
1. Introduction
The biological carbon pump plays an essential role in the cycling of carbon in the oceans (Honjo, 2004; Volk 
& Hoffert, 1985). It is driven by a large variety of organisms that are part of a complex ecosystem. The export 
of organic carbon from the surface to deeper layers proceeds via several pathways including the formation 
of aggregates and fecal pellets that sink gravitationally, and the downwelling of dissolved compounds (Boyd 
et al., 2019; Steinberg & Landry, 2017). Marine carbon cycle models are used to assess carbon fluxes in the 
ocean ecosystems to gain a deeper understanding of the carbon cycle. However, the complexity of marine 
ecosystems and the processes relevant for carbon export cannot be fully reflected in these models (Laufkötter 
et al., 2016). For example, zooplankton is still represented by a single variable in many global ocean bio-
geochemical models (Séférian et al., 2020), despite the large diversity and traits of zooplankton. A handful 
of models represent three plankton functional types (PFTs) of zooplankton (Le Quéré et  al.,  2016; Stock 
et al., 2020).

One of the zooplankton PFTs is macrozooplankton, defined as the size class of 2–20 cm, which reaches high 
biomass and shows a patchy distribution (Moriarty et al., 2013). Groups being classified as macrozooplankton 
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Plain Language Summary Large zooplankton such as krill is an important component of 
marine ecosystems, but it is rarely represented in ocean ecosystem models. Large zooplankton grazes on 
phytoplankton, smaller zooplankton, and sinking particles in the ocean. To understand the role of large 
zooplankton for carbon cycling in the Southern Ocean, we have implemented this group into our ecosystem 
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it also returns nutrients to phytoplankton via excretion. Besides, large zooplankton increases the transfer of 
carbon to the deep ocean.
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are, for example, euphausiids, but also pelagic members of, for example, cnidarians, amphipods, and decapods. 
They consume a large spectrum of prey sizes with different feeding strategies and carbon assimilated by this 
group is transferred to higher trophic levels, transforming and transferring particulate organic carbon (Steinberg 
& Landry, 2017). They produce large fecal pellets with a high sinking rate, which reduces microbial degrada-
tion in the euphotic zone and leads to direct sinking to the meso- and bathypelagic (Turner, 2002). The relative 
contribution of zooplankton fecal pellets to the particulate organic carbon (POC) flux can comprise up to 100% 
in different sites of the ocean, illustrating the important role of zooplankton in the biological carbon pump 
(Turner, 2015).

The Southern Ocean is one of the regions, which plays a significant role in the export of particulate organic 
carbon (Arteaga et al., 2018; Schlitzer, 2002). Export production (EP), an important component of the biologi-
cal carbon pump, transfers 15%–25% of the carbon fixed by primary production to deeper waters in the South-
ern Ocean (Henson et al., 2012). The estimation of export production over the 100 m depth horizon varies 
between 10 to 600 mg C m−2 d−1 with an average of around 150 mg C m−2 d−1 (Maiti et al., 2013). The biogenic 
carbon flux is dominated by the gravitational sinking of phytodetrital aggregates and zooplankton fecal pellets, 
although other processes such as the sinking of zooplankton carcasses, molts, and zooplankton migration also 
contribute (Boyd et al., 2019; Halfter et al., 2020). The relative contributions of phytodetrital aggregates and 
zooplankton fecal pellets to carbon export show seasonal and spatial patterns (Dagg et al., 2003; Ebersbach 
& Trull, 2008; Halfter et al., 2020; Iversen et al., 2017; Laurenceau-Cornec et al., 2015; Turner, 2015). For 
example, phytodetrital aggregates are reported to contribute 24%–74% to the export production in the Ker-
guelen Plateau (Ebersbach & Trull, 2008) and the relative contribution of zooplankton fecal pellets can vary 
from 22%–63% in spring to 2%–7% in summer in the Pacific Antarctic Polar Front region (Dagg et al., 2003). 
Generally, a high contribution of aggregates is related to phytoplankton blooms in the surface waters (Turn-
er, 2015), although phytodetrital aggregates can also dominate the export flux in the Southern Ocean high-nu-
trient low-chlorophyll (HNLC) waters where grazing pressure is relatively low (Halfter et al., 2020). At the 
naturally iron-fertilized Kerguelen Plateau, a shift occurred from dominance of phytodetrital aggregates in 
spring to zooplankton fecal pellets later in the year (Ebersbach & Trull, 2008; Laurenceau-Cornec et al., 2015; 
Rembauville et al., 2015).

The Southern Ocean also hosts a high density of macrozooplankton, including the efficient grazer Antarctic 
krill (Euphausia superba) with biomass estimates ranging between 60 to 420 million tons based on acoustic 
and in situ (net haul density and length frequency) data (Atkinson et  al.,  2009; Nicol et  al.,  2000; Siegel 
et al., 2004). Krill shape the ecosystem, for example, through stimulating primary productivity with the re-
lease of iron and ammonium and affect the carbon export (Cavan et al., 2019). Furthermore, krill impact the 
accumulation of diatoms due to grazing, which consequently plays a decisive role in biogeochemical cycles 
(Smetacek et al., 2004). Krill enable short pathways between lowest (phytoplankton) and higher trophic levels 
(marine mammals) and contribute to an efficient carbon transfer to the deeper layers via fecal pellet production 
(Meyer, 2012). While the contribution of krill to particulate organic carbon production may vary between 7 
and 1,300 mg C m−2 d−1 in the Southern Ocean (Belcher et al., 2019; Clarke et al., 1988), krill fecal pellets 
contribute on average 0.04 Pg C per yr−1 which equals 35% of the total export flux in the marginal ice zone 
(Belcher et al., 2019).

