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Quantifying the roles of food
intake and stored lipid for
growth and development
throughout the life cycle
of a high-latitude copepod,
and consequences for ocean
carbon sequestration

Thomas R. Anderson1*, Dag O. Hessen2, Wendy C. Gentleman3,
Andrew Yool1 and Daniel J. Mayor4*

1Marine Systems Modelling, National Oceanography Centre, Southampton, United Kingdom,
2Centre of Biogeochemistry in the Anthropocene and Department of Bioscience, University of
Oslo, Oslo, Norway, 3Department of Engineering Mathematics, Dalhousie University,
Halifax, NS, Canada, 4Ocean Biogeosciences, National Oceanography Centre,
Southampton, United Kingdom
Copepods are a critical component of ocean ecosystems, providing an

important link between phytoplankton and higher trophic levels as well as

regulating biogeochemical cycles of carbon (C) and nutrients. Lipid-rich

animals overwinter in deep waters where their respiration may sequester a

similar quantity of C as that due to sinking detritus. This ‘seasonal lipid pump’

nevertheless remains absent from global biogeochemical models that are used

to project future ocean-climate interactions. Here, we make an important step

to resolving this omission by investigating the biogeochemical cycling of C and

nitrogen (N) by high-latitude copepods using a new individual-based

stoichiometric model that includes explicit representation of lipid reserves.

Simulations are presented for Calanus finmarchicus throughout its life cycle at

Station Mike (66°N, 2°E) in the Norwegian Sea, although themodel is applicable

to any suitable location and species with a similar life history. Results indicate

that growth, development and egg production in surface waters are driven

primarily by food intake (quantity) which provides a good stoichiometric match

to metabolic requirements. In contrast, the main function of stored lipid is to

support overwintering respiration and gonad development with these two

processes respectively accounting for 19 and 55% of the lipid accumulated

during the previous spring/summer. The animals also catabolise 41% of body

protein in order to provide N for themaintenance of structural biomass. In total,

each individual copepod sequesters 9.6 mmol C in deep water. If the areal

density of animals is 15,000–40,000 m-2, these losses correspond to a

sequestration of 1.7–4.6 g C m-2 yr-1. Lipids contribute only 1% of the C used

in egg production in the following year. Accumulating extra lipid in spring

would potentially increase egg production but our analysis suggests that any
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such benefit is outweighed by a higher risk of predator mortality. Our work

indicates that the seasonal lipid pump may be of similar magnitude to C

sequestration via sinking particles in the North Atlantic and highlights the

need for improved physiological understanding of lipid use by high-latitude

copepods in order to better constrain C fluxes in ocean food-webs and

biogeochemical models.
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1 Introduction

Calanoid copepods lie at the heart of high-latitude marine

ecosystems, acting as key grazers on phytoplankton and as a

major source of food for higher trophic levels including fish and

whales (Bachiller et al., 2016; Plourde et al., 2019). They also play

important biogeochemical roles including export of carbon (C)

and nitrogen (N) to the ocean interior. Together with other

epipelagic consumers, their faecal pellets contribute substantially

to the classic biological gravitational pump that promotes ocean

C sequestration and storage via organic particles that sink

vertically within the water column (Boyd et al., 2019).

A key aspect of these animals is their complex life cycle. In

the case of Calanus finmarchicus, which is the main focus of our

study, adult females typically spawn immediately prior to, and
02
during, the spring phytoplankton bloom (Niehoff et al., 1999;

Mayor et al., 2009a) after which their offspring develop from egg

to adult via 6 naupliar and 6 copepodite stages. Towards the end

of summer, copepodites, typically stage 5 (CV), interrupt their

development and enter into a dormant phase, diapause, which

may last for 6-9 months (Hirche, 1991; Halvorsen et al., 2003;

Heath et al., 2004; Melle et al., 2014). Copepodites descend into

deep waters at the onset of diapause where they persist with

reduced metabolic rates and minimise visual predation in the

dark, cold environment, before ascending as adults between late

winter and early spring to spawn. To successfully diapause and

emerge as adults, C. finmarchicus and many other polar

copepods accumulate and store substantial lipid reserves

(Figure 1) during spring and summer when food is abundant

(Kattner and Krause, 1987; Sargent and Falk-Petersen, 1988;
FIGURE 1

Fat-laden lipid sac (outlined in red) within Calanus finmarchicus; scale bar is 1 mm. (image from Mayor et al., 2020; © D.J. Mayor).
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Hygum et al., 2000). This storage may account for >60% of their

body weight (Sargent and Henderson, 1986). Lipid reserves have

been suggested to play multiple roles throughout the copepod

life cycle, supplying energy for metabolism during diapause

(Baumgartner and Tarrant, 2017), supporting gonad

development (Sargent and Falk-Petersen, 1988; Rey-Rassat

et al., 2002) and egg production (Niehoff et al., 2002), as well

as in buoyancy control (Visser and Jónasdóttir, 1999,

Pond, 2012).

The use of stored lipids to support metabolism in deep

waters over winter contributes to C sequestration via the

“seasonal lipid pump” which may be similar in magnitude to

the gravitational pump at high latitudes (Jónasdóttir et al., 2015;

Jónasdóttir et al., 2019). Nevertheless, this process has not been

incorporated into the global ocean biogeochemical models that

are used to project the future change of marine ecosystems due

to natural and anthropogenic factors, along with associated

biogeochemical cycling and ocean C sequestration. Our aim

here is to pave the way for this incorporation by presenting a

new model, LILICOP_1.0 (model of LIpids in the LIfe cycle of a

high latitude COPepod, version 1.0), that explicitly represents

structural biomass and storage lipids as separate entities,

simulating the life cycle of an individual animal throughout its

life cycle. The cycling of C is inextricably linked to nutrient

elements, notably N, via growth and metabolic processes.

Protein (N) intake is essential for zooplankton growth and egg

production, while metabolism involves not only energy but also

protein costs associated with biomass turnover (Mayor et al.,

2022; Lahtvee et al., 2014). Under severe starvation, protein may

be catabolised as an additional source of energy (Lemcke and

Lampert, 1975). Our model therefore includes both C and N as

currencies, with metabolism formulated using the latest state-of-

the-art stoichiometric equations (Anderson et al., 2020;

Anderson et al., 2021). We use it to quantitatively investigate

the different roles of lipid reserves by generating metabolic

budgets for C and N throughout the life cycle of an individual

high-latitude copepod, C. finmarchicus, from which C

sequestration via the seasonal lipid pump is estimated. The

model is applicable to any suitable location in the ocean; we

use input data for Station Mike (66°N, 2°E) in the Norwegian

Sea, which exhibits the characteristic seasonality in primary

production at high latitude sites with a spring phytoplankton

bloom in May, and which has been well studied in terms of the

life cycle of C. finmarchicus and associated egg production

(Hirche, 1991; Irigoien et al., 1998; Niehoff et al., 1999).
2 Methods

2.1 Model outline

A new model of high-latitude copepods is developed that

incorporates the stoichiometry of lipid storage and use, in
Frontiers in Marine Science 03
conjunction with food protein and carbohydrate, with C and

N as currencies. The zooplankton model is forced with food

fields and environmental temperature to simulate the life cycle of

a calanoid copepod at Station Mike (66°N, 2°E) in the

Norwegian Sea. Modelling these animals is challenging because

their life history comprises 13 stages, which are simplified to 6

Phases in the model (Figure 2). The non-feeding stages, which

include eggs and nauplii (NI and NII), are collectively

represented in Phase 1. Feeding and rapid growth takes place

from NIII to copepodite stage CII (Phase 2), followed by the

continued development to CV during which lipid reserves are

laid down (Phase 3). Animals then enter diapause (Phase 4),

descending into cool deep waters to minimise metabolic losses

and reduce predation. Gonad development takes place in Phase

5, after which animals re-emerge as adults (CVI) in surface

waters to spawn eggs in the second year of their life cycle (Phase

6). Each simulation follows the development of a single

individual, spawned as an egg on a chosen day of year and

thereafter transiting through the different Phases in sequence.

