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Executive Summary:

This report provides preliminary recommendations for revised algorithms based

on data collected and analysed to date under EURO-BASIN. This deliverable is
specifically a basis for advice to partners working in WP6 OBasinsscale ModellingO,
however the analysis of field campaigns and mesocosm experiments is of relevance to
the broader community focusing on modelling grazers as contributors to vertical flux ,
better representation of diel vertical migration and particle aggregation.

By addressing the role of both phytoplankton and zooplankton on the BCP this report will
also be of relevance to WP3 and WP4.

Relevance to the project & potential policy impact:

This deliverable will have an indirect effect on policy through WP6 by assisting in the
refinement of how the key process of the biological carbon pump is represented in
models.

Access to Data and /or model code (where relevant) :
Data from field campaigns and mesocosms are in being archived in www.PANGAEA.de
with full public access. Data from 2013 cruise campaign will be archived by June 2014.

Esposito, Mario; Martin, Adrian (2013): Nutrient concentrations of water samples collected by CTD-rosettes during the
EURO-BASIN cruise M87-1 (Deep Convection). Dataset #823681 http://doi.pangaea.de/10.1594/PANGAEA.823681
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Report :

Introduction

This report comprises two parts. The first part, arising from discussions including not just
partners within WP2 @iological C PumpQbut those of other workpackages, is a summary
list of areas where WP2 can provide practical advice/assistance to those representing
the biological carbon pump in models. WP6 OBasirscale ModellingQOis the immediate
beneficiary of the recommendations, but these should be of interest to the broader
scientific community outside EURO-BASIN.

The second part goes into more detailed case studies for what form some revised
algorithms might take.

Summary of recommendations
The following areas were identified where output from WP2 could be of direct help to
those seeking to represent the biological carbon pump in models:

- Rewiring of existing model structures to incorporate specific zooplankton

roles
Current model architecture and practical considerations means that only 2
functional types (model variables) are usually available to represent
zooplankton. Hitherto, their function in models has been generalist. Based
on mesocosm and fieldwork under WP2, we suggest that they are given
more focussed functional roles in the ecosystem model, denoting these
functional types Olarge grazesO and Osmall flux feedersO. Large grazers
feed in the surface on plankton production, and perform daily vertical
migration to below the photic zone to find refuge during day light hours. In
association with this, a significant fraction of their daily consumption may
be transported directly to depth bypassing much of the carbon flux
attenuation active in the surface ocean. (This specific process is developed
further in Case Study 1). Small flux feeders consume detrital aggregates as
they rain down from the euphotic zone. Consumption consists of hopping
on to an aggregate, consuming part of it as it sinks, and then hopping off
again. While it is well understood that there are many other zooplankton
functional types (e.g. protists that act as both small grazers and a food
source for large grazers), we suggest that the Olarge grazer® Osmall flux
feederO distinction provides the best means of estimating the zooplankton
control on the biological pump, given the limitations of current model
architecture.

- Representation of diel vertical migration by zooplankton
Zooplankton are responsible for grazing and repackaging primary
production biomass into fast sinking pellets that, together with other detrital
aggregates, comprise the principal components of the carbon export flux.
They additionally have the potential to directly transport organic material to
depth through their daily vertical migrations.
Case study 1 contains details of a new parameterisation developed under

WP?2 for this process.
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- Flux attenuation due to colonizing zooplankton
Zooplankton play a potentially important functions in controlling the export
flux through feeding on sinking organic material, as highlighted above.
Case study 2 contains details of a new parameterisation developed under
WP?2 for this process.

- Aggregation

Within WP2, both laboratory and mesocosm studies have investigated the
role mineral ballast on the aggregation of particulate organic matter. Ballast
minerals were found to have a secondary effect on aggregation, instead
suggesting a primary role for exopolymers like TEP. A by-product from
phytoplankton, TEP is not currently modeled explicitly in global
biogeochemical models. Although processes leading to the generation of
TEP remain uncertain the development of a proxy for its abundance in
seawater could significantly improve the representation of aggregation in
models.

