinction between mesozooplankton that migrate

vertically from mesozooplankton that feed exclusively in the twilight zone

has important implications for the twilight zone carbon budget. If migrating

mesozooplankton fed exclusively in the mixed layer, it would be misleading

to compare their respiration rate with the attenuation of the organic carbon

flux. Rather, their respiration should be excluded from the budget.

A way of challenging the assumption that migrating mesozooplankton do

not feed in the twilight zone is to compare daily metabolic requirements

to potential ingestion rates in the mixed layer. The typical vertical mi-

gration pattern was observed during both deployments with large copepods

and euphausiids dominating the migrating mesozooplankton. Several stud-

ies have estimated clearance rates for these two groups, which range from

72-432 mL ind!1 d!1 for Calanus and 360-2400 mL ind!1 d!1 for euphausi-

ids. Using these clearance rate, potential ingestion during night-time can be

calculated using the equation

IML = Find ! cPOC ! nML ! t, (4.5)

where IML is the total ingested carbon in the mixed layer (mg POC m!2 d!1),
Find is the average clearance rate (mL ind!1 d!1), cPOC is the concentration

of POC in the mixed layer (97 mg POC m!3), nML represents the number of

mesozooplankton in the mixed layer (7,170 and 10,370 ind m!2 during the two

deployment periods, respectively), and t is the time that migratory mesozoo-
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plankton spent in the mixed layer each night according to ADCP back scatter

profiles (9 h). Total ingestion rates for the migrating mesozooplankton com-

munity ranged from 18 to 905 mg C m!2 d!1. These rates are substantially

larger than calculated respiration rates (8 mg C m!2 d!1).
Besides respiration, mesozooplankton requires additional carbon for other

physiological processes such as growth, egestion and excretion. The sum of

these requirements is known as daily carbon demand (ZCD) and can be cal-

culated from respiration following Al-Mutairi and Landry [2001] as mentioned

in section 2.4.3,

ZCD = ZR ! (1 "NGE !AE)!1, (4.6)

where ZR is respiration, NGE is the net growth e!ciency [0.5; Chervin,

1978], and AE is the absorption e!cency [0.6; Mayor et al., 2011]. Accord-

ing to this equation, migrating copepods and euphausiids needed to ingest

27 mg C m!2 d!1 to cover their daily carbon demands. This is on the lower

end of the estimated ingestion of 18 to 905 mg C m!2 d!1 during night-time

feeding in the mixed layer. It is therefore reasonable to assume that they stop

feeding when at depths, and the respiration rate of migrating mesozooplankton

should consequentially be excluded from the carbon budget.

4.4.2 Respiration vs. carbon demand

The fact that community respiration and carbon export balance in the North-

east Atlantic is astonishing, considering that several previous attempts found

that the twilight-zone biota requires up to ten times more carbon than is

supplied by sinking organic matter [e.g. Baltar et al., 2009a; Boyd et al.,

1999; Reinthaler et al., 2006; Steinberg et al., 2008]. I included two addi-

tional sources of organic carbon that are commonly not considered for carbon

budgets: vertical mixing and active transport. These two terms, however, con-

tributed only !20% of the total input, and are unlikely to explain the balance

achieved here. Rather, the carbon budget presented here is distinct because it

compares carbon flux attenuation to community respiration, whereas previous

studies compared flux attenuation to community carbon demand. So, what is

the justification for the use of respiration and why does it matter?

The construction of an ecosystem carbon budget is dependent on the def-

inition of input and output terms. If the input is defined as the supply or-

ganic carbon, then the analogous output is the removal of organic carbon

via conversion inorganic carbon during respiration. Respiration di"ers from
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the frequently used ‘carbon demand’ [Baltar et al., 2009a; Boyd et al., 1999;

Reinthaler et al., 2006; Sasaki et al., 1988; Steinberg et al., 2008; Yamaguchi

et al., 2002], as the latter often represents ‘ingestion’ or ‘ingestion minus eges-

tion’. Ingestion is equal to the sum of biomass production (growth and re-

production), excretion, respiration, and, in case of mesozooplankton, faecal

production [Mayor et al., 2009b]. Except for respiration, these processes all

produce organic matter available as food for other heterotrophic organisms

such as carnivores or detritivores, and thus they retain organic carbon in the

system rather than converting it into inorganic carbon as occurs during respi-

ration.

In order to illustrate the impact that making the distinction between res-

piration and carbon demand has on the calculation of the twilight zone carbon

budget, I calculated carbon demand from the data following Steinberg et al.

[2008] over a similar depth range (150-1000 m) to allow a direct comparison.

I then compared these estimates to their observations from the North Pacific.

Prokaryotic carbon demand (PCD) was calculated as

PCD = PHP

PGE
, (4.7)

where PHP is prokaryotic heterotrophic production measured using tritiated

leucine, and PGE is a prokaryotic growth e!ciency of 0.15 (as Steinberg et al.

