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Carbon export by vertically migrating zooplankton:
an optimal behavior model

Agnethe N. Hansen*, Andr�e W. Visser
VKR Centre for Ocean Life, National Institute of Aquatic Resources, Technical University of Denmark,
Charlottenlund, Denmark

Abstract

Through diel vertical migration (DVM), zooplankton add an active transport to the otherwise passive sink-

ing of detrital material that constitutes the biological pump. This active transport has proven difficult to

quantify. We present a model that estimates both the temporal and depth characteristic of optimal DVM

behavior based on a trade-off between feeding opportunity and predation risk; factors that vary with latitude,

time of year, and the size of the migrating animal. This behavioral component, coupled to a nutrient-

phytoplankton-zooplankton (NPZ) productivity model provides estimates of the active transport of carbon by

different size fractions of the migrating zooplankton population as function of time and space. The approach

is motivated by the difficulty in incorporating behavioral aspects of carbon transport into large scale carbon

budgets of the world’s oceans. The results show that despite their lower abundance, large zooplankton

(length circa 1–2 mm) migrate deeper and transport approximately twice as much carbon as do the smaller

zooplankton (length circa 0.2–0.3 mm). In mid- latitudes (�308N to �458N), where pronounced spring

blooms are observed, up to 20% more carbon is transported than at either equatorial or boreal latitudes. We

estimate that the amount of carbon transported below the mixed layer by migrating zooplankton in the

North Atlantic Ocean constitutes 27% (16–30%) of the total export flux associated with the biological pump

in that region.

The oceans play a major role in regulating global climate,

one aspect of which is their potential to remove anthropo-

genic CO2 from the atmosphere. Primary producers assimi-

late CO2 in the euphotic zone to produce organic matter, a

fraction of which is exported to the deep ocean as detrital

material (e.g., sinking as aggregates, marine snow, and fecal

pellets). On its way from the surface mixed layer through

the meso-pelagic ocean 80–90% of this detrital material is

remineralized (Martin et al. 1987; Burd et al. 2010; Giering

et al. 2014). The remaining fraction reaches the depths

where it is sequestered in the ocean bottom or in deep circu-

lation currents. This mechanism is part of the biological

pump which together with the solubility pump are the main

sequesters of carbon from the atmosphere into the deep

ocean (Volk and Hoffert 1985; Longhurst and Harrison 1989;

Ducklow et al. 2001; Boyd and Trull 2007).

The biological pump is strongly regulated by the resident

zooplankton community (Steinberg et al. 2000). Meso-

zooplankton in particular process up to 40% of the primary

production, either in direct grazing on phytoplankton or

feeding on micro-zooplankton consumers (Frangoulis et al.

2005), producing fast sinking fecal pellets that contribute

significantly to export flux (Honjo and Roman 1978; Smith

et al. 2009). Additional processes mediated by zooplankton

include feeding and disruption of particle fluxes (Alldredge

and Silver 1988; Steinberg et al. 2008b), and active carbon

transport by vertical migrators (Dam et al. 1995; Steinberg

et al. 2002; J�onasd�ottir et al. 2015). With regards to the lat-

ter, many meso-zooplankton grazers perform diel vertical

migration (DVM), feeding in the surface at night and finding

refuge from visual predators at depth during sunlight hours

(Longhurst 1976). This behavior can bring them below the

euphotic zone where they leave behind excreted organic

matter and respired CO2 (Longhurst et al. 1990; Steinberg

et al. 2000), thus contributing to the export flux with an

active component. Despite its importance for the biological

pump and the export of carbon from the surface ocean, this

active component remains poorly quantified (Steinberg et al.

2000, 2001), particularly in terms of the global carbon

budget. There is a need to investigate the role of zooplank-

ton DVM in the sequestering of carbon from the
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atmosphere, especially as the net primary production is pre-

dicted to decrease in response to climate change with up to

20% by 2100 (Steinacher et al. 2010). Changes in the ocean

productivity and the zooplankton community might have

large implications for the sequestration of CO2 from the

atmosphere and hence the global climate (Sarmiento et al.