The model has the potential to be extended to population level,

although population dynamics are not the focus of our

study here.

Copepod biomass is represented by two state variables,

structural biomass, ZS, with a fixed C:N ratio of 4.9 mol C mol

N-1 (parameter qZS; Tande, 1982; Durbin et al., 1995; Mayor

et al., 2009a; Swalethorp et al., 2011) and storage lipids, ZL, that

contain only C, with C as the base model currency. For the

purpose of calculating biochemical transformations, structural C

is subdivided into protein, with a fixed C:N ratio, qV = 3.7, and

non-protein C (nominally carbohydrate, although it may also

include lipid; Anderson et al., 2020). Growth (increase in

structural biomass), development (progression through the

Phases) and reproduction are governed by differential

equations that explicitly represent the physiology and

associated stoichiometry of these processes.

Metabolism, growth and egg production are calculated using

the latest developments in metabolic stoichiometry, here including

lipid storage as an additional source of C and energy. We provide a

brief summary of this approach (Figure 3); the reader is referred to

Supplementary Appendix 2 and Anderson et al. (2020), Anderson

et al. (2021) for a complete description, including a comprehensive

list of equations. Ingested substrates are subject to absorption

efficiencies bV = 0.62 and bH = 0.53 for protein and non-protein

(carbohydrate and lipid), respectively (Anderson et al., 2021), with

the remainder lost as faecal material. Absorbed substrates are

prioritised for metabolism which is quantified using explicit terms

for biomass turnover, other basal metabolism and specific dynamic

action, SDA (Anderson et al., 2017; Anderson et al., 2020; Anderson

et al., 2021). Biomass turnover (parameter tT, d-1) is akin to protein

turnover and represents tissue breakdown and replacement,

requiring C and N in ratio qZS. Other basal metabolism (xT, d-1)
includes basic cellular processes such as production of adenosine

triphosphate (ATP) and maintenance of molecular and ionic
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gradients (Karr et al., 2012). It is an energetic cost that is

preferentially met using non-nitrogenous compounds (lipid and

carbohydrate), thereby sparing protein for growth. Both tT and xT
are temperature-dependent, calculated using a Q10 relationship

(parameter QM = 2.0) where tTref and xTref are model parameters

for rates at the reference temperature, Tref of 10°C. SDA is an

additional energetic expenditure that accounts for the costs of

feeding, absorption and assimilation (Secor, 2009) and is

expressed as a fixed fraction, h, of total C intake. Calculation of

growth and egg production is on the same basis as that of biomass

turnover, except that new biomass is produced, rather than

replacement biomass. Despite the preferential use of non-protein

substrates, it is assumed that protein sparing is not 100% efficient

such that a fraction of protein, 1- k*N (where k
*
N is the maximum N

net synthesis efficiency), is always lost as excretion. Use of protein in

metabolism gives rise to losses of both CO2 via respiration and

excretion of N, while use of carbohydrate or lipid results only in
Frontiers in Marine Science 04
release of CO2. If intake is insufficient to meet the costs of

metabolism, lipid reserve and structural biomass are used instead.

This is necessarily so during Phases 4 and 5 (diapause and gonad

maturation) when the modelled copepod is away from the ocean

surface and without access to food.

Limitation of growth and egg production is by either C or N,

depending on C:N ratios in zooplankton tissues and food, and

utilisation efficiencies for each element which vary with food

quantity and temperature. Metabolism is relatively more

expensive in terms of C relative to N (has a higher C:N ratio)

and so C requirements are relatively higher when food is scarce

and metabolism dominates over growth. A threshold elemental

ratio (TER) can be calculated which represents the optimal C:N

in food in order to meet the combined requirements of growth

and metabolism (Anderson and Hessen, 1995; Anderson and

Hessen, 2005; Anderson et al., 2021). C limits growth when food

C:N < TER, with limitation by N when food C:N > TER. The
FIGURE 2

Diagram showing model Phases 1-5 representing the first year in the life history of a Calanoid copepod (outer images; redrawn from Mayor
et al., 2020; grey interior represents lipid sac). Phase durations shown are for the standard model run with default parameter values. Egg
production in spring and summer of the second year (Phase 6) is not shown.
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latter occurs when prey items contain levels of non-protein C

that give rise to excess C that is assumed to be respired in order

to maintain homeostasis. Protein can never be in excess because

it contains both C and N and can always be profitably used for

either growth or metabolism. Protein is used as a source of

energy when zooplankton are C-limited, in which case the

associated N is deaminated and excreted, potentially incurring

a metabolic penalty (Anderson et al., 2020).

Stages CIII to CV copepodites of Calanus primarily

accumulate storage lipids in the form of wax esters (Kattner

and Krause, 1987; Sargent and Falk-Petersen, 1988; Hygum

et al., 2000). These lipids create a new dimension to the

stoichiometric model, providing an extra source of C to meet

energetic costs in metabolism and for growth but require rules

for prioritisation throughout the life cycle of the animals

(Figure 3). Reserve lipid is accumulated in Phase 3 and is

subsequently available in Phases 4, 5 and 6 to support

metabolism in diapause, gonad development and egg

production. Food C takes priority, followed by lipid, while

structural tissues in biomass are only used as a last resort if

minimum costs in maintenance cannot otherwise be met.

Given that we are modelling a single individual throughout its

life cycle, there is no representation of competition for food, nor do

we represent top-down processes, i.e., mortality due to higher

predators (except for an ancillary analysis in Section 3.2). The

modelled individual can nevertheless die from starvation. Structural

biomass is consumed to meet the costs of metabolism when food

intake is insufficient and we assume that death occurs if it declines
Frontiers in Marine Science 05
below a critical threshold that we call carcass weight, ZC (mmol C).

This is calculated as a fraction, y, of the maximum structural

biomass achieved by an individual. Chossat’s rule (Chossat, 1843, in

Kleiber, 1961) posits that animals die when starvation reduces their

body mass by half, based on experiments on a range of vertebrates.

Greater losses have been recorded in zooplankton (Threlkeld, 1976;

Kirk et al., 1999) and so we set y = 0.3. For example, if ZS reaches 5

mmol C, the animal dies if this subsequently drops back to 1.5

mmol C.

The representation of environment in the model is simple,

based on Station Mike in the Norwegian Sea. The seasonal cycles

of surface food fields (diatoms, non-diatoms, microzooplankton

and detritus), together with surface temperature, are taken from

an existing high-resolution simulation of the NEMO-MEDUSA

model (Yool et al., 2015). Output was extracted for years 2000-

2009, a representative 10-year “present-day” period, and was

averaged to a climatological year to decrease the importance of

interannual variability. Surface food concentration and

temperature were calculated as mixed layer depth averages.