[2008]). Zooplankton carbon demand (ZCD) was estimated as

ZCD = ZR(1 "NGE) !AE , (4.8)

where ZR is the allometrically determined respiration rate [Al-Mutairi and

Landry, 2001; Ikeda et al., 2001; Ikeda, 1985], NGE is the net growth e!ciency

(0.5 as Steinberg et al. [2008]), and AE is the absorption e!ciency (0.6 as

Steinberg et al. [2008]).

The modified budget for the North Atlantic is qualitatively similar to

the observations from the oligotrophic subtropical (station ‘ALOHA’) and

mesotrophic subarctic (station ‘K2’) Pacific (Fig. 4.17) [Steinberg et al., 2008].

In all cases, the sum of prokaryotic and mesozooplankton carbon demands ex-

ceeds the supply of carbon to the system by a factor of 8-10. This is in contrast

with the balanced carbon budget I originally calculated for the PAP site and

highlights the importance of comparing flux attenuation to respiration as a

sink for organic carbon.
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Figure 4.17: Carbon demand vs. supply in North Atlantic and Pacific.
Particulate organic carbon supply (#POC; black) vs. carbon demands by meso-
zooplankton (dark grey) and prokaryotes (light grey) in the North Atlantic (‘PAP’;
this study) and at two stations in the Pacific (‘ALOHA’ and ‘K2’). Error bars show
analytical errors for POC flux and upper and lower estimates for carbon demands
from this study.

4.4.3 Other sources and sinks for carbon in the twilight

zone

Another crucial di"erence between the twilight zone carbon budget presented

here compared to the carbon budget by Steinberg et al. [2008] is the extension

of the region of interested upward to the bottom of the mixed layer (here

!50 m). To see what di"erence this extension makes in the balance, I split up

the mesopelagic into upper (50-150 m) and lower mesopelagic (150-1000 m).

The boundary at 150 m was chosen as it allows direct comparison with the

study by Steinberg et al. [2008]. In the upper region, respiration is in excess

of organic carbon supply, whereas the reverse is the case at depth (Fig. 4.18).

There appears to be a vertical transfer of organic carbon within the twilight

zone, which is critical for balancing the carbon budget. For this, I consider

that the use of a dynamic upper boundary (as opposed to to a fixed upper

boundary between around 150 m; see also Buesseler et al. [2009]) and the

inclusion of the entire region are key to deriving a balanced budget.

This study did not investigate the contribution of microzooplankton to

the twilight zone carbon budget. Microzooplankton are an important link

between prokaryotes and mesozooplankton in the upper ocean [Azam et al.,

1983; Legendre and Rivkin, 2008], yet relatively little is known about their role

in the deep sea [Nagata et al., 2010]. Recent studies show that the diversity

of microzooplankton in the deep sea is unexpectedly high [Arndt et al., 2003;

92



4. Remineralization in the twilight zone

Figure 4.18: Twilight zone carbon budget with di!erent depth horizons.
(a-c) Comparison of net zooplankton (ZR) in the entire twilight zone (a, 50-1000
m), the upper twilight zone (b, 50-150 m) and the lower twilight zone (c, 150-1000
m). There appears to be a vertical transfer of organic carbon within the twilight
zone, which is critical for balancing the carbon budget across the entire region.

Countway et al., 2007; López-Garćıa et al., 2001; Not et al., 2007], with het-

erotrophic nanoflagellates (HNF), ciliates and amoebae being the dominant

protists [Fukuda et al., 2007; Gowing et al., 2003; Safi et al., 2012; Sohrin

et al., 2010; Tanaka and Rassoulzadegan, 2002]. Column integrated biomass

of protists in the twilight zone ranges from 0.01 g C m!2 in the Arabian Sea

[250-1000 m; Gowing et al., 2003] to !1 g C m!2 in the Ross Sea [118-1000

m; Safi et al., 2012], and appears to be generally an order of magnitude lower

than prokaryotic biomass (Table 4.4). By taking this ratio between prokaryotic

biomass and protist biomass as an indicator for respiration, microzooplankton

respiration during our study may have been !10 mg C m!2 d!1, comparable

to the respiration rates calculated for mesozooplankton (14 mg C m!2 d!1).
Microzooplankton may therefore contribute significantly to respiration in the

twilight zone and should be considered in future studies.

4.4.4 The role of mesozooplankton as particle degrader

Sinking organic matter presents the main supply of food to the twilight zone.

Many copepods living here are therefore specialized in flux feeding [e.g. Gon-

zalez and Smetacek, 1994; Koski et al., 2007; Lampitt et al., 1990; Stemmann

and Boss, 2012] and their abundance and distribution is likely to be controlled

by the availability of sinking particles as a food source. To test this depen-

dency, I calculated carbon ingestion by small copepods in the twilight zone
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Table 4.4: Microzooplankton biomass in the twilight zone. Integrated mi-
crozooplankton biomass (g C m!2) in the twilight zone (depth interval as stated)
of di!erent ocean regions. Prokaryotic biomass is presented where possible. HNF:
Heterotrophic nanoflagellates.