Large-scale ocean biogeochemical models differ from each other in terms of complexity, such as the number 
of functional types of phyto- and zooplankton and represented processes (Laufkötter et  al.,  2016; Le Quéré 
et al., 2016; Séférian et al., 2020). Due to a lack of mechanistic understanding, projections of the future biological 
carbon pump are associated with much larger uncertainties compared to physical and chemical variables, such 
as temperature, oxygen, or pH (Frölicher et al., 2016). Zooplankton groups and their parameterizations play a 
critical role in the performance of ecosystem models with respect to primary production (Le Quéré et al., 2016), 
secondary production (Anderson et al., 2013), and particulate organic carbon production and export (Laufkötter 
et al., 2016). Growth, transport, and impact of macrozooplankton, especially krill, have been simulated in various 
regional models (Arrigo et al., 2003; Fach et al., 2002; Hense et al., 2003; Hofmann & Lascara, 2000; Lancelot 
et al., 2000), but only a few global biogeochemical models possess representations of macrozooplankton (Le 
Quéré et al., 2016; Stock et al., 2014).

Here, we present a new version of the global ocean ecosystem and biogeochemistry model REcoM-2 with the 
implementation of a macrozooplankton group. Up to now, REcoM-2 included a single type of zooplankton 
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which, based on the chosen parameterization, represented small and fast-growing zooplankton. The goal 
of the current paper is to analyze the effect of an additional macrozooplankton group that can create large 
biomass accumulations in certain regions and thereby impact the structure and functioning of ecosystems. 
The parameterization for this second zooplankton group is based on the temperature tolerance of Antarctic 
krill, hence, this group cannot represent macrozooplankton in warmer waters. The aim is therefore mainly to 
obtain a more realistic representation of the Southern Ocean biological carbon pump in the model. We imple-
mented this new group and parameterized it as a macrozooplankton group resembling Antarctic krill for the 
following reasons: (a) the occurrence of high biomass of macrozooplankton (Antarctic krill) in the Southern 
Ocean (Atkinson et al., 2004) and its specific role in biogeochemical cycling as characterized by (b) the slow 
growth rates of this group (Le Quéré et al., 2016), (c) the efficient filter-feeding of krill (Meyer, 2012), and 
(d) a fecal pellet production with strong transfer efficiency to the deep ocean (Belcher et al., 2017). In this 
study, we analyze carbon export pathways and the role of macrozooplankton in the Antarctic ecosystem with 
and without this group.

2. Methods
2.1. FESOM-REcoM With Macrozooplankton and Two Sinking Particle Classes

We used the Finite Element Sea Ice Ocean Model FESOM-1.4 (Wang et al., 2014) as the physical component 
of the coupled ocean-ecosystem model. FESOM-1.4 uses the finite element method for solving the primitive 
equations on an unstructured mesh which allows calculations with higher resolutions in more dynamical areas 
and coarser resolution in less dynamic, for example, subtropical areas. In this study, we used the CORE-II 
mesh set-up which has a resolution of 20 km along the Antarctic coast and around 70 km at 60°S (Sidorenko 
et al., 2011). The model set-up and its performance is described by Sidorenko et al. (2011), and evaluated as 
part of the coordinated ocean-ice reference experiments phase II (CORE-II) globally (e.g., Griffies et al., 2014) 
and regionally (see Downes et al., 2015, 2018; Farneti et al. (2015) for Southern Ocean specific analyses). A 
multi model comparison of sea-ice extent and concentration, including FESOM-1.4, was discussed in Downes 
et al. (2015). As reported there, FESOM simulates a reasonable seasonal cycle of sea-ice extent, with a realistic 
representation of the maximum extent. A notable caveat is a low extent in March, which is shared with all other 
models in their study. FESOM was reported to have the smallest sea-ice concentration bias of all models in 
March. Downes et al. (2015) do not compare sea-ice thickness as thickness and concentration correlate positive-
ly. Exemplarily, we show sea-ice extent and thickness in Figure S5 in Supporting Information S1. Sea ice extent 
reaches its maximum in September and its minimum in March, in agreement with remote sensing studies (Com-
iso & Nishio, 2008). The mean sea ice thickness varies between a minimum of 0.75 m in April and a maximum 
of 1.06 m in November in the model. The thickest sea ice (𝐴𝐴 𝐴 2 m) is in the Weddell Sea, the Bellingshausen and 
Amundsen Seas, the western Ross Sea, and along the Antarctic coastline. The thinnest ice occurs in the eastern 
Weddell Sea, and in the Indian and Pacific sectors (Figure S5 in Supporting  Information S1), in reasonable 
agreement with Kurtz and Markus (2012).

The Regulated Ocean Ecosystem Model (Hauck et al., 2013; Schourup-Kristensen et al., 2014; REcoM-2) is the 
biogeochemical component of the coupled system. It represents the carbonate system, two phytoplankton classes 
(nanophytoplankton and diatoms), and one zooplankton group representing a fast-growing small zooplankton group 
(Figure 1a). It resolves the cycling of the nutrients nitrate (DIN), silicic acid (DSi), and iron (DFe). Phytoplankton 
stoichiometry is allowed to vary with environmental conditions (variable N:C:Chl:Si for diatoms and N:C:Chl for 
nanophytoplankton). Sinking particles have three sources in the original set-up: aggregation of primary producers, 
sloppy feeding (which implicitly also includes defecation), and mortality of the zooplankton group. A skill assess-
ment of the biogeochemical model's original version is presented by Schourup-Kristensen et al. (2014). The model 
version used in this study resembles the version assessed in Schourup-Kristensen et al. (2014) with minor changes 
as described in the following. Total global net primary production (NPP) is 30.1 Pg C yr−1 and EP at 100 m is 5.1 
Pg C yr−1 (31.6 and 6.1 Pg C yr−1, respectively, in Schourup-Kristensen et al., 2014). The photodamage parame-
terization by Álvarez et al. (2018) is used and leads to a larger share of diatoms (Figure S6 in Supporting Informa-
tion S1) in the Southern Ocean compared to Schourup-Kristensen et al. (2014). As a result, the Southern Ocean 
DIN bias is reduced compared to Schourup-Kristensen et  al.  (2014) and the silicic acid bias is negative, high-
lighting the sensitivity of the model to chlorophyll loss process parameterization and parameters. In this study, we  
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implemented an additional macrozooplankton group and a new detritus group representing large particles (Figure 1b). 
Also, fecal pellet production was added as an explicit loss term for the new macrozooplankton group (Figure 1b). 
The set-up of REcoM-2 further differs from previous model descriptions (Hauck et al., 2013; Schourup-Kristensen 
et al., 2014) by using a temperature-dependent respiration rate with a rate constant of 1% of biomass per day (Le 
Quéré et al., 2016) for the small zooplankton group, and by considering the effect of diatom nutrient limitation on 
stickiness and consequently on the aggregation rate (Aumont et al., 2015; Waite et al., 1992, Equation 7).