More details of this simulation can be found in Yool et al.

(2015), and a full description of the MEDUSA model is provided

in Yool et al. (2013). Deep interior temperature was set to a value

of 4°C (Gammelsrød et al., 1992). Note that the model can be

used at any suitable ocean location; we show results for Ocean

Weather Station India (60°N, 20° W) in Supplementary

Appendix 5. The following sections describe the different

model Phases in detail noting that the parameterisation is

primarily based on C. finmarchicus. Model parameters are
FIGURE 3

Model diagram showing use of protein (red), carbohydrate (CHO, orange) and lipid (blue) in food, as well as storage lipid and structural biomass,
for growth, metabolism and egg production. Numbers refer to the Phases in which particular flows take place.
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presented in Table 1, along with differential equations and

associated description in Supplementary Appendix 1. The

model code and supporting files are available via an online

repository (see Data availability statement).

2.2 Development to copepodite stage CV
(Phases 1 to 3)

Each model simulation starts by spawning a single copepod

egg in surface waters on a specified day of the year. Prior to

diapause, the egg develops through model Phases 1 (non-
Frontiers in Marine Science 06
feeding: eggs and naupliar stages NI and NII), 2 (feeding but

without lipid deposition; stages NIII to CII) and 3 (feeding with

lipid deposition: stages CIII to mature active CV). Development

is driven by temperature and food. Phase 1 depends solely on the

former and is modelled using a specified duration of 7 days at a

reference temperature of 10°C (parameter L1,Tref; Hirche et al.,

2001), adjusted for ambient temperature using a Q10 of 2

(parameter QD). Biomass necessarily decreases during Phase 1

due to the costs of metabolism in the absence of feeding. For all

subsequent Phases, the animal can gain weight if there is

sufficient food available (ingestion is in excess of metabolic

demands). The transitions between Phases 2 and 3, and 3 and

4, are assumed to occur at critical moulting biomasses (Hirche

et al., 2001), in common with other stage-structured models

(Carlotti and Sciandra, 1989; Carlotti and Radach, 1996; Moll

and Stegert, 2007; Eisenhaur et al., 2009; Maps et al., 2010).

Parameters that define the critical masses for the transition

between Phases were assigned as follows. Initial egg biomass,

Begg, is 0.025 mmol C, derived as the average of 0.026 (average in

Mayor et al., 2009b), 0.019 (Hirche, 1996; Hirche et al., 2001)

and 0.03 (Harris et al., 2000). Egg C:N is set to qegg = 5.8, which is

within the typical range seen in high-latitude copepods of ~5.5–

6.5 (Ohman and Runge, 1994; Mayor, 2005; Pond et al., 1996;

Rey et al., 2001; Mayor et al., 2009b; Mayor et al., 2022). The

end-point values assigned to Phases 1 (equivalent to end of

naupliar stage NII) and 2 (copepodite stage CII) are Z1 = 0.021

and Z2 = 0.7 mmol C, respectively (Hirche et al., 2001). The

transition from active growth and lipid accumulation (Phase 3)

to diapause (Phase 4) is triggered by the attainment of maximum

biomass (structure plus lipid; Irigoien, 2004; Pond et al., 2012;

Häfker et al., 2018). Measured values for this biomass for C.

finmarchicus CV vary widely between ~100-250 mg C (Harris

et al., 2000; Campbell et al., 2001; Hirche et al., 2001; Gislason,

2005; Mayor et al., 2006; Häfker et al., 2018). We use a value of

16 mmol C (192 mg C). Using this value in combination with a C:

N ratio immediately prior to diapause of 12 (parameter qZ3;
Tande, 1982), total biomass comprises 6.5 mmol C as structure

(parameter Z3S; calculated using qZS = 4.9) and 9.4 mmol C

as lipid.

Feeding is quantified using a multiple-prey Sigmoidal

(Holling III) functional response (Gentleman et al., 2003) that

is defined by a maximum grazing rate, gT, half saturation

constant, kg, and grazing preference parameters wPn, wPd, wZmi

and wD for non-diatoms, diatoms, microzooplankton and

detritus, respectively. The maximum grazing rate is

temperature-dependent, again calculated using a Q10 of 2

(parameter QI) and a reference value at 10°C, parameter gTref.

The use of ingested food for growth and metabolism is calculated

using metabolic stoichiometry, as described above, noting that

metabolic rates are also temperature-dependent (Q10 function;

parameter QM).

Parameters for the multiple-prey functional response for

grazing were derived as follows. Maximum specific ingestion
TABLE 1 Model parameters.

Parameter Description Value

qZS structural biomass C:N ratio 4.9 mol C mol N-1

qegg egg C:N ratio 5.8 mol C mol N-1

qZ3 full-size CV C:N ratio, incl. lipid 12 mol C mol N-1

qV protein C:N ratio 3.7 mol C mol N-1

Zegg biomass eggs 0.025 mmol C

Z1 biomass end of Phase 1 0.021 mmol C

Z2 biomass end of Phase 2 0.7 mmol C

Z3S structural biomass end of Phase 3 6.5 mmol C

L1,Tref duration Phase 1 at Tref 7 d

gTref maximum grazing rate at Tref 0.5 d-1

kg half saturation const. for overall grazing 1.0 mmol C m-3

f “messy feeding” grazing losses 0.2

wPn grazing preference factor: non-diatoms 0.15

wPd grazing preference factor: diatoms 0.35

wZmi grazing preference factor:
microzooplankton

0.35

wD grazing preference factor: detritus 0.15

qP phytoplankton C:N ratio 6.625 mol C mol N-1

qZmi microzooplankton C:N ratio 5.5 mol C mol N-1

bV absorption efficiency: protein 0.62

bH absorption efficiency: non-protein 0.53

tTref biomass turnover at Tref 0.032 d-1

xTref other basal metabolism at Tref 0.015 d-1

h specific dynamic action 0.12

tdiaTref biomass turnover in diapause at Tref 0.0003 d-1

xdiaTref other basal metab. in diapause at Tref 0.0016 d-1

k*N max. N synthesis efficiency 0.9

n lipid frac. Non-protein C in food 0.5

gL lipid synthesis efficiency 0.75

Lgonad duration gonad development 14 d

tgonadTref N cost gonad development at Tref 0.11 d-1

zgonadTref energetic costs gonad develop. at Tref 0.055 d-1

y carcass fraction for mortality 0.3

QD Q10 for development 2

QI Q10 for maximum ingestion 2

QM Q10 for metabolism 2

Tref reference temperature 10°C
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rates decrease with increasing body size in C. finmarchicus, from

~0.5 d-1 in nauplii and early copepodite stages, to ~0.3 d-1 for late

copepodite stages and adults (Gamble, 1978; Harris et al., 2000;

Irigoien et al., 2003; Castellani et al., 2008). The latter value is

normalised against total biomass, i.e., structure plus lipid. Our

rate in the model is specified with respect to structural biomass

only and is as a consequence higher because structure is only a

fraction of the total. We therefore use a maximum grazing rate,

parameter gTref, of 0.5 d
-1 for all stages, modulated by a Q10 of 2

for temperature-dependence (Gamble, 1978; Carlotti and

Radach, 1996). This value of gTref also corresponds to the

maximum specific grazing rate used in the MEDUSA marine

ecosystem model (Yool et al., 2013). Assigning a value for the so-

called half-saturation constant of a multiple-prey functional

response is complicated because it relates to a measure of total

food that is preferentially weighted for the different food types.