1998; Smith et al. 2009).

Several studies have observed the active flux of organic

and respiratory carbon from migrating zooplankton (Long-

hurst et al. 1990; Morales 1999; Steinberg et al. 2000; Stukel

et al. 2013). However, all of these are based on limited spa-

tial and temporal information which is susceptible to sea-

sonal and latitudinal variations in both primary and

secondary production (Burd et al. 2010). Therefore, extrapo-

lation of the findings into global oceanic carbon budgets

remains a challenge. Using a dynamic modeling approach

based on the trade-off between gain from feeding and risk of

mortality we predict the optimal DVM behavior of zooplank-

ton under seasonally varying light and food conditions. Sub-

sequently, we estimate how this impacts the active carbon

transport by migrating animals. It is applied to the North

Atlantic Ocean as an example, but is otherwise general. The

model is simple enough to be implemented into ocean gen-

eral circulation models (OGCMs), providing regional and

seasonal estimates of the active carbon transport by migrat-

ing zooplankton in the global assessments of CO2 dynamics.

Method

An optimal behavior model of diel vertical migration

The model presented here considers the trade-off between

gaining energy for growth and reproduction and avoiding

predation. This trade-off has been modeled several times

before (Gilliam and Fraser 1987; Houston et al. 1993; De

Robertis 2002; Visser 2007) and concerns the classic dilemma

that a high energy gain nearly always comes with a high pre-

dation risk (Lima and Dill 1990; Houston et al. 1993). A sim-

ple heuristic that reflects this trade-off is Gilliam’s rule

(Gilliam and Fraser 1987; Kristiansen et al. 2009; Sainmont

et al. 2015), where optimal behavior can be estimated as

that which maximizes net energy gain over mortality rate.

In this way, the zooplankton can optimize their fitness by

performing DVM (Fig. 1). Applying Gilliam’s rule to migrat-

ing zooplankton, the functional form of fitness depends on

the depth of migration (zmax) and the fraction of the day

spent migrating (s) (Eq. 1):

f zmax; sð Þ5 g 12sð Þ2c zmax; sð Þð Þ=l zmax; sð Þ (1)

where g is the energy gain (J d21), c is the energetic cost (J

d21) and l is the mortality rate (d21). Hence, f is an estimate

of the zooplankton fitness in terms of net energy gain (J)

during its expected lifetime assuming an unchanging

environment (i.e., the animal has no knowledge of future

change) (Gilliam and Fraser 1987; De Robertis 2002;

Sainmont et al. 2015). The energetic gain from feeding can

be written as

g 12sð Þ5 epbcsurfeassim 12sð Þ (2)

depending on the fraction of a day the zooplankton spend

grazing at the surface, 12s. The fraction of day the zoo-

plankton spend migrating (down from the surface, resting at

depth, and returning to surface) will be referred to as

“migration time” (Fig. 1). ep is the energy content of the

prey (J gC21), b is the maximum clearance rate (b5ar3 (m3

d21), where r is the radius of the zooplankton (m) and a �
4 3 106 d21, which is an empirical scaling of the clearance

rate to the volume of the organism (Kiørboe and Jiang

2013)). csurf is the phytoplankton abundance (gC m23) and

eassim is the assimilation efficiency. We use a Hollings type I

functional response with a maximum ingestion rate set to

200% of body carbon per day if the zooplankton is feeding

full time. This parameter will typically depend on the diet of

the zooplankton; Besiktepe and Dam (2002) found variations

between 92–610% of body carbon consumed per day in Acar-

tia tonsa fed on different species of phytoplankton. As nei-

ther zooplankton nor phytoplankton species are modeled

explicitly, 200% per day seems a reasonable estimate.