Region Depth Organisms Biomass Source
(m) (g C m!2)

Arabian Sea 250 - 1000

Protozooplankton 0.02 - 0.03

Gowing et al. [2003]
Ciliates <0.01

Sarcodines <0.01 - 0.02
Nauplii 0.01 - 0.02

Ross Sea 118 - 1000
HNF 0.04 - 1.06

Safi et al. [2012]
Ciliates 0.02 - 0.04

Mediterranean 110 - 1000
HNF 0.08±0.05 Tanka and

Ciliates 0.14±0.06 Rassoulzadegan
Prokaryotes 1.56±0.45 [2002]

North Pacific 100 - 1000
HNF 0.06 - 0.17

Sohrin et al. [2010]Ciliates 0.01 - 0.04
Prokaryotes 0.5 - 2.3

Subarctic Pacific 100 - 1000
HNF 0.13±0.06

Fukuda et al. [2007]
Prokaryotes 3.5±2.5

(<500 µm in size; averaged for day and night at each deployment site) using

the aforementioned equation for carbon demand (equation 4.6). The loss of

POC (mg C m!3 d!1) was calculated as the di"erences between two depths (z

and z + 1) based on measured flux fitted with an exponential power function

[Martin et al., 1987]:

Loss of POC = Fluxz+1 "Fluxz (4.9)

The carbon demands by small copepods were indeed met by POC flux

attenuation in the twilight zone (Fig. 4.19). The only depth interval where

carbon demands exceeded flux attenuation was between 700-900 m at the first

deployment site. At this depth, I observed a high concentration of chaetog-

naths, which are known to be carnivorous [e.g. Øresland, 1987; Saito, 2001].

The large abundance of higher trophic levels suggests that the food web at

this depth was well established and most likely based on a previous export

event that supplied large amounts of organic carbon and thus supported high

biomass.

Furthermore, these calculations have large uncertainties both in the ex-

trapolation of the flux (as suggested by the large biomass found below 700 m

at deployment site 1) and in the calculation of ingestion rates, which are based

on growth e!ciencies for mesozooplankton living in the surface ocean. Growth

e!ciencies of mesozooplankton may increase with depth, as has been shown

for fish [Childress et al., 1980], and requirements for ingested carbon would
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Figure 4.19: Flux feeding by small copepods. Comparison of ingestion by small
copepods (<500 µm; average for night and day) and loss of sinking POC at depths
at (a) Deployment Site 1 and (b) Deployment Site 2.

consequently decrease at depth. This simple analysis indicates a tight cou-

pling between mesozooplankton living in the twilight zone and particle flux.

It furthermore suggests that flux attenuation profiles are strongly controlled

by mesozooplankton.

Despite the strong link between mesozooplankton feeding and flux attenu-

ation, community respiration in the twilight zone at the PAP site was largely

due to prokaryotes (!88% of the diagnosed respiration). The suggestion that

prokaryotes dominate community respiration seems counterintuitive given that

organic carbon supply to the twilight zone is dominated by sinking particles

that are accessible to mesozooplankton. I therefore hypothesise that a major

role of mesozooplankton in the twilight zone is to mechanically degrade partic-

ulate material [Lampitt et al., 1990] into slow-sinking particulate matter and

dissolved organic material that is subsequently remineralized by prokaryotes

and their consumers.

In order to explore whether this conceptual picture is consistent with our

current understanding of twilight zone ecology, and to provide a full quan-

titative picture of the twilight zone carbon cycle, I used a simple steady-

state model of cycling and remineralization of organic carbon in the twilight

zone. The model was written by T.R. Anderson [Anderson and Tang, 2010]

and traces the turnover and remineralization of sinking POC via three path-

ways: (1) colonization and solubilisation of detritus by attached microbes, (2)

production of free-living microbes following losses of solubilisation products
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Figure 4.20: Predicted carbon cycle in the twilight zone. Organic carbon
is supplied to the twilight zone in particulate (POC) and dissolved form (DOC;
vertical mixing + active transport) (green arrows). POC is processed by detrivores
(50%) or attached prokaryotes (50%) and recycled in the twilight zone until it
is eventually remineralized (red arrows) whereby prokaryotes dominate respiration
(84%). Observed rates are in green and red boxes. Internal net flows (mg C m!2 d!1)
derived from a numeric model are represented as arrows (line width in scale). Fluxes
indicated with (*) are for microzooplankton (prokaryote consumers), which are not
included in the measured estimates.

during particle degradation, and (3) consumption by detritivorous mesozoo-

plankton. The model was modified to include vertical mixing of DOC and

active transport as carbon inputs to the twilight zone and to represent POC

in both sinking and suspended forms, the latter produced via mesozooplank-

ton ‘sloppy feeding’ [Jumars et al., 1989]. Inputs of carbon to the twilight

zone were the measured values given in Table 4.3.

Modelled respiration rates matched field data well, with 84% of the CO2

being produced by prokaryotes and only 16% by mesozooplankton (Fig. 4.20).