We set kg = 1 mmol C m-3; for details of the derivation of this

parameter value see Supplementary Appendix 3. A sensitivity

analysis on functional response parameters is presented in

Supplementary Appendix 4. Remaining grazing parameters

are losses to “messy feeding”, f = 0.2, and grazing preference

parameters wPn, wPd, wZmi, wD = 0.15, 0.35, 0.35, 0.15 (Yool

et al., 2013). These preference parameters dictate the actual

density-dependent prey preferences (i.e. proportion in the diet

vs. environment) and derive from differences among Holling’s

attack rate for each single prey type (Gentleman et al., 2003).

An advantage of using metabolic stoichiometry to calculate

copepod growth and metabolism is that values for the associated

model parameters can be assigned directly from observation and

experiment. We use temperature-dependent rates of biomass

turnover and basal metabolism (for a reference temperature of

10°C) of tTref = 0.032 d-1 and xTref = 0.015 d-1, respectively.

These values are based on a survey of turnover rates in starved

animals for various Calanus species in which average rates for C

and N turnover were 0.047 and 0.032 d-1 for C and N,

respectively (Mayor et al., 2022). Biomass turnover equals the

N rate and other basal metabolism is the difference between the

C and N rates. The associated Q10 for temperature-dependence

is QM = 2.0 (Anderson et al., 2017). SDA, parameter h, is
assigned a value of 0.12 (Thor et al., 2002; Anderson et al.,

2020). Finally, maximum N utilisation efficiency, k*N= 0.9

(Anderson et al., 2020; Anderson et al., 2021).

Accumulation of reserve lipids takes place in Phase 3 and is

configured in the model to account for lipids obtained both

directly in the diet and those synthesised de novo (Graeve et al.,

2020). Fractions of protein, carbohydrate and lipid in food are

calculated for each food type based on C:N ratios. The protein

fraction is calculated from protein C:N ratio, qV = 3.7, along with

C:N ratios of qP = 6.625 for phytoplankton (the Redfield ratio)

and qZmi = 5.5 for microzooplankton (Verity, 1985), with a

variable ratio in detritus. Remaining non-protein C is subdivided

into carbohydrate and lipid. Data indicate that the lipid fraction

of total C in food is ~0.25 from data (Opute, 1974; Grosse et al.,
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2017; Jónasdóttir, 2019). If the total non-protein C is ~0.5 (based

on the C:N ratios above), the lipid fraction of non-protein C is

then 0.5 (parameter n). This lipid fraction is prioritised for

synthesis of storage lipids throughout Phase 3. Protein and

carbohydrate in food are allocated to structural growth until

the maximum structural biomass (Z3S) is reached and thereafter,

beyond the requirements of maintenance, are used for de novo

lipid synthesis. The synthesis efficiency of storage lipids,

parameter gL, is assumed to be high, corresponding to a

theoretical maximum of 0.75 (Calow, 1977).
2.3 Diapause and reproduction
(Phases 4 to 6)

The modelled copepod enters diapause (Phase 4) when it

reaches lipid-replete CV status. At this point, it is assumed to

descend into deep waters although there is no explicit

representation of the vertical water column in our model. The

simulated animal has no access to food during diapause and so

metabolic costs are preferentially met using lipid reserves, and if

these run out then by consuming structural biomass. Respiring

lipid generates CO2 while utilisation of biomass also gives rise to

excretion of N. Metabolic rates in diapause are significantly

lower than in surface waters, even when adjusted for the lower

temperature in the deep water column. Other basal metabolism,

parameter xdiaTref, is assigned a value of 0.0016 d-1 based on the

rate of wax ester turnover in diapausing C. finmarchicus in Loch

Etive, Scotland (Mayor et al., 2022) and is consistent with

respiration rates decreasing by ~20-fold over winter in

Calanus CV (Ingvarsdöttir et al., 1999). Copepod C:N ratio

declines over winter (Tande, 1982) indicating that metabolic

losses during diapause are dominated by basal metabolism

which is solely an energetic cost that can be met using lipid, in

contrast to biomass turnover which requires both C and N.

Likewise, Freese et al. (2016) noted that the protein content of

Calanus glacialis did not change significantly over winter in an

Arctic fjord. We therefore set the rate of biomass turnover

during diapause, tdiaTref, to a nominal value of 0.0003 d-1, 1%

of the non-diapausing value. Parameters tdiaTref and xdiaTref are
temperature-dependent, as per their surface water equivalents.

Diapausing animals do not feed such that there are no associated

energetic costs and SDA is zero.

In preparation for reproduction, gonad development takes

place during the transition from stage CV copepodite to adult

(Phase 5). The precise timing of advanced gonad development is

not well known. It may occur entirely prior to arrival back in

surface waters in which case internal lipid reserves are used for

metabolism or, alternatively, may be fueled, at least in part, by

food after animals return to the ocean surface (Niehoff, 2007).

We adopt the former scenario and assume that the main costs of

gonad maturation are incurred while copepods remain deep in

the water column and during ascent to the surface, over a
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specified period, Lgonad = 14 days (e.g., Plourde and Runge,

1993). Although no feeding takes place during this period, we

assume that Phase 5 animals return to an active state and that

their metabolic rates revert to non-diapause values (tTref = 0.032

d-1 and xTref = 0.015 d-1). For simplicity, we assume that the C:N

ratio of gonad tissue is the same as that of structural biomass.

This being so, the process of gonad maturation can be modelled

as equivalent to biomass turnover where structural biomass is

replaced with gonad tissue. Gonad biomass synthesis and

associated energetic costs are represented by parameters

tgonadTref and xgonadTref, respectively, where the latter is

supported by the use of storage lipid to meet energetic costs.

Providing values for these parameters is not straightforward due

to lack of empirical studies, although gonad development is

known to be energetically expensive (Rey-Rassat et al., 2002).

We base our parameterisation on the observation that copepod

C:N is ~8 when animals reappear in surface waters (Tande,

1982), i.e., at the completion of gonad development in the model

(end of Phase 5). The maturation parameters were tuned to

achieve this C:N, keeping them in the same proportion as for

surface metabolism, resulting in tgonadTref = 0.11 d-1 and

xgonadTref = 0.055 d-1. Re-emergence in surface waters takes

place on a specified day in spring of the following year, Demerge.

The modelled copepod is assumed to arrive back in surface

waters as an adult on completion of gonad development. Feeding

resumes and the resulting intake is used to fuel egg production

throughout the year (Phase 6), continuing until food density

decreases to a level that is insufficient to meet the costs of

maintenance. At this point, the animal has to start using

structural biomass to meet these costs. Body weight decreases

and death by starvation occurs when it reaches carcass weight.

The calculation of egg production as a function of ingested food

is the same as for structural growth in Phases 2 and 3, using

metabolic stoichiometry, with two additional considerations.