time spend feeding, 1-τ

time spent migrating, τ

zmax

zmax

z0
CO2

CO2

CO2

CO2POC

POC

POC

POC

latitude, season, hour

mixed layer

Fig. 1. A conceptual overview of the diel vertical migration (DVM)
model. During hours of darkness, zooplankton graze in the surface, but

retreat to depth during day light hours as they become more vulnerable
to visual predators. The zooplankton can vary the time they spend on
migration (s) and their maximum migration depth (zmax) to optimize

their fitness as a trade-off between feeding, cost of migration and mor-
tality risk; factors that can be expected to vary with latitude, time of

year, and zooplankton size. The zooplankton excrete and respire carbon,
which in this model is assumed to occur continuously on the migration
path. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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The mortality l is dependent on light exposure (Aksnes

and Giske 1993; De Robertis 2002) (Eq. 3). Also, zooplankton

are observed to attempt to follow isolumes in their migration

to depth (Heywood 1996; Sainmont et al. 2014), which

makes a proportionality to light exposure a realistic assump-

tion regarding mortality. Specifically,

l zmaxsð Þ5 l0 11mfacL̂ zmax; sð Þ
� �

(3)

where l0 is the background mortality (d21), which is the

mortality experienced in total darkness (i.e., mortality not

by visual predators, starvation or disease, but just the inverse

of the expected lifetime of a zooplankter). L̂ zmax; sð Þ is the

daily mean light exposure of a zooplankton on its path of

migration (see Supporting Information for details on calcula-

tion). It is assumed that the risk of mortality is 20 times

higher in maximum daylight than in darkness, hence the

light risk factor mfac520. De Robertis (2002) has used a simi-

lar argument in his model of the timing of DVM, setting the

risk of mortality from visual predators 10 times higher than

from all nonvisual sources combined. In this model, we

assume visual predation risk to be size independent. How-

ever, there are processes that place an allometric scaling on

mortality. Conversely, while larger preys are visually more

conspicuous (Aksnes and Giske 1993), they also have greater

escape ability as well as fewer predators (Hirst and Kiørboe

2002). Rather than make this an ambiguous model effect, we

choose to use a size neutral mortality risk depending solely

on light level.

As the zooplankton migrate vertically there is an associ-

ated energetic cost c (J d21) depending on the maximum

depth of migration, zmax, and migration time, s:

c zmaxsð Þ51=sqk jzmax2z0jð Þ2 (4)

where q is the cost of swimming. q is a function of zooplank-

ton size (radius, r), q rð Þ56prmkin=eswim (W m2 s22), where mkin

is the kinematic viscosity of seawater and eswim is the swim-

ming efficiency, here set to 1% (Visser 2007). z0 is the graz-

ing depth (m) and k is a constant arising from integrating

along the migration path (f, See Eq. A1 and A7 in Support-

ing Information), which relates the cost to the swimming

effort so that higher speed comes at a higher energy cost

(Visser 2007).

Table 1 provides values and descriptions of model

parameters.

Application of the model

To provide the DVM model with estimates of phytoplank-

ton abundance, we use a simple nutrient-phytoplankton-

zooplankton (NPZ) model. The set-up is identical to the one

made by Evans and Parslow (1985), with the deep ocean

nutrient concentration tuned (from 10 mM N m23 to 4 mM

N m23) to keep the resulting plankton abundance realistic

(peak values of the order 100 mgC m23). The NPZ model is

forced with a growth rate based on an annual light cycle (as

a function of latitude) and a time-series of mixed layer depth

(see Supporting Information for further explanation and vis-

ualization of the NPZ model results). The model is adjusted

to simulate the North Atlantic conditions and reproduces

the magnitude and timing of the spring blooms observed in

northern latitudes (Colebrook 1979; Townsend et al. 1994;

Behrenfeld 2010). In keeping with the NPZ model construc-

tion, the simulated zooplankton population is assumed to be

herbivorous with their growth fuelled only from grazing on

phytoplankton. While not explicitly considered in this sim-

ple model, part of the zooplankton diet also consists of

mirco-zooplankton consumers, a process that is to some

extent modeled in the zooplankton net grazing rate. It is

assumed that the zooplankton population consist of cope-

pods, such as e.g., Calanus spp., which are often dominating

the zooplankton community and typically exhibit a strong

DVM behavior (Hays 1996; Dale and Kaartvedt 2000;

Irigoien et al. 2004).