In contrast, detritivorous mesozooplankton in the model processed 50% of the

POC flux (of which 30% was released as suspended POC fuelling microbial

production and respiration), with the remaining half being processed by at-
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tached prokaryotes. The significant roles of mesozooplankton and prokaryotes

for processing and respiring sinking POC respectively are robust to changing

model parameter values.1 Moreover, it is consistent with the general per-

ception that detritivores are sloppy feeders that ingest <40% of encountered

particles, causing the bulk part of fast-sinking POC to break up into slow-

or non-sinking POC and DOC [Lampitt et al., 1990]. This pool of suspended

organic matter stimulates the microbial loop [Azam et al., 1983] in the twilight

zone and ultimately fuels the respiration of prokaryotes [Anderson and Tang,

2010; Steinberg et al., 2008].

These results highlight a synergy between mesozooplankton and microbes

in the twilight zone where both play significant roles in processing the organic

carbon flux and, subsequently, in controlling the strength of the oceanic carbon

sink.

4.4.5 Conclusion

Biological processes in the oceans play an important role in the global carbon

cycle via the storage of carbon which sinks from the surface in form of organic

matter. The rate at which sinking carbon is consumed and remineralized by

heterotrophic organisms at depth is an important control over air-sea carbon

dioxide (CO2) partitioning, keeping atmospheric CO2 significantly lower than

it would be if the oceans were abiotic [Parekh et al., 2006]. However, attempts

to match carbon supply and heterotrophic remineralization in the twilight

zone (100-1000 m) have failed, with discrepancies between known sources and

estimated sinks of up to an order of magnitude [Baltar et al., 2009a; Boyd

et al., 1999; Reinthaler et al., 2006; Steinberg et al., 2008].

In this chapter, I present a balanced carbon budget at the Porcupine

Abyssal Plain site (49"N, 16.5"W), NE Atlantic, using a combination of field

measurements and a steady-state model. Prokaryotes were responsible for

88% of twilight zone respiration despite the fact that much of the organic car-

bon is exported in the form of large, fast-sinking particles accessible to larger

zooplankton. This occurs because mesozooplankton break up and ingest 50%

of the fast-sinking particles, of which >30% may be released as suspended and

slowly sinking matter, stimulating the deep-ocean microbial loop. My results

highlight a synergy between mesozooplankton and microbes in the twilight

zone that is key to understanding the working of the oceanic carbon sink.

1The sensitivity analysis was carried out by T.R. Anderson and is therefore not discussed
further. For information on parameters and model robustness see [Giering et al., in review].
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Chapter 5

Conclusions

The aim of this thesis is to determine the quantitative impact of mesozoo-

plankton on the biological carbon pump in the high-latitude North Atlantic.

To achieve this, I collected mesozooplankton during cruises in July/August of

2009 and 2010. Figure 5.1 presents a carbon cycle for the biological carbon

pump in the high-latitude North Atlantic (combining the results of Chapter 2

and 4) and reveals the role of mesozooplankton for carbon cycling in upper

1000 m.

I show that mesozooplankton appeared to have a rather small role in crop-

ping primary production as they ingested only !6% of the primary production

(Chapter 3). The low grazing pressure by mesozooplankton is surprising con-

sidering that mesozooplankton is highly abundant in the high-latitude North

Atlantic [e.g. Burkill and Edwards, 1993], yet it is consistent with previous

studies [Dam et al., 1993; Gi"ord et al., 1995; Morales et al., 1991, 1993].

Rather, the majority of this organic matter is recycled within the mixed layer

by nano- and microzooplankton, which have been shown to ingest !70% of

the daily primary production [Calbet and Landry, 2004; Stelfox-Widdicombe

et al., 2000].

Despite the low grazing control, mesozooplankton a"ect phytoplankton

growth via the release of DFe and NH+4 during grazing (Chapter 4). NH+4 was

continuously released as a metabolic waste product, whereas DFe was dissolved

from ingested phytoplankton during digestion. These di"erent pathways lead

to a decoupling of nitrogen and iron, resulting in elevated Fe:N ratios (5-

26 times larger) compared to those required by phytoplankton). Nutrient

recycling by mesozooplankton was estimated to support 6-59% and 1-13% of

the phytoplankton requirements for DFe and N, respectively. They may thus

play an important role in supporting primary production, especially in regions

where iron may be limiting phytoplankton growth.
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Figure 5.1: The role of mesozooplankton in the biological carbon pump.
Atmospheric CO2 is converted into biomass by primary production in the mixed
layer (‘Production’; green box). This organic matter is reworked into dissolved
organic carbon (DOC), particulate organic carbon (POC), or remineralized to car-
bon dioxide (CO2) by prokaryotes and microzooplankton (‘Nano- and Microzoo’),
mesozooplankton (‘Mesozoo’), and higher trophic levels (‘Higher meso’). Aggre-
gates (‘Agg’) and Faecal pellets sink to the twilight zone, whereas dissolved organic
carbon is exported via vertical mixing (yellow arrows) or diel vertical migration
by larger mesozooplankton (‘DVM’; lilac arrow). Internal flows are represented as
arrows (line width to scale). Numbers represent percentages of primary production.
Only flows larger >0.7% are presented.
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I further conclude that mesozooplankton were able to control only phy-

toplankton that were larger than 5 µm (section 2.4.2). Moreover, grazing

on phytoplankton was insu!cient to satisfy the daily carbon demands of both

Calanus and Oithona, and these copepods were likely to acquire >40% of their

carbon requirements by feeding on microzooplankton (section 2.4.3). These

two observations support the findings that primary production in the high-

latitude North Atlantic is largely grazed by microzooplankton [Dam et al.,

1993; Gi"ord et al., 1995; Morales et al., 1991, 1993] or sinks out of the mixed

layer [Henson et al., 2012].