First, egg C:N (qegg = 5.8) is greater than that of structural

biomass (qZS = 4.9). Second, lipid reserves are used to

supplement ingested food if needed to offset C limitation

(these reserves were accumulated, rather than utilised, during

development in Phase 3). Animals focus solely on egg

production in Phase 6, with no growth in terms of structural

biomass or accumulation of lipid reserves.
3 Results

3.1 Simulated life cycle

The simulated development of a single C. finmarchicus

individual, spawned as an egg on day 120 at Station Mike, is

shown in Figure 4. This represents an ideal start date as the

spring phytoplankton bloom was taking off at this time, peaking

about 30 days later at a biomass of 19.4 mmol C m-3. Food is

dominated by phytoplankton which account for 77% of the total
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(annual average), with contributions of 17% and 6% by

microzooplankton and detritus, respectively (note that the

food field is supplied as weekly averages, leading to the

somewhat jagged appearance in the Figure). Development

through Phases 1, 2 and 3 took 8, 38 and 51 days, respectively

(Figure 4A), noting that surface temperature varied between 6

and 11°C. Total development time to lipid-replete CV was thus

97 days. Predicted intake and growth rates (structure + lipid)

increased steadily to 2.4 and 0.56 mmol C d-1, respectively,

during this period as the animal gained weight, reaching peak

structural biomass of 6.5 mmol C on day 206 and total CV

biomass (structure plus lipid) of 16 mmol C on day 217

(Figure 4B). At this point, it entered diapause.

Based on metabolic rates in diapause of 0.0011 and 0.0002 d-1

for basal metabolism and biomass turnover at 4°C (standard rates of

0.0016 and 0.0003 d-1 adjusted for temperature), predicted lipid and

structural biomass decreased by 1.8 and 0.35 mmol C during

diapause (Phase 4), respectively. This loss of structural biomass,

which necessarily occurs because protein turnover involves both C

and N and cannot therefore be met using lipid, is relatively low but

nevertheless accounts for 16% of the total C consumed. Gonad

development was in comparison expensive, with predicted release

of CO2 due to respiration of 5.1 and 2.3 mmol C via lipid and

structural biomass, respectively. The copepod thus lost 6.9 from the

available 9.4 mmol C lipid during diapause and gonad development

(19 and 55% during Phases 4 and 5, respectively), as well as 2.7 from

6.5 mmol C structural biomass (41%).

Returning to surface waters on day 120 of the second year of

the simulation as a mature female, the modelled copepod

produced a total of 2513 eggs over the next 195 days, at an

average of 12.9 eggs d-1 during the spawning period. A total of

2.5 mmol C of storage lipid was consumed in the process

(Figure 4B). The animal finally ran out of sufficient food to

meet the costs of metabolism and died of starvation on day 711

of the simulation (day 346 of the second year) after decreasing in

size below carcass weight.

The predicted stoichiometry of the C. finmarchicus individual

throughout its life cycle is shown in Figure 4C. As an egg, it starts

out with a C:N ratio of 5.8 which declines to 4.9 as energy is

consumed during non-feeding development (Phase 1). The ratio

then increases to 12 as lipid reserve is laid down in Phase 3, followed

by a decline to 8.1 as the lipid is subsequently respired during

diapause and gonad development. Remaining lipid is used in egg

production after which C:N ratio returns to the baseline value of 4.9

for structural biomass. The C:N of food intake averaged 6.8. The

calculated TER was only slightly above this intake ratio during

Phases 2 and 3, averaging 7.5, indicating that copepods are limited

by C, i.e., food quantity, but only marginally so meaning that food

was a good stoichiometric match to requirements (Mayor et al.,

2009b; Anderson et al., 2021). The strength of C limitation

increased for egg production because egg C:N > structural

biomass C:N (5.8 and 4.9, respectively), resulting in rapid

exhaustion of the remaining post-diapause lipid in Phase 6. The
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predicted TER increased from 8.5 to 10.9 during this Phase because,

with decreasing food availability, the energetic demand for C

becomes an increasingly large proportion of an animal’s

metabolic budget (Anderson et al., 2017; Anderson et al., 2020).

The concept of TER usually represents an ideal food C:N ratio. This

is evidently not so for the non-feeding animals during diapause and

gonad development. We nevertheless show the TER of 42.0 which

in this case represents the high C:N demands in maintenance.

Budgets for C and N throughout the different Phases of the

copepod’s life cycle are shown in Figure 5. All fluxes ultimately

originate from food intake in Phases 2, 3 and 6 and Phases 3 and

6 therefore dominate the overall C budget in terms of quantity.

Predicted C GGE is 0.3, 0.25 and 0.28 for these three Phases

(combined height of the orange, pale blue and pink bars),
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consistent with typical values for copepods (Straile, 1997).

GGE for N is 0.41 and 0.33 in Phases 2 and 6, higher than

that for C because the absorption efficiency for protein is greater

than that of carbohydrate (bV = 0.62, bH = 0.53) and due to the

relatively greater costs of C in metabolism. These values of N

GGE are consistent with previous empirical and modelling

studies (Kiørboe, 1989; Anderson et al., 2021). The growth

efficiency for N is however only 0.13 in Phase 3 because

animals are accumulating lipid at this time in which case food

N is in excess and excreted. In contrast to Phases 3 and 6, the

total C fluxes in Phases 4 and 5 are small, 2.1 and 12.8 mmol

respectively, noting these fluxes are nevertheless important

because C losses via respiration have the potential to be

sequestered in the ocean interior. The contribution of lipid C
B

C

A

FIGURE 4

Predicted development of a C. finmarchicus individual throughout its life cycle at Station Mike. (A) Intake (I), growth (G) and egg production (E),
along with the concentration of available food from the MEDUSA model output (green); (B) structural biomass (red) and lipid reserves (blue); (C)
comparison of C:N ratios for food intake (green), copepod biomass (structure + lipid; blue) and the Threshold Elemental Ratio (TER; black).
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to egg production (Phase 6) was minor (about 1%), with most C

supplied via food intake.
3.2 Lipid and egg production:
Further analysis

The results presented above indicate the importance of

reserve lipids in diapause and gonad development, whereas

their role in egg production is less clear. The associated

stoichiometric analysis suggests that limitation of egg

production is by C in which case reserve lipid ought to be of

benefit, complementing food resources. However, only 2.5

from the accumulated 9.4 mmol C lipid (replete CV)

remained after diapause and gonad development and so the

overall contribution to predicted egg production was small.

Would copepods therefore benefit from laying down greater

lipid reserves in spring in order to maximise egg production in

the following year? We investigate this question here. As a
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prelude, two initial simulations were carried out as sensitivity

tests. In the first, the modelled copepod was denied access to

stored lipid in Phase 6. Total predicted egg production was

2426, a decrease of only 3.5% from the 2513 eggs predicted in

our standard simulation. On the other hand, if the copepod is

supplied with unlimited lipid during this Phase, in which case

egg production is limited by food N, total predicted egg

production reached 3070, an increase of 22%.