The optimal migration strategy is found by maximizing

relative fitness, f (Eq. 1), with regards to migration depth

(zmax) and migration time (s) for given environmental condi-

tions, both physical and biotic. Different optimal strategies

will emerge for different environmental conditions. The

optimal zmax and s are used to estimate how much carbon is

Table 1. Overview of constants and parameters.

Parameter Description Value Unit

f Fitness measure J

c Cost of migration J d21

g Gain from grazing J d21

l Total mortality d21

s Fraction of day spent migrating —

zmax Maximum migration depth m

eassim Assimilation efficiency 2/3 —

ec Excretion and respiration fraction 1/3 —

z0 Grazing depth 10 m

mfac Mortality factor 20 —

l0 Background mortality 0.05 d21

eswim Swimming efficiency 0.01 —

mkin Kinematic viscosity of water 1.3 3 1026 m2 s21

ep Energy content of prey 4200 J gC21

r Radius of organism 0.1–1 mm

k Constant —

b Maximum clearance rate m3 d21

a Clearance rate scaling 4 3 106 d21

q Drag coefficient W s22 m22

L̂ Mean light exposure —

sML Fraction of day spent below ML —

csurf Surface organic carbon mg C m23

Z Migrating individuals ind m22

Hansen and Visser Optimal vertical migration and carbon export

3



consumed in the surface and subsequently excreted and

respired below the mixed layer, FluxML (mg C m22 d21), by

migrating zooplankton. That is

FluxML5g zmax;opt; sopt

� �
1=epZecsML (Eq. 5)

where g zmax;opt; sopt

� �
is the gain (J d21 ind21) achieved when

choosing the optimal migration strategy, ep (J gC21) is the

energy content of the phytoplankton and Z (ind m22) is the

number of migrating zooplankton in the water column (esti-

mated using carbon contents (mg C ind21) derived from

regressions of zooplankton length to carbon content from

Mauchline (1998)). Z is an estimate from the NPZ model

and it is assumed that all zooplankton perform optimal

DVM. It is assumed that the fraction of the ingested carbon

that is excreted or respired is constant throughout the day,

and that there are no temperature or pressure dependence

on this. sML is the fraction of a day spend below the mixed

layer (we define the mixed layer as it is used in the NPZ

model (Supporting Information Fig. S1)). This method of

estimating carbon export is similar to the approach applied

by Dam et al. (1995) and Steinberg et al. (2000) who esti-

mated zooplankton respiratory carbon flux across the mixed

layer from observations on migrant biomass and respiration

rates assuming equal time spent above and below the mixed

layer (i.e., sML5 0.5). In contrast, in our model sML is an

emergent property of optimal DVM behavior, and can vary

substantially as a function of latitude, time of year, zoo-

plankter size, and phytoplankton biomass.

To predict the amount of carbon transported vertically,

the vertical migration distance is separated into 20 m inter-

vals (referred to as depth bins). The optimal gain and the

cost depend on the size of the organism. For simplicity, we

assume the zooplankton biomass is distributed according to

a logarithmic size spectrum ranging 0.2–2 mm (Sheldon and

Parsons 1967) which is split into five different size-classes. In

reality, zooplankton size compositions will vary both over

season and latitude, but this assumption provides some esti-

mate of zooplankton size distribution in natural populations.

During the rest of the study, organisms in the high end of

this size spectrum (ca. 1–2 mm) are referred to as large zoo-

plankton and those towards the low end (0.2–ca. 0.3 mm) as

small zooplankton.

To illustrate the predictions of the model in detail, two

latitudes in the North Atlantic are selected; 318N (Bermuda)

and 608N (Iceland). These sites are chosen to represent two

different annual cycles; Iceland has a phytoplankton bloom

in spring, followed by a zooplankton bloom (Colebrook

1979), while the phytoplankton abundance at Bermuda is

more constant throughout the year (less than an order of

magnitude changes in abundance (Steinberg et al. 2001)).