2.2. Macrozooplankton in FESOM-REcoM

The new macrozooplankton group was parameterized based on the characteristics of Antarctic krill. Neverthe-
less, we refer to this group as macrozooplankton since it will also cover other niches in the model, as long as these 
other types (e.g., salps) are not modeled explicitly. Furthermore, not all details of krill are covered here (e.g., life 
cycle, vertical migration). Macrozooplankton is described by the two-state variables nitrogen (Nmacro) and carbon 
(Cmacro) as shown in differential Equations 1 and 2. Grazing is the single source for macrozooplankton biomass 
and mortality, excretion, respiration, and fecal pellet production are the loss terms.

𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑑𝑑𝑑𝑑
⏟⏞⏟⏞⏟

nitrogen pool

= 𝐺𝐺 ⋅ 𝛾𝛾
⏟⏟⏟

grazing

− 𝑚𝑚 ⋅𝑑𝑑2
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

⏟⏞⏞⏟⏞⏞⏟
mortality

− 𝜖𝜖𝑑𝑑 ⋅𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
⏟⏞⏞⏞⏟⏞⏞⏞⏟

excretion

− 𝑓𝑓𝑑𝑑 ⋅ 𝐺𝐺
⏟⏟⏟
fecal pellet

 (1)

𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑑𝑑𝑑𝑑
⏟⏟⏟
carbon pool

= (
∑

𝑖𝑖

1
𝑞𝑞𝑖𝑖

⋅ 𝐺𝐺𝑖𝑖) ⋅ 𝛾𝛾

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
grazing

− 1
𝑞𝑞
⋅ 𝑚𝑚 ⋅𝑁𝑁2

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟
mortality

− 𝜖𝜖𝑑𝑑 ⋅ 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
⏟⏞⏞⏟⏞⏞⏟

excretion

− 𝑚𝑚 ⋅ 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
⏟⏞⏟⏞⏟

respiration

− 𝑓𝑓𝑑𝑑 ⋅ 𝐺𝐺𝑑𝑑
⏟⏟⏟
fecal pellet

 (2)

In Equation 1, grazing efficiency (assimilation efficiency) γ determines the fraction of total grazing (G) by macro-
zooplankton that is converted into macrozooplankton biomass (Equation 3). To mimic predation by higher trophic 
levels and natural mortality of the macrozooplankton, mortality of the macrozooplankton is described by a quad-
ratic term of the concentration Nmacro where m is the mortality rate constant (𝐴𝐴 𝐴𝐴 ⋅𝑁𝑁2

𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ). Nitrogen excretion is 
determined by the excretion rate constant ϵN and is proportional to the Nmacro biomass. The fecal pellet production 
rate is described as a function of the total grazing G and the fecal pellet production rate constant (fN) that deter-
mines how much of the grazing fraction is transferred into the larger detritus class nitrogen pool. Equation 2 shows 
the state variable carbon of the macrozooplankton group. The grazing flux in nitrogen units (G) is converted into 

Figure 1. Processes in biogeochemistry model (a) REcoM-2, (b) REcoM-2-M with two zooplankton groups and a second, 
large detritus class. Both model versions represent primary production by two phytoplankton classes (nanophytoplankton and 
diatoms) and a small and fast-growing zooplankton group. In both versions, sinking detritus is produced via phytoplankton 
aggregation and through small zooplankton mortality, and a loss term accounting for sloppy feeding and fecal pellet 
production. Other loss processes for zooplankton biomass are respiration and excretion of dissolved organic matter. In 
addition, REcoM-2-M explicitly represents macrozooplankton with losses of sinking particulate organic matter being 
routed to a large detritus class with a higher sinking speed. The loss through fecal pellets is represented explicitly and 
macrozooplankton respiration varies in response to the seasonal cycle.
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carbon units using the respective intracellular N:C ratios (qi) of each food source (i = diatom, nanophytoplankton, 
small zooplankton group, detritus classes). The quadratic mortality is converted to carbon using the intracellular 
macrozooplankton N:C ratio (q). The excretion rate constant (ϵC) determines the loss of carbon to the dissolved or-
ganic carbon pool and the respiration rate (r ⋅ Cmacro) describes the loss of carbon to the dissolved inorganic carbon 
pool. The fecal pellet production rate constant (fC) and the grazing rate G together determine the fraction of carbon 
being lost to the large detritus carbon pool via fecal pellets.

� = � ⋅

(

∑

�
�� ⋅��

)2

� +
(

∑

�
�� ⋅��

)2
⋅ �� ⋅������

 (3)

𝑝𝑝𝑖𝑖 =
𝑝𝑝′𝑖𝑖 ⋅𝑁𝑁𝑖𝑖

∑

𝑖𝑖
𝑝𝑝′𝑖𝑖 ⋅𝑁𝑁𝑖𝑖

 (4)

Grazing of the macrozooplankton group is described by the Holling type III ingestion function (Equation 3) on 
small zooplankton (i = 1), diatoms (i = 2), nanophytoplankton (i = 3), and both detritus classes (i = 4, 5) using 
the relative grazing preferences (pi) by Fasham et al. (1990) (Equation 4). Since overwintering krill can switch 
to different food sources and graze on phytodetritus (Meyer, 2012), we implemented grazing on detritus groups 
by macrozooplankton. The maximum grazing rate (ɛ) is set to 0.1 d−1 (Hofmann & Lascara, 2000) and the half 
saturation constant (σ) is 0.01 (mmol N m−3)2, based on Meyer et al. (2009). It is generally accepted that diatoms 
are the main food source for krill, but they also feed on copepods (Schmidt et al., 2014). In this study, the initial 
grazing preferences (𝐴𝐴 𝐴𝐴′𝑖𝑖 ) are taken as 1, 0.5, 0.8, and 0.5 for diatoms, nanophytoplankton, small zooplankton 
group and detritus groups respectively. Relative grazing preferences (𝐴𝐴 𝐴𝐴𝑖𝑖 , i = each food source) are calculated as 
division of each food source (𝐴𝐴 𝐴𝐴′𝑖𝑖 ⋅𝑁𝑁𝑖𝑖 ) by the total food (𝐴𝐴

∑

𝑖𝑖 𝑝𝑝
′
𝑖𝑖 ⋅𝑁𝑁𝑖𝑖 ). All parameter values for macrozooplankton 

are summarized in Table 1.