Accumulating additional lipid reserves means feeding for

longer in spring and thereby entails risk from exposure to

mortality from predators. As such, we propose that there is a

tradeoff between the benefit of increased lipid for egg production

and the risk of predation. We investigate this tradeoff by

introducing a mortality term, mZ, which is the daily

probability of an individual copepod dying due to predation

during development (Phases 1 to 3), prior to diapause. Thus, the

probability of survival on any one day is 1-mZ and over a period

of, for example, 80 days is (1-mZ)
80. Model simulations were

carried out in which the maximum reserve lipid at full-size
B

A

FIGURE 5

C and N budgets by Phase. The bars are normalised to total C and N fluxes showing source (-) and sink (+) terms. Values for the total fluxes,
which balance for each Phase, are shown above each pair of bars. (A) carbon: intake, structural biomass, lipid, structural growth, biomass
turnover (contributes to respiration), direct respiration of CO2, faecal, gonad and eggs; (B) nitrogen: intake, structural biomass, structural growth,
biomass turnover (contributes to excretion), direct excretion, faecal, gonad and eggs.
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copepodite stage CV (Z3L; completion of Phase 3, immediately

prior to diapause) varied between 5 and 25 mmol C (by adjusting

the corresponding C:N ratio, parameter qZ3). For comparison,

Z3L with default parameters is 9.4 mmol C. Model solutions are

shown in Figure 6 for mZ = 0, 0.01, 0.02 d-1, which are

conservative rates for copepods (Hirst and Kiørboe, 2002;

Cruz et al., 2021). Increasing the size of the lipid pool means

that more time is spent feeding and so predicted development

times (Phases 1 to 3) are markedly longer, from 89 days for Z3L =

5 mmol C, to 128 days for Z3L = 25 mmol C (Figure 6A). If Z3L is

decreased below the default setting, e.g., to 5 mmol C, there is not

enough lipid to support metabolism through diapause and

gonad development (Phases 4 and 5) and the animal arrives

back in surface waters with no lipid reserve and in poor

condition because structural biomass is used to meet the

metabolic demands over winter (Figure 6B). In contrast, if Z3L
is increased to 25 mmol C, then 19.3 mmol C are predicted to

remain, in which case copepod C:N ratio is 29.5. If mortality is

zero, then predicted egg production increases with increasing

lipid availability, up to 3106 eggs for Z3L = 25 mmol C

(Figure 6D). Imposing even low mortality rates drastically

reduces survival probability during the spring period, with

calculated rates decreasing markedly with increasing

development time (Figure 6C). Average fecundity, calculated

by multiplying egg production of a surviving individual by

survival probability, then decreases with increasing lipid

storage for m = 0.01, 0.02 d-1 (Figure 6D). In other words, the

analysis indicates that the potential benefit of extra lipid for
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fueling egg production on emergence from diapause in early

winter is outweighed by the predation risk when accumulating

that lipid in surface waters during spring.
3.3 Development in spring

Thus far, we have examined the metabolic and

stoichiometric requirements throughout the life history of an

individual that was spawned as an egg on day 120 and

established the significance of development time in spring as a

driver for survival and reproductive success in C. finmarchicus.

We now examine how egg spawning date, in conjunction with

food density and temperature, influence development time and

the ability of an animal to successfully build up sufficient

biomass, including lipid, to enter diapause. Model simulations

for copepods spawned on days 60, 90, 120 (default), …, 240 are

shown in Figure 7. All except the last two successfully reached

lipid-replete stage CV (completion of Phase 3; biomass of 15.9

mmol C), at which point they entered diapause. Predicted

development times were 146, 112, 97, 95 and 101 days for the

animals spawned on days 60, 90, 120, 150 and 180, respectively.

Insufficient food, combined with declining temperature, meant

that the animals spawned on days 210 and 240 failed to mature

and died of starvation after being overwhelmed by

metabolic costs.

Sensitivity experiments were carried out for the animal

spawned on day 120, subjecting it to temperatures of ± 5°C
B

C

D

A

FIGURE 6

Model simulations in which lipid biomass at full-size copepodite stage CV (Z3L) was varied between 5 and 25 mmol C, noting that the default
value is 9.4 (close to the third point/bar). (A) development time through Phases 1-3; (B) biomass (structure + lipid) remaining at the onset of egg
production (Phase 6); (C) probability of individual survival based on development time and mortality rates of mZ = 0, 0.01, 0.02 per day;
(D) average fecundity taking into account survival probability.
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relative to the standard seasonal pattern. Predicted development

time was markedly affected, increasing from 97 to 133 days when

temperature was decreased by 5°C, while decreasing to 72 days

for plus 5°C (Figure 7). The predicted metabolic budgets for C

and N at the three temperatures were near identical when

summed over the development period. Metabolism and intake

respond to increasing or decreasing temperature in equal

proportion if the two processes have the same Q10, in which

case growth, which is the difference between intake and

metabolism, proceeds faster or slower (Anderson et al., 2017).

Although development time decreases or increases accordingly,

the total amount of food required to complete development

remains the same noting that small differences exist between the

simulations at different temperatures because animals

developing more slowly are exposed to diminishing

food quantity.

The relationship between egg spawning date and

development time is shown in Figure 8, for standard

seasonal temperature and ± 5°C, along with a model

simulation in which food density was doubled. The ranges in

spawn date represent the bounds for successful completion of

development and were 39-191, 30-153 and 47-216 for standard

temperature, decrease and increase of 5°C, respectively, and

21-229 when food was doubled. Eggs spawned before day 100

have a longer development period because of relatively low

temperature and food scarcity. The earlier minimum start day

when temperature was decreased by 5°C is because metabolic

rate is less at low temperature in which case copepods can get

by on a smaller food ration. Decreasing food availability at the
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end of the year likewise increases development time. Doubling

food increases the window at either end of the year for

spawning eggs that will successfully mature to full-size CV.

We also carried out simulations in which food density was

halved. In that case, all individuals, regardless of spawn date,

failed to mature. Overall, the results highlight the importance

of both food availability and temperature in the timing of

copepod development.
FIGURE 8

Relationship between development time and day eggs are
spawned, showing simulations with default forcing for
temperature and food (black line), temperature decreased or
increased by 5°C (blue, red), and doubling of food density (green).
FIGURE 7

Predicted biomass (structure + lipid) development in spring to full-size CV (end of Phase 3) for animals spawned on days 60, 90, 120, …, 240.
The default setting (day 120) is subjected to a sensitivity analysis where temperature is decreased/increased by 5°C (colour dashed lines).
Seasonal food fields and temperature also shown (all plots are on the numerical same scale, although with different units).
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4 Discussion

Polar copepods play a critical role in driving the dynamics

and biogeochemistry of high-latitude ecosystems. Their current

representation in global biogeochemical models is nevertheless

simplistic, typically as a single “mesozooplankton” variable

without explicit representation of multiple life history stages or

the dynamics of stored lipid. A fixed C:N ratio in biomass, i.e.,

homeostasis, is usually assumed (e.g., Yool et al., 2013; Alver

et al., 2016) based on experimental budgets that have been

constructed for non-lipid-storing copepods (Kuijper et al.,

2004; Anderson et al., 2017) or copepods with exhausted lipid

reserves (Mayor et al., 2009a; Mayor et al., 2009b). The resulting

equations used for trophic transfer and export flux are

inconsistent and simplified, compromising our ability to

quantify C export and sequestration in the deep ocean and

how they may respond to climate change driven by natural and

anthropogenic factors (Anderson et al., 2013). Lipid storage by

zooplankton fundamentally alters the C and N cycling landscape

(Tande, 1982; Aubert et al., 2014), noting that the “seasonal lipid

pump” may sequester similar amounts of C in deep water as the

flux of sinking particles (Jónasdóttir et al., 2015; Jónasdóttir

et al., 2019; Boyd et al., 2019). Nevertheless, this fundamental

process remains absent from contemporary marine

biogeochemical models. Here, we developed a new model of

high-latitude copepods, focusing on Calanus finmarchicus as a

representative species, which includes explicit representation of

lipid storage and multiple life history stages, paving the way for

incorporation of the seasonal lipid pump into global

biogeochemical models. The model formulations are robust,

employing a wealth of observed estimates for rate parameters

including the latest values for metabolism of C and N (Mayor

et al., 2022) in conjunction with state-of-the-art stoichiometric

equations for zooplankton growth, respiration and excretion

(Anderson et al., 2020; Anderson et al., 2021). The model was

successfully run to simulate the entire life-cycle of an individual

high-latitude copepod, including lipid dynamics and rates of

development, using key physiological parameters derived from

observation and experiment. This achievement is by no means a

given outcome and the exercise in doing so both endorses the

chosen parameter values and associated observations, such as

measurements of copepod metabolic rates, and highlights key

areas of uncertainty that warrant future research.
4.1 Growth and development to
stage CV