The observation that mesozooplankton grazed little of the primary pro-

duction (!6%) suggested that they play a minor role in the biological carbon

pump of the high-latitude North Atlantic. However, using a simple budget, I

estimated that mesozooplankton repackaged !9% of the primary production

into faecal pellets and thus contributed !57% of the observed export flux at

50 m. Mesozooplankton are therefore a key determinant over how much of

the fixed carbon is exported to the twilight zone (section 2.4.4).

The biota in the twilight zone live primarily on the organic carbon export

from the mixed layer. The upper twilight zone is therefore characterized by

intense flux feeding by zooplankton and prokaryotes that leads to rapid rem-

ineralization of the organic matter flux with depth [Buesseler et al., 2007b;

Martin et al., 1987]. Attempts to match the observed flux remineralization

with biological activity have, however, failed with discrepancies of up to 2

orders of magnitude [Baltar et al., 2009b; Boyd et al., 1999; Reinthaler et al.,

2006; Steinberg et al., 2008]. I present the first balanced budget for the twilight

zone.

Respiration was dominated (88%) by prokaryotes, despite the fact that

the majority of the organic carbon was supplied to the twilight zone in form

of sinking particles. I suggest that this is possible because mesozooplankton

living in the twilight zone break up 50% of the sinking organic matter during

sloppy feeding and thereby produce suspended and slow-sinking material that

is accessible to prokaryotes. This highlights a synergy between mesozooplank-

ton and prokaryotes that is key to understanding the carbon remineralization

in the twilight zone.

I conclude that mesozooplankton are of tremendous importance for the bi-

ological carbon pump in the high-latitude North Atlantic. Without mesozoo-

plankton, the export e!ciency of organic matter from the mixed layer would

decrease dramatically, making the biological carbon pump less e"ective. On

the other hand, without mesozooplankton in the twilight zone, remineraliza-
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tion rates in the twilight zone would drop dramatically, and the majority of

sinking organic matter would sink below 1000 m.

Indeed, this pattern of high export e!ciencies coupled to low remineraliza-

tion in the twilight zone, and vice versa, has been observed on a global scale

[Henson et al., 2012]. Mesozooplankton may thus be key determinant of the

e!ciency of the biological carbon pump not only in the high-latitude North

Atlantic but globally.
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Appendix A

The e!ect of seasons on the

choice of grazing methods

A.1 Introduction

Accurate estimation of in situ grazing rates by mesozooplankton is key to

understanding and modelling pelagic food web dynamics and biogeochemistry

(e.g. Chapter 3). There are two methods commonly used to determine cope-

pod grazing rates: (1) gut fluorescence analysis [Mackas and Bohrer, 1976]

and (2) food removal experiments [Frost, 1972]. I have used both methods in

the North Atlantic during two seasons (spring and summer 2010) and will dis-

cuss their applicability here by comparing measured grazing rates determined

using both methods with literature values.

A.2 Gut fluorescence method

The gut fluorescence method is based on the principle that the pigments of in-

gested phytoplankton can be recovered from mesozooplankton guts in the same

way that pigments are extracted from phytoplankton [Mackas and Bohrer,

1976; Nemoto, 1968]. This provides an estimate of gut contents and can be

used to calculate an ingestion rate if the gut clearance rate is known. The gut

clearance rate of mesozooplankton is largely dependent on temperature, and

can thus be calculated if the ambient temperature is known [Dam and Pe-

terson, 1988]. This makes the gut fluorescence method simple and eliminates
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A. E!ect of seasons on the choice of grazing methods

the need for on-board incubations. It is, however, advisable to experimentally

determine the gut clearance rate at least at a few stations to account for re-

gional, seasonal or species-specific variations [e.g. Atkinson et al., 1996; Dagg

and Walser, 1987; Irigoien et al., 1996; Pasternak, 1994]. One of the disadvan-

tages of the gut-fluorescence method is the restriction to prey that contains

Chlorophyll a. Furthermore, the method does not resolve food selectivity.