Macrozooplankton grazing varies with temperature. The following parameterization is applied (Butzin & Pört-
ner, 2016, Equation 5, Figure 2),

�� =
exp

(

��
��

− ��
�

)

1 + exp
(

�ℎ
�ℎ

− �ℎ
�

) (5)

Parameter Symbol Value (unit) Reference

Maximum grazing rate ɛ 0.1 (d−1) Hofmann and Lascara (2000)

Grazing efficiency γ 0.8 (dimensionless) Fach et al. (2002)

Respiration rate constant r 0.01 (d−1) Hofmann and Lascara (2000)

Mortality rate constant m 0.003 (d−1) Fach et al. (2002)

N excretion rate constant ϵN 0.02 (d−1) Atkinson et al. (2002)

C excretion rate constant ϵC 0.02 (d−1) Atkinson et al. (2002)

Half saturation constant σ 0.01 ((mmol N m−3)2) Meyer et al. (2009)

Initial grazing preference for diatoms 𝐴𝐴 𝐴𝐴′𝑑𝑑𝑑𝑑𝑑𝑑 1 (dimensionless) see Section 2.2

Initial grazing preference for nanophy. 𝐴𝐴 𝐴𝐴′𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 0.5 (dimensionless) see Section 2.2

Initial grazing preference for heterotrophs 𝐴𝐴 𝐴𝐴′𝑧𝑧𝑧𝑧𝑧𝑧 0.8 (dimensionless) see Section 2.2

Initial grazing preference for detritus groups 𝐴𝐴 𝐴𝐴′det 0.5 (dimensionless) see Section 2.2

N fecal pellet production rate constant fN 0.13 (d−1) see Section 2.2

C fecal pellet production rate constant fC 0.295 (d−1) see Section 2.2

Table 1 
Chosen Parameter Values for the Representation of Macrozooplankton in REcoM-2-M
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where T (K) is absolute temperature, Tr and Th represent the intrinsic op-
timum temperature for development. Inhibitive processes dominate outside 
this temperature window. Qa and Qh are the temperatures for the uninhibited 
and inhibited reaction kinetics, respectively (Butzin & Pörtner, 2016). The 
parameter values were chosen as Tr = 272.5 K, Th = 274.5 K, Qa = 28,145 K, 
and Qh = 105,234 K to represent the temperature sensitivity of daily growth 
rates with the maximum growth of krill occurring at 0.5°C as described in 
Atkinson et al. (2006).

Mortality, sloppy feeding, and fecal pellet production are the processes 
through which macrozooplankton forms detrital particles. The mortality rate 
constant m is set to 0.3% per day (Fach et al., 2002) in a quadratic formulation 
(Equation 1) and 1 − γ = 20% of the grazed material is transferred to the de-
tritus pool through sloppy feeding (Fach et al., 2002). Fecal pellet production 
was set to 29% of grazing flux in carbon units and 13% of grazing flux in 
nitrogen units to be consistent with the observed high C:N ratio of around 
13 in krill fecal pellets (Atkinson et al., 2012). The excretion rate constant of 
dissolved organic carbon and nitrogen is taken as 2% per day from Atkinson 
et al. (2002).

The daily respiration rate constant (r) of macrozooplankton in the model de-
pends on the season and grazing activity and a standard respiration rate (Rs, 
Equation 6, Hofmann & Lascara, 2000).

𝑟𝑟 = 𝑅𝑅𝑠𝑠 ⋅ (1 +𝑅𝑅𝑓𝑓 +𝑅𝑅𝑎𝑎) (6)

The term respiration activity factor (Ra) accounts for reduced krill respiration rates in winter. Ra is set to −0.5 
from Julian day 150 through 250 (southern hemisphere winter) which represents a 50% metabolic reduction. We 
chose to make respiration rates dependent on Julian day because the metabolic activity of krill is affected by the 
Antarctic light regime (Meyer, 2012; Teschke et al., 2007), which in the model is tied to Julian Day. The feeding 
activity factor (Rf) represents the metabolic cost of feeding activity and depends on the daily ratio of grazing 
flux to carbon biomass of macrozooplankton. It increases linearly from 0 to 1 for daily grazing to biomass ratio 
between 0% and 10% and remains constant at 1 for ratios above 10%. The standard respiration rate (Rs) is set to 
1% per day (Hofmann & Lascara, 2000).

2.3. Two Sinking Particle Classes and Particulate Organic Carbon Production in FESOM-REcoM

To better represent macrozooplankton-related export processes, we implemented a second detritus class which 
represents large, fast-sinking particles. Mortality, sloppy feeding, and fecal pellet production by the macrozo-
oplankton group are the only sources for the large detritus class in REcoM-2-M (Figure 1b). In the Scotia Sea, 
sinking rates of krill fecal pellets ranged between 27 and 1,218 m d−1 with a median value of 304 m d−1 (At-
kinson et al., 2012). In REcoM-2-M, a constant sinking rate of 200 m d−1 was set for the large detritus. In the 
control simulation, there is only one detritus class (Figure 1a) with an initial sinking speed of 20 m d−1 at the 
surface which increases linearly with depth until reaching a maximum sinking rate of 170 m d−1 at the depth 
of 5,300 m depth. This detritus class represents smaller particles formed by aggregation of phytoplankton and 
processes related to the small zooplankton group (mortality and sloppy feeding) in the simulations with two 
detritus classes.