Predicted development time from egg to lipid-replete CV,

for an animal spawned on day 120 and driven by food and

temperature, was 97 days, consistent with the field observations

for C. finmarchicus (Tande, 1982; Hirche et al., 2001). The lipid
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reserves accumulated during this period were sufficient to meet

the costs of metabolism during diapause, as well as requirements

for gonad development that occurs prior to arrival back in

surface waters. In contrast, the animal is predicted to die of

starvation if lipid reserves are artificially removed at the onset of

diapause, leaving gonad development incomplete and with zero

egg production. Predicted growth and development to lipid-

replete stage CV (biomass of 16 mmol C that includes 9.4 mmol C

reserve lipid) are driven by food availability, mediated by the

effect of temperature on intake and metabolism. Food, being rich

in protein, is shown to provide a good stoichiometric match to

metabolic requirements. The calculated Threshold Elemental

Ratio, which represents the optimal food C:N ratio at a given

point in time, averaged 7.5 in spring and early summer (Phases 2

and 3), slightly higher than food C:N which remained close to

the canonical Redfield ratio of 6.625 throughout the year. This

result indicates that the growth of C. finmarchicus is limited by

C, although only marginally so, as we have previously shown for

the non-lipid storing copepod, Acartia tonsa (Anderson et al.,

2021). Limitation by C is more straightforwardly thought of as

limitation by food quantity because growth increases with total

intake of organic matter, irrespective of its C:N ratio, because all

organic matter contains C by definition (Anderson et al., 2021).

The accumulation of lipid reserves imposes an additional

constraint on development in spring. If zooplankton are

limited by N, lipid could be generated from the stoichiometric

excess of C intake (Hessen and Anderson, 2008). In the case of

limitation by C, however, lipid accumulation imposes an extra

demand for food, increasing development time to mature CV

from 88 days (the outcome of an ancillary simulation in which

the model was run without lipid reserve) to 97 days (the result of

our standard simulation).

Animals that inhabit highly seasonal environments need to

ensure that the timing of reproduction coincides with available

food resources (Varpe et al., 2007; Seebens et al., 2009). Our

model results indicate a “window of opportunity” of 152 days

(day of year 39-191) at Station Mike that allows C. finmarchicus

individuals to develop and successfully acquire sufficient lipid

reserves before entering diapause. Spawning either too early or

too late leads to food scarcity, incomplete development and

starvation (Figure 7; Varpe et al., 2007; Tarling et al., 2022). Our

simulations showed that even lipid-replete CVs were unable to

sustain metabolism over winter when prevented from entering

diapause, experiencing negative metabolic balance and death.

Future climate change will likely alter the seasonal timing of

food resources and, without rapid acclimation to changed

conditions, will lead to trophic mismatch, reduced fecundity

and a decline in the population sizes of animals (Edwards and

Richardson, 2004). This may be particularly so for copepods,

given that the progression of phytoplankton blooms is closely

coupled to ocean physics and its meteorological forcing (Henson

et al., 2010; Lewandowska et al., 2014). We used a Q10 of 2.0 to

model the temperature-dependence of copepod development
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rate (Gamble, 1978; Carlotti and Radach, 1996). The predicted

window of opportunity for individual survival decreased and

increased in breadth to 123 and 169 days, respectively (day of

year 30-153 and 47-216) when model simulations were carried

out with a cooling and warming of 5°C. Likewise, doubling food

availability promotes faster development, giving rise to a window

of 208 days (day of year 21-229). Our results highlight the

importance of understanding the phenology of zooplankton life

history and reproduction, and their coupling to environmental

forcing, if the impact of climate warming on marine ecosystems,

and associated biogeochemistry, are to be successfully

represented in ocean models.
4.2 Diapause and gonad development

Model results indicate that the main function of stored lipids

in copepods is to support copepod metabolism and development

during diapause and gonad maturation, with 1.8 and 5.1 mmol C

consumed during these two phases, respectively (corresponding

to 19 and 55% of the 9.4 mmol C lipid accumulated in spring).

Stored lipids are ideal for meeting the energetic costs of

metabolism but are unlikely to offset protein (N) requirements

arising from biomass turnover, the magnitude of which is poorly

known. A further 0.35 mmol C originating from maternal

biomass was therefore released as CO2 during diapause, with

an associated 0.07 mmol excretion of N. Accurately quantifying

metabolic rates is essential for understanding lipid use by high-

latitude copepods and the associated biogeochemical cycling and

sequestration of C. Our default values for basal metabolism and

biomass turnover for non-diapausing C. finmarchicus (in surface

waters) are 0.032 d-1 and 0.015 d-1 at a reference temperature of

10°C, based on data from incubation experiments involving

starved copepods (Mayor et al., 2022). Metabolic rates in

diapause may be ~20 fold lower (Ingvarsdöttir et al., 1999) as

a consequence of mechanisms of metabolic downregulation

(Podrabsky and Hand, 2015) including suppression of

mitochondrial function and metabolism (Hand et al., 2018).

We set basal metabolism during diapause to 0.0016 d-1, 20 times

less than that for non-diapausing animals, while biomass

turnover was assigned a value of 0.0003 d-1, 100 times less.

These values must be considered tentative noting that other

studies, with equally uncertain parameter estimates, have

suggested that metabolic activities during diapause may be

reduced by only 50-70%: Maps et al., 2014; Freese et al., 2016).

Gonad development begins several months before copepods

ascend back to the ocean surface (Hirche, 1996; Niehoff et al.,

2002), although a large part takes place in the final weeks

(Tande, 1982; Rey-Rassat et al., 2002). The last moult occurs

at depth or during ascent (Ingsvardöttir et al., 1999). In the

model, we assumed that gonad development follows after

diapause and takes place prior to re-emergence in surface

waters and thereby in the absence of food. The process is
Frontiers in Marine Science 14
energetically expensive (Rey-Rassat et al., 2002) and so

diapause was terminated and pre-diapause metabolic rates

reinstated during this period of development. The modelled

costs of gonad development and metabolism were substantial,

consuming 5.1 mmol C reserved lipid (55% of the 9.4 mmol C

accumulated in spring) and net 2.3 mmol C maternal biomass

(35% of the 6.5 mmol C at mature CV). It is essential to know

where, i.e., at what depth, this energy-expensive process takes

place because it will only contribute to C sequestration via the

seasonal lipid pump if it occurs at depths where mixing does not

return it to surface waters.