Results

Optimal migration patterns

Due to the low phytoplankton abundance off Iceland

from October to April, the model predicts no migration in

this period, and zooplankton begin migrating as the bloom

is initiated (Fig. 2). At Bermuda, zooplankton perform DVM

during most of the year, except for the winter months from

November to January (Fig. 2). During winter, phytoplankton

abundance is so low that it is not energetically feasible for

zooplankton to migrate. In addition, light levels are low dur-

ing winter at Iceland which diminishes visual predation risk

and reduces the need to migrate.

During the spring bloom, zooplankton migrate deeper

than the rest of the year (Fig. 2a, solid lines) as their food

resources becomes more abundant and they can afford to

spend energy on migrating deeper. The contour lines in Fig.

3 provide an estimate of the sensitivity of fitness to actual

Fig. 2. (a) The optimal migration depth (zmax) and (b) the optimal migration time (s) as a fraction of the day. The shading of the black indicates the
five zooplankton size classes (0.2–2 mm, the largest size class in black). Iceland is in solid lines and Bermuda is in dashed lines.
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migration strategy. The stretching of fitness contours with

depth (Fig. 3) is a consequence of the exponential attenua-

tion of light in the water column. This means that the rela-

tive increase in fitness for a migration depth interval is

much greater in the surface than at depth.

Large zooplankton are consistently predicted to migrate

deeper than smaller zooplankton (Fig. 2), as they are capable

of acquiring more energy to spend on migration. Specifically,

the energy gained from feeding has a cubic relation with

zooplankton size (Eq. 2), while cost is has a linear depend-

ence (Eq. 4), so that energetic gain from feeding can offset

the cost of migration more readily for larger zooplankton.

Consequently, large zooplankton can migrate deeper. The

model predicts that large zooplankton migrate down to a

maximum depth of 87–112 m from their grazing depth in

the surface, giving them a net migration amplitude of up to

102 m (from z0 to zmax) (Table 2).

Carbon transport by migrating zooplankton

As DVM occurs during most of the year at Bermuda, a

larger amount of organic carbon is transported there com-

pared to Iceland (Fig. 4). At Iceland, spring blooms are essen-

tial for the active transport, as almost all active flux occurs

in the short period during the bloom where both phyto-

plankton and zooplankton abundances are high (Fig. 4a, left

panel).

Large zooplankton have higher ingestion rates and they

are responsible for transporting more than twice as much

carbon as the small zooplankton (Fig. 4, right panels). This

means that although there are considerably fewer individuals

compared to smaller size classes (due to the logarithmic size

spectrum), large zooplankton are more important; they

migrate deeper and transport more carbon further away from

the surface. This tendency is supported by observations that

find large copepods migrating deeper and showing signifi-

cantly stronger DVM than smaller ones (Wiebe et al. 1992;

Hays et al. 1994). In this model, all size classes contribute to

the active export flux, but due to their greater importance

the large zooplankton (length ca. 1–2 mm) are responsible

for almost 50% of the predicted transport below the mixed

layer (Fig. 5).

Intermediate latitudes (� 308N to � 458N) have the high-

est active carbon transport (Fig. 5). This is a result of the rel-

atively high annual productivity at these latitudes predicted

by the NPZ model, exhibiting a significant spring bloom on

top of phytoplankton concentrations above 10–20 mg C

m22 the rest of the year (Supporting Information Fig. S1).

This combination results in approximately 20% higher active

carbon export in latitudes �308N to �458N compared to the

either boreal or equatorial latitudes (Fig. 5).

Integrating over the whole North Atlantic (08N to 668N)

suggests a total active transport contribution to the export

flux of 0.34 (0.2–0.37). In terms of the mean particulate

organic carbon (POC) export flux of 1.27 Gt C yr21 in the

North Atlantic (Sanders et al. 2014), 27% (16–29%) is medi-

ated through the transport by zooplankton DVM, an esti-

mate that is in the same range as observations (Table 2).

Discussion

Optimal DVM

The predicted migration depths and amplitudes of the

large zooplankton are comparable to observations of DVM of

large meso-zooplankton (Longhurst et al. 1990; Heywood

1996; Irigoien 2004; Steinberg et al. 2008a; Sainmont et al.