In this study, we refer to sinking particulate organic carbon (sPOC) as dead material which is transferred into 
the detritus pool. Processes that lead to sPOC production are an aggregation of phytoplankton, sloppy feeding, 
mortality of zooplankton, and the fecal pellet production by macrozooplankton in our modeling experiments. Ag-
gregation of phytoplankton is calculated in two steps. First, the aggregation rate constant (a, unit: d−1, Equation 7) 
is calculated from the specific aggregation rate constants for phytoplankton (app) and detritus (apd). The effect of 
increased stickiness of diatoms under nutrient limitation (Aumont et al., 2015; Waite et al., 1992) is taken into 
account by multiplication with (1 - 𝐴𝐴 𝐴𝐴𝐷𝐷

lim ) where 𝐴𝐴 L𝐷𝐷
lim is the nutrient limitation factor which ranges between 0 under 

Figure 2. Exponential temperature function (dimensionless) adapted from 
Butzin and Pörtner (2016) for macrozooplankton grazing (see Equation 5) with 
an optimum temperature for macrozooplankton growth at 0.5°C (Atkinson 
et al., 2006).
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strong nutrient limitation, and 1 when nutrients are replete. Second, total aggregation (𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑝𝑝𝑝𝑝𝑝  ) is calculated 

from the phytoplankton biomass (PhyC, DiaC) and the aggregation rate constant (Equation 8).

𝑎𝑎 = 𝑎𝑎𝑝𝑝𝑝𝑝 ⋅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑎𝑎𝑝𝑝𝑝𝑝 ⋅ 𝑃𝑃𝑃𝑃𝑃𝐷𝐷 + 𝑎𝑎𝑝𝑝𝑝𝑝(1 − 𝐿𝐿𝐷𝐷
lim) ⋅𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷 (7)

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑝𝑝𝑝𝑝𝑝 = 𝑎𝑎 ⋅ 𝑠𝑠𝑝𝑝𝑝𝑠𝑠 + 𝑎𝑎 ⋅𝐷𝐷𝐷𝐷𝑎𝑎𝑠𝑠 (8)

Another important source for sPOC comes through both zooplankton groups in REcoM-2-M. The sPOC produc-
tion from sloppy feeding, mortality and fecal pellet production (Equation 9) are described for macrozooplankton 
in Section 2.2, equations (Equations 1 and 2). Fecal pellet production is only represented explicitly for the mac-
rozooplankton group. The sPOC production from sloppy feeding is calculated by multiplication of the grazing 
fluxes in carbon units (𝐴𝐴

∑

𝑖𝑖

1
𝑞𝑞𝑖𝑖
⋅ 𝐺𝐺𝑖𝑖 ) with the one minus grazing efficiency term (γ) for macrozooplankton. The small 

zooplankton group contributes to sPOC formation by mortality and sloppy feeding, which implicitly includes 
fecal pellets (Equation 10).

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑧𝑧𝑝𝑝𝑝𝑝 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑧𝑧𝑝𝑝𝑝𝑝 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑚𝑚𝑠𝑠𝑠𝑠
𝑧𝑧𝑝𝑝𝑝𝑝 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑚𝑚𝑚𝑚𝑝𝑝𝑠𝑠𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚

𝑚𝑚𝑚𝑚𝑓𝑓𝑝𝑝𝑝𝑝𝑧𝑧𝑝𝑝𝑝𝑝 (9)

�����������������
��� =

(

∑

�

1
��

⋅ ��

)

⋅ (1 − �)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Macrozoo.

+

(

∑

�

1
��

⋅ ��,zoo1

)

⋅ (1 − �zoo1)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Small zoo.

 (10)

2.4. Model Setup and Simulations

The global model was forced with the JRA-55-do atmospheric forcing data set version 1.3.1 (Kobayashi 
et al., 2015) in a 60 years long simulation. Repeated year forcing fields from the year 1961 of surface down-
welling short and long-wave radiation, surface rainfall, and snowfall fluxes as well as near-surface (2 m) air 
temperature, specific humidity, eastward and northward wind components, and sea level pressure were used. 
Freshwater runoff and the surface salinity field for a weak surface salinity restoration (Sidorenko et al., 2011) 
are taken from the CORE-II climatology (Griffies et al., 2009). The nutrients dissolved inorganic nitrogen and 
dissolved silicic acid were initialized with World Ocean Atlas 2013 products (Garcia et al., 2013), and dissolved 
inorganic carbon (DIC) and alkalinity from GLODAPv2 (Lauvset et  al.,  2016). We performed global model 
simulations, but only analyzed the Southern Ocean. The last 5 years of the model simulation were analyzed with 
respect to nutrient concentrations, net primary production, export production at 100 m, particulate organic carbon 
production, and ecosystem structure south of 50°S. Export production was calculated by multiplying detritus 
concentration at 100 m with the sinking speed at 100 m.

We conducted five simulations to analyze the effects of different processes within the newly implemented mac-
rozooplankton group (Table 2). First, the control simulation (CTRL) was conducted with the original setup with 
only one zooplankton group of REcoM-2. Further, we executed four simulations with the increasing complex-
ity of macrozooplankton representation. These simulations include (a) only the new macrozooplankton group 
(MACROZOO), (b) a simulation with macrozooplankton and a second detritus pool (MACROZOO_2DET), 
(c) another including in addition detritus grazing (MACROZOO_DETGRAZ), and (d) a final one including 

Simulation Macrozooplankton Large detritus Detritus grazing Fecal pellet production

CTRL – – – –

MACROZOO X – – –

MACROZOO_2DET X X – –

MACROZOO_DETGRAZ X X X –

MACROZOO_ALL X X X X

Table 2 
Processes Included (X) in Model Experiments With Increasing Complexity of Macrozooplankton Representation
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also fecal pellet production (MACROZOO_ALL). In the results Section 3.1 we focus only on the evaluation of 
the MACROZOO_ALL simulation, and in Section 3.2 and 3.3, we focus on the comparison of the CTRL and 
MACROZOO_ALL simulations. In Section 3.4, we analyze the effect of the different processes on NPP, EP, and 
sPOC production using all simulations.