A.2.1 Method

A.2.1.1 Gut fluorescence analysis

Mesozooplankton were collected using a 200-µm WP2 net with non-filtering

cod-end from a depth of approximately 30 m. Nets were hauled at !10 m min!1
to minimize gut evacuation during ascend. Mesozooplankton stuck to the net

were likely to be stressed and potentially damaged, therefore nets were not

rinsed prior to recovering the cod-end. Collected mesozooplankton were imme-

diately filtered onto a small square of mesh (200 µm), wrapped in aluminium

foil, placed in a plastic bag, frozen in liquid nitrogen, and stored at -20"C.
The frozen samples were processed immediately after removing them from

the freezer and kept defrosted for as short as possible at any time. Frozen

mesozooplankton were rinsed onto a Petri dish using seawater. Under a light

microscope at dim light, 10-20 individuals of the dominant stage of Calanus

were picked, transferred into a known volume of acetone (90%), and stored

at -20"C for 24 h. Following extraction, the sample was mixed thoroughly

and decanted into a fluorometer glass tube, and the fluorescence measurement

was read. Chlorophyll a concentration (ng Chl a individual!1) was calculated
following JGOFS Protocol.

A.2.1.2 Gut clearance rate

Mesozooplankton were collected as described in section A.2.1.1. A bucket

(20 L) was filled with GF/F filtered, food particle-free seawater. After un-

screwing the cod-end, the content was carefully filtered through a 100-µm

mesh dish, which was immersed in water. Mesozooplankton in the water

above the mesh dish were immediately transferred into the bucket with fil-

tered water. The bucket was placed in a controlled-temperature lab and kept

in darkness. 10-20 Calanus were removed at intervals of increasing length

(after 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100, 120, 150, 180, and 240 min)
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and their gut fluorescence was measured as described above (section A.2.1.1).

The rate with which Calanus evacuated their guts (‘gut clearance coef-

ficient’ k) was calculated on the assumption that a constant fraction of the

gut was emptied per unit time [Baars and Oosterhuis, 1984]. The subsequent

exponential model reads

!t = !0 ! exp("k ! t), (A.1)

where !0 is the initial gut fluorescence, and !t is the gut fluorescence measured

at time t.

A.2.1.3 Feeding rate calculation

Ingestion rate (I; µg C ind!1 d!1) was calculated following [Dam and Peterson,

1988] as

I = k ! ! !Chl:C ! 1440min

d
(A.2)

where k is the measured gut clearance coe!cient (min!1), ! is the measured

gut fluorescence from field samples (µg Chl ind!1), and Chl:C is the Chloro-

phyll a to carbon ratio of 0.5.

A.2.2 Results

Gut fluorescence declined over time in all gut clearance experiments (Fig. A.1).

The decrease in gut fluorescence followed the expected exponential decay func-

tion [Dam and Peterson, 1988] at three out of four stations during May, when

incubation time explained >70% of the observed variability (Table A.1). In

July, a significant exponential decrease was observed in five out of seven sta-

tions, though on average only 43% of the observed variability could be ex-

plained by incubation time in these incubations (Table A.1). Excluding the

stations where the regression slope was not significant, average gut clearance

rate k was -0.014 min!1 (±11% sd) during May and -0.013 min!1 (±80%) during

July.

A.2.3 Discussion: Seasonal di!erences

In May, values for the experimentally-determined gut clearance rates k ap-

peared robust with a mean of 0.014±0.001 min!1. This rate is in agreement
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Figure A.1: Gut clearance over time spring and summer 2010. Relationships
between gut contents and time in the North Atlantic during May (Exp 1-4) and
July/August 2010 (Exp 5-11) across the North Atlantic. Regression slopes (k) that
were significant (p<0.05) are marked with an asterix.
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Table A.1: Gut clearance coe"cients d summer 2010. During spring and Gut
clearance coe"cients and details of the regression analyses. Presented means are
based on stations with significant slopes, only. *p<0.05, **p<0.01, ***p<0.001.

Exp Date Slope (k) p Intercept p R2

1 2 May -0.013 *** 0.36 *** 0.77
2 3 May -0.016 *** 0.24 *** 0.77
3 6 May -0.002 0.44 1.39 * -0.04
4 8 May -0.013 ** 0.61 * 0.71

mean - -0.014±11% - 0.40 - 0.75

5 13 Jul -0.004 0.36 1.10 0.67 -0.01
6 15 Jul -0.030 ** 2.28 * 0.74
7 17 Jul -0.005 * 0.50 *** 0.29
8 18 Jul -0.005 0.14 1.01 0.97 0.14
9 23 Jul -0.008 * 0.27 *** 0.30
10 25 Jul -0.006 * 0.80 0.19 0.30
11 30 Jul -0.015 ** 0.55 * 0.54

mean - -0.013±80% - 0.88 - 0.43

with literature values [0.010-0.022 min!1 Durbin et al., 1995; Tande and Bam-

stedt, 1985] and estimates of k based on ambient temperature [0.019 min!1;
Dam and Peterson, 1988].

In July, estimated gut clearance rates for Calanus were lower than rates

found in the literature, compared both to species-specific rates [0.022 min!1;
Simard et al., 1985] and temperature-derived rates [0.024 min!1; Dam and

Peterson, 1988]. Only two of the seven incubations yielded a good regression

fit (R2 of 0.74 and 0.54; Table A.1). These two incubations had a mean k (0.23

min!1) that is close to the values found in the literature, whereas in all other

experiments the incubation time explained %30% of the observed variability.