- Empirical flux attenuation profiles

The vertical profile of sinking organic material has several extant
parameterisations, most famously the power law of Martin et al. (1987). All
contain an empirical element, but the reasoning behind the
parameterisations spans the influences of size structure, biogenic minerals
as ballast and seasonality. Such parameterisations are widely used in
models to represent the sinking flux of material. Within WP2 we are using
the database collected for Deliverable 1.1 (Torres-Valdes et al., 2013) to
test and refine these parameterisations. The EURO-BASIN dataset
comprises over 5000 observations, significantly in excess of the size of
datasets used to develop the original parameterisations. The most widely
used parameterisations (e.g. Martin, Lutz) are being tested against this
dataset to quantify their relative accuracies and, further, to tune them
where possible to better represent the BCP in the North Atlantic. This work
is ongoing but a preliminary assessment is anticipated by the end of
January 2014.

- Database for development/testing of models

A simple but powerful use of the data collected by WP2 (Deliverable 1.1,
Torres-Valdes et al., 2013) is that a very large database now exists to test
the predictions of biogeochemical models for the flux composing the
biological carbon pump. This is useful not just for the specific observations
of the rate of sinking material but where attention should be focussed in
models. As a simple but significant example of this, following the annual
EURO-BASIN meeting in Istanbul 2013, based on the depths where
observations are most frequent in the D1.1 database WP2 have
recommended that WP6 focus their comparison at 3000m where
observations are densest.

Case studies

Case study 1: Simple trade -off based model for vertical migration
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Zooplankton such as large copepods (e.g. Calanus sp) and krill graze a significant
fraction of the primary production found in surface waters. A fraction of this ingested
material is transported with these animals as they perform their daily vertical migrations
to be respired and excreted at depth. This material bypasses the normal attenuation
processes active in the upper reaches of the water column, and appears as a source of
particulate and dissolved carbon at depth. Daily vertical migrations can span several
hundred meters to depths well below the surface mixed layer, so this transport process
is essentially a component of the export flux. Empirical evidence shows this can be a
significant fraction (up to 50%) of the daily consumption of individual zooplankters.
Further, respiration at depth is seen to directly impact ocean chemistry (Bianchi et al
2013). The question remains as to how significant this process is on the net
biogeochemistry of the oceans. The aim here is to develop an algorithm that can be
used in biogeochemical models to estimate the role of vertical migration on the export
flux of carbon, and that can further estimate how their effects vary dynamically; with
season, with latitude, and with respect to surface productivity.

The first, part of this is to develop a dynamic model to describe diurnal vertical migration
(DVM). The rational for DVM can be found in the trade-off between feeding opportunity
in the surface at night, and a retreat to depth during day light hours to avoid the
attentions of visual predators. Models based on these trade-offs (essentially fithess
optimization routines) have been relatively successful in describing seasonal and
othogenic variations in observed DVM patterns. Based on this reasoning, it may thus be
expected that the characteristics of DVM will vary with latitude and time of year (i.e. the
daily light cycle and the expected risk from visual predators), as well as the availability of
food in the surface.

At a given latitude and time of year, the light intensity at any location within a water

column is given by
MH S S %&Ye & () H#) @

where z is the depth, t is the time of day [-1/2,1/2], ! the attenuation coefficient for light,
and A and B are coefficients dependent on the time of year and latitude. Sun rise and
sun set occur when! +" "#3# =% that is when

t=+cos''(I1B/A) /(2 ¥+$

Since the illumination is symmetric, the fraction of night is 2" while the fractional length
of daylight hours is 1 B 2! . Suppose migration depth follows,

%S %dl, (4. - )k ) )

so that during the night the zooplankter feeds at depth zo and migrates to a maximum
depth zp + z; at midday. It starts its migration at'="#¥ %nd travels with a speed,

I = =" " HSYo R

The fraction of time the zooplankter spends feeding is thus,
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The assumed form of the vertical migration is defined by 3 parameters; zo, z; and #
These can be considered traits characterizing DVM, and the fithess of any combination
follows from the benefits, costs and risks that this choice infers on the animal. There are
invariably trade-offs that constrain these traits; a long time in the surface will give a
benefit in extra food intake, but will incur a penalty in added risk; a deep migration may
reduce risk, but will be energetically expensive.