Many studies of high latitude copepods, including the

present one, principally view lipids as an energy store for

overwintering. While this is undoubtably the case, such an

energy-centric approach may obscure our appreciation of their

wider role in facilitating other important aspects of their life

histories. There is growing awareness that copepods carefully

regulate and reconfigure the composition of their lipids to confer

changes in their density, potentially generating periods of

negative, neutral and positive buoyancy (Pond, 2012). In the

case of gonad development, achieving this at depth by

catabolizing >50% of their lipid reserve seems unlikely if the

same lipid is also required for the maintenance of neutral

buoyancy and/or the provision of positive buoyancy to help

the animal re-ascend from diapause. Better understanding how,

why, when and where high latitude copepods use their

prodigious lipid reserves is essential for improving their

representation in mechanistic models of the seasonal lipid

pump and increasing confidence in projections of how it will

respond to environmental perturbation.
4.3 Carbon sequestration

Assuming that both diapause and gonad development take

place in the deep ocean interior, our model predictions for

respiration of storage lipids can be used to estimate C

sequestration via the seasonal lipid pump at Station Mike. The

predicted total CO2 generated via respiration during these two

phases is 1.8 + 5.1 = 6.9 mmol C per individual. If copepod

densities are 15,000-40,000 individuals m-2 (Jonasdottir et al.,

2015), this translates as a C sequestration via the seasonal lipid

pump of 1.2 – 3.3 g C m-2 yr-1. Despite using completely different

approaches to estimate the seasonal lipid pump, our values are

remarkably similar to those of Jonasdottir et al., 2015. Our

estimate of C sequestration increases to 1.7 – 4.6 g C m-2 yr-1,

if CO2 produced via respiration of maternal biomass, 2.7 mmol C

per individual, is included in the calculation. On the other hand,

it may be that, at least in some animals, gonad development is

completed during ascent or with access to food after re-

emergence in surface waters (Tande and Hopkins, 1981;

Niehoff and Hirche, 1996; Harris et al., 2000), in which case

the associated release of C does not contribute to the seasonal
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lipid pump. The calculated C sequestration in this scenario,

accruing solely from respiration of lipid during diapause, is only

0.3 – 0.9 g C m-2 yr-1. All these estimates are strongly dependent

on model rate parameters for metabolism during diapause and

gonad development which, as noted above, are highly uncertain.

The parameterisation of metabolism in the model involves

not only C, but also N. This led to a predicted net consumption

of 0.55 mmol N in maternal biomass over winter which, in the

absence of food, is the only source of available N in the modelled

copepod. The estimated excretion of N by the population as a

whole is then 0.12–0.31 g N m-2 yr-1, calculated as for C above,

and represents a “lipid shunt” where C and nutrient cycling are

decoupled (Jonasdottir et al., 2015). What we call “structural

biomass” in the model is in reality a multitude of different tissues

including exoskeleton, gut, reproductive organs, etc. While it is

well known that animals can store energy in the form of fat, it is a

common misconception that they are unable to store N because

there are no specific tissues or organs for this purpose. Reserves

could be mobilised from the haemolymph (Carlotti and Hirche,

1997; Hirche et al., 1997; Niehoff, 2000) and it may also be the

case that some lipids contain N (Mayor et al., 2015). N may also

be recovered from other tissues. Copepods have no need for their

gut during diapause and so, in order to save energy because of

high tissue turnover rates, it could be resorbed thereby freeing up

N (Hallberg and Hirche, 1980).
4.4 Egg production

A total of 2513 eggs were produced by the modelled

copepod, at an average of 12.9 eggs d-1, slightly below values

of 14-44 d-1 observed during the bloom period at Station Mike

(Irigoien et al., 1998; Niehoff et al., 1999). Observed egg

production rates for individual C. finmarchicus vary widely

between 0-90 d-1 (Helland et al., 2003; Jonasdottir et al., 2005;

Runge et al., 2006; Koski, 2007; Gislason et al., 2008; Head et al.,

2013; Pasternak et al., 2013). The predicted contribution of the

lipid reserve to egg production was small, 1% of the C

requirement, noting that our model calculates egg production

on an income, rather than capital basis, i.e., recently ingested

food provides the main source of nutrition. Capital

reproduction, whereby offspring are produced from stored

reserves and which is not included in our model, may also be

important in high latitude copepods, particularly prior to the

feeding season (Varpe et al., 2009), because eggs produced at this

time have a disproportionally high chance of recruiting into the

population (Varpe et al., 2007). Eggs have a greater C:N ratio

than structural biomass, 5.8 vs 4.9, and so the predicted TER for

egg production was slightly higher than that of growth, between

8.5 and 10.9 (varying with food quantity). Thus, production was

once again limited by food quantity (C), indicating that that

availability of reserve lipid could be beneficial in this regard. We
Frontiers in Marine Science
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used the model to test this theory by conducting a simulation in

which lipid storage at mature CV was increased from 9.4 to 25

mmol C ind-1. The number of eggs produced was 3245, a

significant increase of 24%. However, accruing extra lipid in

spring entails a greater demand for food resources and therefore

more time feeding in surface waters and a longer and potentially

higher exposure to predators. There is thus a tradeoff between

accruing reserve lipids for egg production and the potential for

increased mortality. We investigated this tradeoff by introducing

a copepod mortality term in spring, using conservative rates of

0.01-0.02 d-1 (Hirst and Kiørboe, 2002; Cruz et al., 2021). The

predicted average fecundity of individuals within a population as

a whole was negatively impacted with increasing mortality as the

adverse impact of predation due to extended surface feeding

outweighed the potential increase in egg production from the

extra accrued lipid. Our results indicate that the best strategy for

copepods is to minimise time in surface waters in spring,

building up lipid reserves for essential use in diapause and

gonad development but that they should not accumulate extra

lipid for subsequent use in egg production. Predation is a strong

driver of life history strategies in copepods (Kvile et al., 2021)

and future modelling work, focusing on population dynamics,

could investigate the tradeoff between lipid gain and mortality in

greater detail.
5 Conclusion

In conclusion, we have developed a new stoichiometric

model that, for the first time, explicitly includes copepod lipid

reserves and thereby improves upon the usual assumption of

homeostasis (fixed C:N) in zooplankton. The model allowed us

to quantitatively explore the interactions between lipid-storing

copepods and their environment and how these influence ocean

biogeochemistry in both the surface and deep ocean. Results

indicate that the primary function of reserve lipid is to support

metabolism in diapause and subsequent gonad development

during the period when copepods are without access to food.

The modelled respiration during this period leads to an

estimated C sequestration via the seasonal lipid pump that is

remarkably similar to previous estimates (Jonasdottir et al.,

2015), indicating that this flux is comparable in magnitude to

the gravitational sinking pump. Our work highlights that, in

order to accurately quantify the seasonal lipid pump in the

ocean, there is a need for improved mechanistic understanding

of the ecology and physiology of lipid use by high-latitude

copepods, including as a supply of energy, for gonad

development, egg production, and in the regulation of

buoyancy. Better resolving these knowledge gaps will facilitate

the incorporation of the seasonal lipid pump into the global

ocean biogeochemical models used to investigate carbon

sequestration in the ocean and its response to climate change.
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