2014) (Table 2). Irigoien et al. (2004) studied migration

amplitudes of several different species and stages of species

in the central Irish Sea; here, he found that adult copepods

of the Calanus spp. have migration amplitudes above 70 m

and smaller stages have migration amplitudes up to 40 m,

when migrating from their night depth to their day refuge.

In the North Pacific, Steinberg et al. (2008a) find that zoo-

plankton (1–2 mm) have migration amplitudes of 129 m,

which is also comparable to the model estimate (Table 2).

Irigoien (2004) found in the central Irish Sea that large cope-

pods (e.g., Calanus spp.) migrate deeper than small ones,

which is consistent with one of the key patterns produced

by the model (Fig. 2a). This pattern is also seen in the obser-

vations of zooplankton (0.3–5 mm) by Steinberg et al.

(2008a) at the K2 and ALOHA stations in the North Pacific

and by Wiebe et al. (1992) in a study of migration patterns

of several copepod species in a warm-core ring of the Gulf

Steam.

The model predicts very little size dependence on migra-

tion time (s) although it seems that large zooplankton spend

a slightly higher fraction of the day on migration than the

small ones (Fig. 2b). In contrast, the study by De Robertis

(2002) finds that large zooplankton descent earlier and

ascent later than small ones, making them spend a larger

fraction of the day on migration, a result quantitatively

Fig. 3. Contours of the fitness surface indicating 99%, 95%, and 90%
of optimal fitness for a zooplankton from the large size class (1–2 mm).

Black contours represent a day during the spring bloom and grey con-
tours a day during fall for the Iceland site.
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supported by observations (Wiebe et al. 1992). This short-fall

in our model may be due to the scaling of mortality risk to

size, where large zooplankton are visually more conspicuous

(Aksnes and Giske 1993; De Robertis 2002).

For large zooplankton, time spent migrating from the sur-

face to the maximum depth is within the time interval for

typical gut clearance rate of copepods (Table 2). In their

study of DVM in the Gulf Stream, Wiebe et al. (1992) find

that it typically takes about 30–60 min for a copepod to

migrate back towards the surface from its day refuge. This is

comparable to the time estimates of migration from the

model (Table 2). Gut clearance over this time interval means

Table 2. Specific results from the DVM model on optimal migration patterns and export flux. From Iceland results are calculated
both from the spring bloom peak and the fall, but from Bermuda only yearly mean values are shown. Predicted optimal maximum
migration depth is the predicted migration distance from surface to zmax and the estimate of migration amplitudes covers the dis-
tance from z0 to the zmax. The time spent migrating is the time it takes the zooplankton to migrate from z0 to the maximum depth
bin. Estimates are generally based on the large zooplankton (ca. 1–2 mm), except from the zooplankton biomass, the migrant bio-
mass and the active C flux estimates that contain all size classes (0.2–2 mm). In the model, all zooplankton are assumed to follow
the optimal migration, therefore zooplankton biomass and migrant biomass estimates are equal. The export estimates are based on
excreted and respired carbon transported below the mixed layer. The yearly flux estimates is shown with the estimate from 95% of
the optimal fitness in parentheses (see Fig. 3).

Iceland Bermuda

Bloom Fall Mean Observation Reference

Zoop. biomass (mg C m22) 2828 597 676 Up to 3000* Lenz et al. (1993)

Phytop. density (mg C m23) 305 17 17 10–80 Behrenfeld (2010)

Max. migration depth (m) 112 87 103 50–100 Longhurst et al. (1990), Heywood (1996)

50–120 Sainmont et al. (2014)

Amplitude of migration (m) 102 77 93 50–70 Irigorien et al. (2004)

129 Steinberg et al. (2008a)

Time spent migrating (min) �60 �45 �70 30–60 Wiebe et al. (1992)

Gut passage time (min) – – – 25–130 Mauchline (1998)

% copepod C ingested d21 104 87 105 5–130 Mauchline (1998)

92–610 Besiktepe and Dam (2002)