The energetic gain from feeding is thus,

B-b

g=te—P 2

1+h-B-b (3)
where " is the maximum clearance rate [m® s™'], b is prey concentration [gC m™], h is the
processing (or handling) time [s gC™] (can also be related to maximum ingestion rate Inax
= 1/h [gC s™]), and e is the energy density of prey [J gC]. Typical phytoplankton have a
calorific content of approximately 42 kJ gC™*.(Platt and Irwin 1973). A relatively robust
estimate of the maximum clearance rate across a large range of zooplankton is 10° body
volumes per day (Ki¢rboe 2012). A slightly different version of (3) is:

p-c
g=te—P <
P'+t-h-B-c (4)
which assumes that processing can be delayed until the non-feeding (i.e. migrating)
fraction of the day (e.g. digestion processes and gut clearance). This is in contrast to (3)
which assumes processing and feeding must occur at the same time (e.g. handling
individual prey items in the capture process).

The power expended by swimming can be estimated from the hydrodynamic drag and
mechanical efficiency. These factors can be combined in a coefficient g that depends on
the size of the organism, its swimming efficiency and water viscosity. The power
expenditure can thus be estimated as q v, as would be appropriate for a low Reynolds
number swimmer (for higher Re, it would be q®v®). Given the assumed form of the
migration, the cost of migration is thus,

2
1

2(1-7) (5)

V4

0
c= qﬁ¢v2dt =q’ziK =qm’

The coefficient g = 6 # a u$ / %where a is the equivalent spherical radius of the
organism, u and $ are the kinematic viscosity and density of water respectively, and %is
the efficiency of converting ingested energy to propulsion (1-10%). A typical value of q
for an adult copepod is 10™ to 10 W s? m™ (Visser 2007).

Finally, the light exposure for an organism performing a general DVM can be estimated

as
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for &> !, i.e. when downward migration starts before sunrise. When & <!, i.e. when
downward migration starts after sunrise, the integral becomes:

r=>L,-e (Zﬁj(Acosmt+B)-dt +f_eeexp(—ocz1 COSK(JJt)'(ACOS(J)t+B)'dt) @)

We assume that instantaneous risk (more properly perceived risk) of a specific
behaviour is proportional to light exposure. We scale this in terms of expected mortality
rate so that

n=p ("+!1) (8)

where Lo is the background mortality rate (all sources of mortality that bare independent
of light exposure) and o ' Lo is maximum mortality rate in tropical surface waters under
the noonday sun.

Finally, we can appeal to evolutionary theory which suggests that whatever else, natural
selection should provide organisms with behavioural algorithms that best promote their
ability to leave replicates in future generations. This is true for all behaviours, including
DVM. It should be noted here that the benefit of a specific behaviour can only be fully
judged in reference to its integrated effect over the full life span of an individual. The
mathematical approach that most accurately tackles these sorts of problems is dynamic
programming (DP). However, dynamic programming (as well as other lifespan
optimization routines like genetic algorithms (GA)) are computationally intensive and as
such unsuited for imbedding into global models. Furthermore, they suffer from the curse
of dimensionality; that a small increase in complexity produces an exponentially
increasing computational cost.

An alternative is to use what has become known as the myopic heuristic approach (MH)
which examine fitness optimality over a limited time horizon b a single day for instance.
Recent evidence with regards vertical migration (Sainmont et al, submitted) suggests
that the myopic approach reproduces results from dynamic program simulations to quite
a good degree of accuracy, failing only in regions of extremely short growing seasons.
Further, it can be argued that while DP provides the optimal strategy in perfectly
repeating annual cycles, this fidelity becomes clouded when interannual variations
become important. The upshot is, is that the myopic heuristic approach (1) can provide
reasonable estimates of optimal solutions to DVM, and (2) may better reflect actual
behavioural strategies as organisms manoeuvre through a variable environment with an
uncertain future.