2.5. Evaluation of Modeled Macrozooplankton Biomass

To evaluate the macrozooplankton biomass results, we used the MAREDAT global macrozooplankton data-
set, covering the period from 1926 to 2010 (Moriarty et al., 2013). Since there is no data in the MAREDAT 
data set for the austral winter months July to September, these months were also excluded for the biomass 
comparison from the model output. The modeled annual mean (October–June) macrozooplankton biomass 
from the last five model years 2013–2017 was interpolated to the MAREDAT data grid (1° × 1°). We restrict-
ed the  comparison to the Southern Ocean south of 50°S. Here, the comparison focuses on two aspects: (a) 
the spatial mean of macrozooplankton biomass for the model and MAREDAT and (b) the depth-integrated 
 macrozooplankton distribution integrated over the upper 150 m for model and data (Figure 3). Furthermore, 

Figure 3. Modeled macrozooplankton biomass, presented as vertically-integrated (0–150 m), and annually averaged log10 
biomass [mg C m−2] in the Southern Ocean (a) spatial distribution, (b) Zonal mean of biomass in Atlantic, Indian and Pacific 
sectors for model (dots with blue line) and MAREDAT (dots with red line, small dots indicate individual data points, and 
larger dots the mean), (c) Spatial mean of the region within each 20° longitude bin in the Southern Ocean for model and 
MAREDAT data. The light red areas and light blue areas in the bars show underestimation and overestimation of the model 
compared to data, respectively.
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the  statistical distribution of macrozooplankton biomass where we subsampled the model for MAREDAT data 
points considering different depth ranges is summarized in Table S1 in Supporting Information S1.

3. Results
3.1. Macrozooplankton Biomass in the Southern Ocean

The order of magnitude of the mean biomass is captured well, although the model mean (2.55 mg C m−3) is lower 
than the MAREDAT (Moriarty et al., 2013) mean (5.25 mg C m−3, Table S1 in Supporting Information S1). 
This is caused by some very high biomass numbers in MAREDAT, being reflected in a maximum annual mean 
of 582.3 mg C m−3 which are not captured by the model with a maximum annual mean of 23.5 mg C m−3 de-
rived from the subsampled model. This might to some extent reflect a sampling and reporting bias with more 
observations at locations with high biomass. The integrated modeled macrozooplankton biomass is 2.81 Tg C 
which is closer to 3.07 Tg C in observations (Table S1 in Supporting Information S1).

When integrating over the whole Southern Ocean, the mean biomass of the modeled macrozooplankton over the 
upper 150 m is 367.2 mg C m−2. While this would suggest an underestimation of the modeled macrozooplankton 
biomass as compared to the MAREDAT mean biomass of 495.9 mg C m−2, the sampling bias needs to be taken 
into account. When subsampling the model according to the data points in MAREDAT including their same 
depth range, the mean biomass equals 517.5 mg C m−2, which is reasonably close to the MAREDAT numbers. 
The modeled macrozooplankton biomass decreases with depth. While 98.4% of the modeled biomass is within 
the upper 150 m, 74.3% is between 0 and 50 m. While there is some available data below 150 m in MAREDAT 
(max. 120.4 mg C m−3), the model does not reproduce biomass below 150 m. This is expected since the vertical 
migration of macrozooplankton is not represented.

We further investigate the spatial distribution of macrozooplankton biomass. In MAREDAT, the observations 
are denser around the Antarctic Peninsula than at other sites in the Southern Ocean. In the upper 150 m, 39% of 
all observations were obtained between 0°W and 80°W, and 39% of them between 0°W and 120°E, making the 
Pacific sector the least observed sector of the Southern Ocean. According to the model, the maximum modeled 
macrozooplankton biomass occurs in the Atlantic and Indian sectors of the Southern Ocean (Figure 3). In the 
Pacific sector, the model results suggest lower macrozooplankton biomass (Figure 3c). The latitudinal patterns 
of macrozooplankton biomass distribution are fairly similar between our simulation and MAREDAT. The bi-
omass is relatively constant across latitudes in the Indian sector, increases from south to north in the Atlantic 
sector, and has a peak around 65°S in the Pacific sector of the Southern Ocean (Figure 3b). The maximum 
macrozooplankton biomass occurs around the Antarctic Peninsula in MAREDAT and the model reproduces 
the same order of magnitude. However, the model suggests that the maximum biomass is located in the central 
Atlantic sector.

Implementing a new zooplankton group reduces the mismatch with the observed chlorophyll and nutrient con-
centrations. In the CTRL, there is a positive bias (up to 1 mg chl m−3) compared to the satellite chlorophyll 
concentrations in the coastal areas of the Southern Ocean. In MACROZOO_ALL this positive bias is reduced to 
0.3 mg chl m−3 (Figure S4 in Supporting Information S1). This is also in agreement with the role of krill grazing 
on the Southern Ocean ecosystem described by (Smetacek et al., 2004). When CTRL and WOA silicic acid (DSi) 
concentrations are compared, a negative bias is revealed, especially close to Antarctica. The negative bias is 
around 12 mmol DSi m−3 between 50 and 64°S and 30–100 m depth (Figure S3e in Supporting Information S1). 
DIN shows positive and negative biases, with a negative DIN bias of up to 8 mmol m−3 between 50 and 60°S and 
0–150 m depth in the CTRL simulation (Figure S2g in Supporting Information S1). A positive bias for DIN (up 
to 6 mmol DSi m−3) is present between 60 and 64°S and 100–150 m depth. In MACROZOO_ALL, there is a 
slight increase in DSi (up to 5 mmol m−3) south of 50°S in the upper 100 m. This spatial pattern shows similarity 
with the changes in diatom chlorophyll concentrations (Figure S1 in Supporting Information S1), presumably as 
a result of the decreasing diatom abundance. In MACROZOO_ALL, there is a notable decrease (up to 1 mmol 
m−3) in nitrate concentration between 60 and 64°S and 100–150 m depth.
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3.2. Phytoplankton and Zooplankton Community Composition in the Southern Ocean

In the control simulation, the shares of nanophytoplankton, diatoms, and zooplankton of the total carbon biomass 
amount to 41.6%, 57.8%, and 0.6% of the total carbon biomass south of 50°S, respectively. In MACROZOO_
ALL, the fraction of diatoms decreases to 45.9% of total carbon biomass due to increased grazing pressure, while 
the fraction of nanophytoplankton increases to 44.8%. Small zooplankton remains at 0.6% and macrozooplankton 
contributes 8.7% to the total carbon biomass. Hence, the total share of grazers increases from 0.6% to 9.3% of the 
total carbon biomass in the modeled ecosystem.