% copepod C ex1resp d21 35 29 35 8–30 Longhurst et al. (1990)

Ingestion rate (mg C m22 d21) 2332 301 362 480 (1179)† Dagg et al. (1982)

Migrant biomass (mg C m22) 2828 597 676 97–536 Dam et al. (1995)

Active C flux (mg C m22 d21) 201 37 32 2.4–47.1 Stukel et al. (2013)

0–9.9 Steinberg et al. (2000)

4.2–40.6 Dam et al. (1995)

2.8–8.8 Longhurst et al. (1990)

% of total flux 51‡ 23§ 20§ 1.9–40.5 Stukel et al. (2013)

18–70¶ Dam et al. (1995)

0–39 Steinberg et al. (2000)

Active C flux (g C m22 yr21) 6.6 (4.9–7.0) 11.5 (5.4–13.1) 1.02–3.21¶ Longhurst et al. (1990)

0.33–7.67k Morales (1999)

NA active C flux (Gt C yr21) 0.34 (0.2–0.37)# – –

NA Active C flux/NA

POC flux (%)

27 (16–29)#,** 6–22†† Longhurst et al. (1990)

19–40 Morales (1999)

*From spring bloom 0–500 m meso-zooplankton biomass integration at 588N in North Atlantic.
†Peak observation in parentheses.
‡Active C flux estimate of 201 mg C m22 d21 compared to a spring bloom POC flux (across 150 m) of � 400 mg C m22 d21 (Buesseler et al. 1992;
Caron et al. 2004).
§Active C flux estimate compared to a mean POC flux of 161 mg C m22 d21 in North Atlantic (Sanders et al. 2014).
¶Only respiration.
kOnly defecation.
#Based on an estimate of the North Atlantic 0–668N area of 3.62 3 1013 m2.
**NA active C flux estimate compared to the mean North Atlantic POC export flux of 1.27 Gt C yr21 (Sanders et al. 2014).
††Global estimate based on migrant respiratory flux below mixed layer.
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that the zooplanktons’ gut is cleared as it reaches maximum

depth, and therefore the excretion only occurs on half of

the migration path and not continuously as assumed in the

DVM model. This might lead to an overestimation of the

active flux, but due to the large variation in the gut clear-

ance rate for different species, sizes and life stages, it is

unclear whether inclusion of the aspect would considerably

improve the active flux estimates.

Export flux

Generally, the estimated ingestion and respiration and

excretion rates are in the high end compared to observations

(Table 2). These rates are related to the efficiency ec that is

set to 1/3. Ideally this rate would vary, e.g., with ambient

temperature and zooplankton diet (Dam and Peterson 1988;

Besiktepe and Dam 2002) but to keep with the aim of the

simplest possible model, this rate is assumed constant. As

the predicted ingestion rates and consequently the excretion

and respiration rates are in the high end results in the model

overestimating the active flux.

Previous estimates of the active carbon flux as percentage

of the POC flux have been made in the North Atlantic

(Longhurst et al. 1990; Dam et al. 1995; Steinberg et al.

2000) and North Pacific (Stukel et al. 2013) based on obser-

vations over short time intervals. Compared to these, the

model estimates are at the high end (Table 2), especially, the

active flux at Iceland during spring bloom of 201 mg C m22

d21. In the northern North Atlantic Caron et al. (2004) and

Buesseler et al. (1992) find spring bloom POC flux across

150 m by which amounts to �400 mg C m22 d21. Compared

to this observation, the model estimate from the spring

bloom at Iceland constitutes �50% (Table 2). Dam et al.

(1995) found that the respiratory carbon flux from migrating

zooplankton across 150 meters during spring constituted on

average 34 (616)% of the gravitational POC flux at Bermuda.

At same location, Steinberg et al. (2000) find the migratory

carbon flux ranging 0–39% of the mean POC flux. For com-

parison, the model estimates that 20–23% of the mean daily

North Atlantic POC flux of 161 mg C m22 d21 (Sander et al.