Based on a MH approach, an estimate of daily fithess for a migrating zooplankter can be
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written:

f:g
H )

i.e. its net daily energetic gain divided by its average daily mortality rate. To within a
constant, this is essentially an estimate of an individualOsfuture lifetime reproductive
value, and would be optimal under the principle of Othis is as good as it getsO (Visser
2007). In this rendering, fitness has units of energy. Based on the above, we can thus
expect the optimal DVM behaviour B and thus most abundant in nature b to be that
which maximizes f. As an example, figure 1 shows the optimal DVM strategy for an
adult copepod (prosome length 500 pm) at 60°N during April where the surface
chlorophyll concentration is 100 pgC L™,
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Figure 1: fithess (left), net income (centre) and light related mortality rate (right) as a function of the
depth of migration and time spent in the surface.

In this example, the optimal behaviour is to migrate to about 240 m depth and to spend
about 40% of the day feeding in the surface B mostly during the hours of darkness. In
addition to the effects of latitude and time of year, optimal strategy is also sensitive to the
size of the individual as well as the concentration of phytoplankton in the surface.

Fitness in this case can be interpreted as the ability of a OmutantO iitegy to invade an
established OresidentO strategy. The optimal strategy, i.e. that with the highest can
invade all other strategies. However the rate of invasion may be slow. A relative fithess
between 2 strategies of 95% for instance, means that it would take 20 generations for
the superior strategy to become a significant component of the resident population; a
time frame over which other factors are likely to become important. A spread in relative
fitness (e.g. 95%) therefore provides estimate of the variance of behavioural traits that
maybe expected to be observed in nature. Figure 2 illustrates both the effects of varying
body size and surface carbon concentration on the optimal migration depth and feeding
period. In general, the depth of optimal migration increases with both increasing body
size, and with increasing prey biomass. It also shows the relative fithess levels providing

some idea of the local fitness landscape.
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We thus have a relatively robust means of estimating DVM behaviour, both its mean and
variance. We now turn to the question of flux; what this behaviour means for the
redistribution of organic carbon as it is transported in by migrating zooplankton to be
respired and excreted at depth.
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Figure 2: A sensitivity analysis of migration delpth z, and feeding time t for different surface carbon
concentrations (right, concentration in mgC L) and size of organism (left, prosome length of copepod
in m). Dotted lines indicate 90%, thin lines 95% and thick lines 99% contours of relative fitness.
Corresponds to situation in April at a latitude of 60° N.

It should be noted that in this we have assumed a specific functional shape for DVM
behaviour. This is largely done for practical reasons. An alternate is to use dynamic
programming or a genetic algorithm over a 24 hour period. Comparison tests with the
prescribed functional form, and a free form calculation based on a Monte Carlo approach
show very little quantitative differences with regards migration depth and feeding time.
There may however be some issues with the residence time in different depth strata as
the Monte Carlo simulations show much steeper shoulders than the assumed form.

From (3) (or (4)) we have an estimate to the total daily consumption of carbon. In very
general terms, 33% of this is excreted, 33% is respired while the remaining 33% goes
into growth B either somatic growth, lipid accumulation or reproductive output. The
vertical distribution of the source of excretion and respiration products (faecal pellets and
CO,) can be apportioned by the residence time of organisms in different depth strata.
Given the assumed functional form of the DVM path, this can be easily calculated as:

T+dl

A= _T)[!;#$%! 'I-I]

(10)

where ( denotes the fraction of the day an organism spend in the depth interval [z,
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z+) z].

That is, of the total daily carbon consumption by a population of zooplankton grazers Z,
[ind m3 G = Zy4 g, a fraction * + Z4 g appears as pallet production in the surface, while
varying fractions * + Zy ( g appear in different depth layers. A similar expression can be
written for respiration and the introduction of CO, (and uptake of O,) with depth. This
simple scheme can be readily modified to take into account variance in the vertical
migratory behaviour through differing depths for night time feeding and the different
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Figure 3: the fraction of the migration

period (1 Bt) spent within depth bins.