The total carbon biomass reaches its maximum (0.29 Pg C in CTRL, 0.27 Pg C in MACROZOO_ALL) in 
November and its minimum between June and August in both simulations. While the grazer biomass reaches 
its maximum 𝐴𝐴 𝐴 0.01 Pg C in December in CTRL, the maximum biomass is increased (0.03 Pg C) in MACRO-
ZOO_ALL and occurs in December and January (Figures 4a and 4b). Diatoms contribute the largest fraction of 
the total biomass in both CTRL and MACROZOO_ALL throughout the year. In CTRL, the fractions of diatoms, 
nanophytoplankton, and the small zooplankton group vary over the year, with values between 52%-61% (dia-
toms), 38%–48% (nanophytoplankton), and 0.03%–1.4% (zooplankton), respectively. In MACROZOO_ALL, 
the fraction of diatoms varies at lower levels between 32% and 50%. Nanophytoplankton exhibit a slightly 
increased variability between 35% and 54%. The new macrozooplankton group contributes between 4% (in 
October) and 17% (in April-May) to the total biomass (Figures 4c and 4d). While nanophytoplankton prevails 
between 50°S and 60°S in both simulations, diatoms are the dominant phytoplankton group south of 60°S (Fig-
ures 5e and 5f).

While there are some changes in the biomass of phytoplankton groups, as described above, the main charac-
teristics of the seasonal cycle in CTRL, as diagnosed from monthly mean model output, are preserved in the 
MACROZOO_ALL set-up. In both simulations, the spring peak takes place in November, and the minimum 
biomass occurs from July to August (Figure 4). The phenology thus follows similar patterns as in the  preceding 
model version with the magnitude of NPP comparable to satellite-derived estimates, and a fast and early 

Figure 4. Seasonal cycle of carbon biomass (a and b) and share (c and d) of phytoplankton and zooplankton contribution 
to the total carbon biomass integrated over the upper 150 m south of 50°S. First column control simulation, second column 
MACROZOO_ALL.
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spring bloom (see analysis in Schourup-Kristensen et al., 2014). One notable difference is a one month shift 
of spring maximum NPP in the Atlantic, Indian and Pacific sectors and a slightly lower NPP in the Atlantic 
sector (annual mean is 160 mg C m−2 day−1 in new simulations) compared to the results in Schourup-Kris-
tensen et al. (2014) that we relate to the parameterization of photodamage used here (Álvarez et al., 2018). A 
detailed analysis of phytoplankton bloom phenology is beyond the scope of this study and would require higher 
frequency model output.

Macrozooplankton carbon biomass is higher (0.02–0.025 Pg C) between December and April when sea-ice extent 
is decreasing (minimum in March 3.1 km−2, Figure S5c in Supporting Information S1). After April, macrozo-
oplankton biomass continues to decrease and reaches minimum values (0.004 Pg C) when the sea-ice extent is 
reaching maximum (18.6 km−2 in September, Figure S5c in Supporting Information S1). In nature, different life 
stages of macrozooplankton (krill) can use the sea ice as a refuge area or sea-ice algae as a winter food source and 
increase survival capability (Meyer, 2012). Since we do not represent these mentioned processes, winter macro-
zooplankton biomass is almost 10 times lower than summer macrozooplankton biomass. The seasonal evolution 
of macrozooplankton biomass expectedly follows the phytoplankton biomass.

The surface distribution of phytoplankton and zooplankton along longitude and latitude is illustrated in Fig-
ure 5. Diatom chlorophyll concentration exhibits a maximum of 0.7 mg chl m−3 around 60°W, near the Antarctic 
Peninsula. It reaches another peak around 100°E (in the Indian sector) and is generally lower in the Pacific sector 
(0.3–0.4 mg chl m−3, Figure 5b). The surface zooplankton concentrations follow a similar pattern in the east-west 
direction. The small zooplankton group increases in abundance going northwards (Figure 5d) and peaks around 
60°W (0.5 mmol C m−3, Figure 5a). The macrozooplankton carbon concentration reaches a plateau of 0.7 mmol 
C m−3 between 20°W (in the Atlantic sector) and 100°E (in the Indian sector) and it is the dominant grazer group 
throughout most of the Southern Ocean (Figures 5a and 5d). The new grazing pressure slightly decreases diatom 
chlorophyll concentration (by 𝐴𝐴 𝐴 0.1 mg chl m−3) and increases nano-phytoplankton chlorophyll concentration (by 

𝐴𝐴 𝐴 0.1 mg chl m−3) between 60°W and 100°E (Figures 5b–5f).