2013) is from active transport from DVM (Table 2, when dis-

regarding the bloom conditions). This indicates that while

the model seems to overestimate some aspects, it performs

well when estimating the proportional importance of the

active flux.

Impacts of model dynamics and assumptions

The motivation for this study has been in part to demon-

strate the proof-of-concept for the introduction of active car-

bon transport by migrating zooplankton into OGCM’s as a

dynamic element, an issue that is seen as a limiting factor in

accurate representations of the biological pump (Steinberg

et al. 2000). In this, we have demonstrated the feasibility of

the approach and have verified the model results in terms of

broad spatial and temporal patterns. There are, however, sev-

eral points where the model can be improved. For instance,

while allowing for a dynamic migration behavior in response

to changes in the light and food availability, our model is

not fully dynamic. The DVM model has no coupling back to

the NPZ model. For instance, DVM will modulate the effec-

tive grazing pressure on phytoplankton. In addition, active

transport by DVM removes nitrogen from the mixed layer

Fig. 4. Estimates of carbon respiration and excretion with depth; daily

estimates left and yearly estimates right from (a) Iceland and (b)
Bermuda. The different shades in the right panels show the contribution

of zooplankton of the five size-classes (0.2–2 mm, the largest size class
in black).

Fig. 5. Estimate of the total active transport of excreted and respired

carbon integrated across all size classes (0.2–2 mm) to below the mixed
layer at all latitudes ranging 0–668N (solid line). The grey shading indi-
cates the variance in transport associated with a 95% spread in relative

fitness with regards optimal migration depth, and the grey line indicates
the contribution of only the largest zooplankton size class (circa.

1–2 mm).
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along with carbon, which in a fully dynamic model also

would impact the phytoplankton growth. Likewise, there are

game theoretic aspects to consider, where optimal behavior

also depends on the emergent behavior of predators, prey

and competitors (Sainmont et al. 2013). The DVM model

also assumes no future change in conditions, either in the

environment or the organism, which is the so-called myopic

assumption (Sainmont 2015). In reality, the choices made by

a zooplankter will affect its lifetime fitness (Mangel and

Clark 1988; Houston and McNamarra 1999) as the organism

grows and contends with seasonal variations. In this, both

the state and the stage of the organism are important; is it

hungry or full, is it trying to find a mate, is winter coming?

Such aspects can influence the outcome of choices in ways

not predicted by myopic optimal behavior based on

Gilliam’s rule.

The model incorporates a simple representation of zoo-

plankton size that assumes a uniform distribution of biomass

within logarithmic length classes. As well as latitudinal varia-

tions (San Martin et al. 2006), zooplankton size will reflect

species succession and ontogeny through a seasonal cycle

with small zooplankton dominating in early spring and fall

and larger individuals dominating during the summer. Sub-

sequently, variations in size distribution within the zoo-

plankton community will introduce variations in the active

carbon export, and would require a size structured zooplank-

ton model (e.g., Ward et al. 2012) to be resolved.

Parameters like the background mortality (l0Þ and the

mortality factor (mfac) are in nature are very variable in time

and space. There are also many issues that we have chosen

to ignore in the model—for instance gut clearance, tempera-

ture effects on metabolism, maximum swimming speed, and

micro-zooplankton prey. While these and other factors

might add uncertainty to the model results, we stress that

the aim of study is as much about producing general spatial

and seasonal patterns of DVM and active carbon transport

by zooplankton as it is about exact predictions in given

locations.

Conclusion

We have demonstrated a general method by which the

effects of DVM can be incorporated into models of carbon

export. The method is dynamic in nature, being driven by

the optimization of feeding opportunity against the risk of

predation. The general patterns, both spatially and tempo-

rally, are in broad agreement with observations. The size of

the zooplankton is resolved, and it appears that the greatest

flux is driven by a small number of large animals.

The findings of this model study support earlier studies

and suggest that the active transport of carbon by diel verti-

cally migrating zooplankton is substantial and should be

considered when making estimates of the oceans atmos-

pheric carbon sequestration. Even more importantly, the

model proposes a simple way to include the dynamics of the

active transport into global scale carbon budgets.
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