The bins ace scaled according to

maximum vertical excursion (z; B z).

carbon concentrations that are found there, as well as a spread in the size and risk
aversion personalities of the individuals that compose the population.

Case study 2: Flux attenuation due to colonizing zooplankton
Assume a total number of flux feeders Z [L™], some of which Z, are currently attached to
aggregates and some of which Z; are not; thatis Z = Z, + Z;.

The particulate biomass is P [lg C L "] which we for the moment assume is made up of
similarly sized patrticles, each with carbon content C. Thus the particle abundance is p =
P / C with units [L™]. If $is the encounter kernel [L day™] and 1/! is the mean residence
of a zooplankter on a particle [day], then the number of colonizers within the zooplankton
population is:

az, =1"#"p"Z, $%2,
dt (11)

where %s a colonization efficiency. At steady state this yields:

1" ' Y
=gt =g +—# "
3 or f * (12)
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Now suppose that while on an aggregate, a zooplankter consumes biomass at a rate g
['g C day ]. The net decrease in aggregate biomass is thus:

III 'll 0
#—$—#°/c$ S opg =g &
# %

%+1& (13)

which has the form of a type Il functional response. Specifically,

I< —!" "& #!—#" $$$
| < =
%0

%

| S>>l &g $
% (14)

For a steady state profile of particulate biomass we have:

#—$_'—(&$) wos =& (. =3 " HS
# 1* & &++"# $ (15)

Thus, when P is smaller than some critical value the flux attenuation follows the usually
assumed exponential decrease with depth. However, when P becomes larger that this
critical value, the flux attenuation becomes linear with depth when the rate at which
zooplankton consumers become limited not by the rate at which the find new patrticles,
but by the rate at which they leave already colonized aggregates.

The flux feeding zooplankton (microsetella etc) present a classic type Il functional
response characterized by a maximum clearance rate " = 0.003 [!lg C / day] and a
maximum ingestion rate Imax = 0.04 [!g C /day]. These seem to be quite robust.

The local flux attenuation due to flux feeders '[individuals /L] is:

1& S (16)

(#) g, A,

where P is the aggregate biomass [!g C / L]. The population dynamics of the flux
feeders follows:

(g 39
(£ '$%) + !)+

#$‘V &'

(17)

where , ¢ is a conversion efficiency of ingested carbon to replicates, and s is a mortality

rate. These must be similar to growth and mortality rates already in the model.
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The centre of mass of the flux feeding population will be centred near the depth of
maximum particle flux zmax. The vertical distribution of flux feeders will follow:

a(, O/, Vi A 62(! ¢
£+/O) 4’(,—

’“"a‘)a_, 92 9&

"H#$%E&' (1 8)

where w is the flux feeder swimming speed (1 body length per second).

References:
Ki¢rboe, Thomas. "How zooplankton feed: mechanisms, traits and trade-offs." Biological
reviews 86.2 (2011): 311-339.

Martin, J.H. et al. "VERTEX: carbon cycling in the northeast Pacific" Deep-Sea Research,
34, 267-285 (1987)

Platt, Trevor, and Brian Irwin. "Caloric content of phytoplankton." Limnology and
Oceanography (1973): 306-310.

Sainmont J, Andersen KH, Thygesen UH, Fiksen ~, Visser AW. A simple and robust
method to include behavioural trade-offs in seasonal population models. In prep.

Torres-Valdes, S et al. (2013): Compilation of downward flux observations from sediment trap
deployments in the Atlantic Ocean - Contribution to EURO-BASIN's Data integration.
doi:10.1594/PANGAEA.807946,

Supplement to: Torres-Valdes, Sinhue; Painter, Stuart; Martin, Adrian; Sanders, Richard J; Felden, Janine
(2013): Fluxes of sedimenting material from sediment traps in the Atlantic Ocean. Earth System Science
Data Discussion, 6, 541-595, d0i:10.5194/essdd-6-541-2013,2013

Visser, AndrZ W. "Motility of zooplankton: fitness, foraging and predation." Journal of
Plankton research 29.5 (2007): 447-461.