It is not uncommon that the regression fits are poor when Calanus is fed on

natural microplankton assemblages [e.g. Head, 1986]. Throughout the cruise,

I altered several experimental conditions in order to minimize the variabil-

ity. Changes in experimental conditions included increasing the number of

individuals per sampling interval (up to 20 individuals), increasing sampling

frequency and minimizing the exposure of Calanus to light at any time during

the incubation and sample processing, none of which lead to an improved fit.

The poor regression fit during July suggests that Calanus preyed on a

mixed diet including prey items that did not contain Chlorophyll a pigments.

To test this hypothesis, I assume that Calanus fed only on phytoplankton in

the >5 µm-size fraction (section 2.4.2), and their ingestion rates (I; µg Chl

ind!1 d!1) were therefore dependent on the ambient chlorophyll concentration

of large phytoplankton (C#5µm) (see section 2.2.3.1):
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I = C#5µm ! F, (A.3)

where the clearance rate F (mL ind!1 d!1) is assumed to be constant at any

one station. Equations A.3 and A.2 therefore produce a linear relationship

between gut fluorescence (! ) and ambient chlorophyll concentration, i.e.:

! ! C#5µm. (A.4)

Indeed, ambient chlorophyll concentrations in the >5 µm-size fraction ex-

plained 52% of the variability in in situ gut fluorescence during May, but failed

to explain observed gut fluorescence during July (Fig. A.2). The latter obser-

vation is coherent with the conclusion that phytoplankton ingestion supported

<25% of the daily carbon requirements during July (section 2.4.3).

During July, Calanus were likely to ingestion a mix of phytoplankton mi-

crozooplankton, and individual di"erences in gut contents are the likely cause

for the observed variability in gut fluorescence over time. In contrast, feeding

incubations during May showed low variability in gut fluorescence over time,

suggesting that Calanus ingested a larger fraction of chlorophyll-containing

phytoplankton than in July, with all individuals having a fairly similar gut

contents.
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Figure A.2: Relationship between ambient chlorophyll concentrations and
gut fluorescence. Gut fluorescence as a function of ambient Chlorophyll a >5 µm
during May (grey circles; regression line: y = 5.2 Chl!2.0, p < 0.01, R2 = 0.52) and
July (black triangles; regression line: y = 1.9 Chl, p = 0.04, R2 = 0.08).

A.3 Food removal method

The food removal method involves the simultaneous incubation of bottles con-

taining mesozooplankton and food (‘treatment’) and bottles containing food

only (‘running control’) for a fixed length. The di"erence in food concentra-

tions at the end of the incubation period allows the calculation of a grazing rate

[Gauld, 1951; Pa"enhöfer, 1988]. This method is direct, long-established and

relatively simple to set-up. The information yielded by this method depends

however strongly on the analyses of initial and final food concentrations. The

use of Chlorophyll a as a proxy for phytoplankton concentrations is fast and

cheap, but fails to give realistic grazing rates when the principal prey items are

not phytoplankton. In such cases, estimated grazing rates are often negative,

suggesting a trophic cascade e"ect where high feeding rates by mesozooplank-

ton on microzooplankton results in reduced grazing pressure on phytoplankton

[Mayor, 2005; Nejstgaard et al., 1997, 2001]. Due to time constraints, I will

use Chlorophyll a as a measure of food concentration for this thesis. Samples

for microplankton have been collected and preserved for future analyses.
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A.3.1 Method

Methods were carried out as described in section 2.2.3. In May, the stocking

density was ten Calanus per incubation. In July/August, mesozooplankton

appeared smaller, and the stocking density was consequentially increased to

15 Calanus per incubation bottle.

A.3.2 Results

Phytoplankton growth rates in the running controls were positive in all experi-

ments except for in ‘Experiment 2’ (Table A.2; Fig. A.3). During the set-up of

this experiment, the incubation water was left in darkness for 24 h prior to the

experiment due to a delay in the collection of mesozooplankton, which may

have reduced phytoplankton growth and explain the negative growth rates.

In May and July, apparent phytoplankton growth rates were 0.08±0.22 d!1
and 0.16±0.13 d!1, respectively, with no significant di"erence between the two

basins.

Grazing rates by Calanus were positive in all but two experiments (‘Exper-

iment 1’ in May and ‘Experiment 5’ in July; Table A.2; Fig. A.3). Excluding

these two experiments, apparent grazing rates by Calanus were 0.023 ind!1d!1
in May and 0.016±0.007 ind!1d!1. There was no significant di"erence in filtra-

tion rates or ingestion rates between May an July. Data for both seasons was

just pooled, and the average filtration rate and ingestion rate were respectively

31±26 mL ind!1 d!1 and 24±30 ng Chl ind!1 d!1 (1.3±1.1 µg C ind!1 d!1).

A.3.3 Discussion: Seasonal di!erences

Filtration rates were similar between the two seasons and ranged from 0-68

mL ind!1 d!1. The lack of a seasonal trend is consistent with previous studies

on Calanus in the Iceland Basin [0-182 mL ind!1 d!1 Cowles and Fessenden,

1995; Gi"ord et al., 1995; Mayor et al., 2006] (see also Table 2.5). I further

found no di"erence in per capita grazing rates between May and July (0-3.8 µg

C ind!1 d!1). This stays in strong contrast with previous studies that found

that carbon ingestion by Calanus is !5 times higher in summer (June-August)

compared to spring (April/May) [Castellani et al., 2008; Mayor et al., 2006].

A likely mechanisms explaining the mismatch in July is the use of chloro-

phyll to measure grazing, as this conceals the occurance of trophic cascades

[Nejstgaard et al., 1997, 2001]. If Calanus preys predominantly on micro-
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Figure A.3: Chlorophyll concentration in the treatment bottles of the food removal
experiments during May (1-3) and July (4-13). Init: Initial concentration; Con:
Running control with no added zooplankton; Zoo: Treatment bottles with added
Calanus.
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Figure A.4: Trophic cascade e!ect on apparent grazing rates. (May)
Calanus and microzooplankton (blue) graze primarily on phytoplankton, whereby
microzooplankton mortality rate (Mµ) is little a!ected by predation and equals
growth (Gµ). Grazing by microzooplankton (Iµ) is being accounted for by a run-
ning control, and apparent grazing by Calanus based on chlorophyll (Iapp) is equal
to the actual ingestion rate (Ireal). (July) Calanus graze predominantly on mi-
crozooplankton, whose mortality subsequently exceeds growth (Mµ > Gµ), and
microzooplankton biomass decreases. As a consequence, grazing pressure by mi-
crozooplankton on phytoplankton drops and phytoplankton biomass increases. In
this situation, apparent grazing rates by Calanus based on chlorophyll are lower
than actual ingestion rates (Ireal).

zooplankton, the subsequent decrease of microzooplankton alleviates grazing

pressure on phytoplankton (Fig. A.4). This trophic cascade has two e"ects:

(1) Phytoplankton growth is higher than in the control bottle, leading to an

underestimate of chlorophyll ingestion by Calanus. (2) Carbon ingestion rates

by Calanus are based on apparent chlorophyll ingestion and do not account for

ingestion of microzooplankton. Accordingly, grazing rates by Calanus based

on chlorophyll removal will underestimate per capita carbon ingestion rates.

In chapter 3, I showed that Calanus obtained only !25% of the daily

carbon requirements in July by feeding on phytoplankton, with the remainder

probably being acquired by grazing on microzooplankton. It follows that

carbon ingestion rates by Calanus were likely >4 times higher than suggested

based on the food removal experiments. The ‘corrected’ ingestion rate (1.3 µg

C ind!1 d!1 ! 4 = 5.2 µg C ind!1 d!1) is consistent with previous studies [!5
µg C ind!1 d!1; Castellani et al., 2008; Mayor et al., 2006]
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A. E!ect of seasons on the choice of grazing methods

A.4 Conclusion

The calanoid copepod Calanus is an omnivorous filter feeder that occurs in

high abundance in the high-latitude North Atlantic [Gislason, 2003; Heath

et al., 2008]. Calanus has therefore the potential to graze large amounts of

phytoplankton and to control primary production. Grazing rates by mesozoo-

plankton are commonly estimated using one of two methods, gut fluorescence

analysis or food removal experiments. Here I compare the reliability of the

two methods during spring and summer.

I show that the decision on which grazing method to use is highly depen-

dent on the ambient microplankton assemblage. The gut fluorescence method

is simpler and works well in environments and seasons where Calanus is ex-

pected to prey predominantly on phytoplankton, whereas it proves unreliable

when the microplankton assemblage in the >5 µm-size fraction is dominated

by microzooplankton. The food removal methods is generally more reliable,

though it underestimates grazing rates due to trophic cascades when the >5 µm
microplankton assemblage is mixed.

These results demonstrate that both methods fail to accurately describe

carbon ingestion by Calanus when the analyses are based on changes in chloro-

phyll only. However, trophic cascades during food removal experiments can be

partly accounted for by microplankton counts [Mayor, 2005; Nejstgaard et al.,

2001], and this method should therefore be the preferred choice.
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Pa"enhöfer, G. (1984). Food ingestion by the marine planktonic copepod

Paracalanus in elation to abundance and size distribution of food. Marine

Biology, 80:323–333. 28
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Pa"enhöfer, G.-A., and Lewis, K. (1990). Perceptive performance and feeding

behavior of calanoid copepods. Journal of Plankton Research, 12(5):933–

946. 26

Pakulski, D. J. and Benner, R. (1992). An improved method for the hydrolysis

and MBTH analysis of dissolved and particulate carbohydrates in seawater.

Marine Chemistry, 40(3-4):143–160. 67

Parekh, P., Dutkiewicz, S., Follows, M. J., and Ito, T. (2006). Atmospheric

carbon dioxide in a less dusty world. Geophysical Research Letters, 33(3):2–

5. 2, 3, 97

Pasternak, A. F. (1994). Gut fluorescence in herbivorous copepods: an at-

tempt to justify the method. Hydrobiologia, 292-293(1):241–248. 104

140



REFERENCES
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