Figure 5. Annual mean surface concentrations of zooplankton biomass and phytoplankton chlorophyll that have then been averaged in the meridional (first row) and 
zonal (second row) directions. Panels (a) and (d) depict the annual mean zooplankton biomass in MACROZOO_ALL, panels (b) and (e) diatom chlorophyll in control 
simulation (CTRL) and MACROZOO_ALL, and (c) and (f) nanophytoplankton chlorophyll in CTRL and MACROZOO_ALL.
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3.3. Carbon Transfer Pathways in FESOM-REcoM in the Southern Ocean

Carbon fluxes between different ecosystem compartments are presented in Figure 6. Total NPP increased 
slightly from 2.17 to 2.22 Pg C yr−1 in the MACROZOO_ALL simulation compared to CTRL (Figure 6). The 
grazing flux from primary producers to zooplankton groups is more than doubled with 0.49 Pg C yr−1 (22.1% 
of NPP) in MACROZOO_ALL compared to 0.18 Pg C yr−1 (8.3% of total NPP) in CTRL. The contribution 
of the total zooplankton to total particle formation also doubled from 0.11 Pg C yr−1 (8.6% of total particle 
flux formation) in CTRL to 0.23 Pg C yr−1 (18.9%) in MACROZOO_ALL. DOC-excretion by zooplankton 
increased from 0.06 Pg C yr−1 in CTRL to 0.16 Pg C yr−1 in MACROZOO_ALL (with 0.10 Pg C yr−1 from 
macrozooplankton). Respiration by both zooplankton groups transfer 𝐴𝐴 𝐴 0.01 and 0.08 Pg C yr−1, respectively, 
to the dissolved inorganic carbon pool. In total, macrozooplankton contributes 65% to the total zooplankton 
grazing flux, 10% to sPOC formation, 63% to DOC production, and 97% to total zooplankton respiration 
(Figure 6).

The sPOC production by different groups is shown in Figure 7a. In CTRL, the main contribution to sPOC pro-
duction is from primary producers as a result of aggregation. It is dominated by diatoms (varying from 𝐴𝐴 𝐴 0.01 in 
July/August to 0.18 Pg C month−1 in November) with a smaller contribution of nanophytoplankton (varying from 

𝐴𝐴 𝐴 0.01 in July to 0.12 Pg C month−1 in November). Zooplankton-related sPOC production occurs mostly between 
November and April and it ranges between 2 × 10−4 to 0.03 Pg C month−1 (Figure 7a). In MACROZOO_ALL, 
phytoplankton aggregation is still the dominant process. In contrast to the control simulation, nanophytoplankton 
and diatoms now contribute in similar shares to sPOC production via aggregation (diatoms: 𝐴𝐴 𝐴 0.01 to 0.15 Pg C 
month−1, nanophytoplankton: 𝐴𝐴 𝐴 0.01 to 0.13 Pg C month−1) in MACROZOO_ALL. The sPOC production by the 
small zooplankton varies between 𝐴𝐴 𝐴 0.01 and 0.03 Pg C month−1 and macrozooplankton sPOC production ranges 
between 𝐴𝐴 𝐴 0.01 and 0.02 Pg C month−1 (Figure 7b).

Over the course of the year, the fraction of diatom and nanophytoplankton aggregation in sPOC formation 
pathways peaks in June and July (98.4%) in CTRL. In MACROZOO_ALL, aggregation shows higher contri-
butions in spring/summer with a maximum of 91.6% in November. The contribution of zooplankton (sloppy 
feeding, mortality, fecal pellets) to sPOC production increases from 1.5%–13.0% in CTRL to 11.8%–39.0% 
in MACROZOO_ALL. While the zooplankton contribution is lowest (1.5%–5.0%) from May to November in 
CTRL (Figure 7c), in MACROZOO_ALL it shows a higher contribution throughout the year and has the largest 
share after the spring/summer phytoplankton bloom (Figure 7d). The relative contribution of macrozooplank-
ton is lowest in November (6%) and highest in April (30%), while the small zooplankton contributes 2%–13% 
(Figure 7d).

Figure 6. Fluxes between model compartments in (left) CTRL and (right) MACROZOO_ALL: sPOC production via 
phytoplankton aggregation, mortality, sloppy feeding and fecal pellets of zooplankton groups (solid line), grazing flux to 
zooplankton (dashed line), DOC production (dashed-dotted line), respiration of zooplanktons (dotted line). DOC: dissolved 
organic carbon, sPOC: sinking particulate organic carbon, NPP: net primary production.
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3.4. Particulate Organic Matter Export in the Southern Ocean

Implementation of the macrozooplankton group into the ecosystem model affects the particulate nitrate and 
carbon export to the deep ocean, and this effect increases with depth (Figure 8). The total amount of exported 
carbon and nitrogen hardly changes across the 100 m depth level with 0.82 Pg C yr−1 and 0.18 Pg N yr−1 in 
CTRL and 0.81 Pg C yr−1 and 0.17 Pg N yr−1 in MACROZOO_ALL. Depth profiles of exported carbon and 
nitrogen exhibit similar patterns in both simulations. EP reaches its maximum around 90 m and decreases in 
deeper layers (Figures 8a and 8b). Carbon export in MACROZOO_ALL increases in almost all depth layers, but 
especially below 200 m (Figure 8c). This increase reaches 0.05 Pg C yr−1 at 1,000 m. In contrast, the exported 
nitrogen mostly decreases in the upper 200 m and increases by 0.01 PgC yr−1 below 200 m in MACROZOO_
ALL (Figure 8d).

In addition, we calculated the p-ratio (sPOC production/NPP), s-ratio (EP/sPOC production), and their product 
e-ratio (EP/NPP) to analyze the export more closely (Laufkötter et al., 2016). The p-ratio describes the efficiency 
of the particle formation in the ecosystem and the s-ratio is the fraction of particles that escape remineralization 
at the surface. A higher s-ratio indicates that a larger proportion of formed particles sinks through the 100 m 
horizon, that is, a smaller amount of particles is remineralized. The s-ratio slightly increases (from 0.67 to 0.70) 
due to the higher sinking rate of the large detritus class. The p-ratio and e-ratio decrease from 0.58 to 0.55 and 
0.39 to 0.38, respectively compared to CTRL. The change of the p-ratio and e-ratio is a result of an increase in 
NPP in MACROZOO_ALL.

In regions where macrozooplankton is abundant, carbon and nitrogen export across 1,000 m depth almost double 
in the MACROZOO_ALL simulation (Figures 9a and 9b). While in the CTRL carbon export across 1,000 m 
mostly varies between 2 and 8 g C m−2 yr−1, it can reach values up to 15 g C m−2 yr−1 in MACROZOO_ALL. 
Similarly, nitrogen export across 1,000 m reaches peak values of 2.6 g C m−2 yr−1 in MACROZOO_ALL, 73% 
higher than the 1.5 g C m−2 yr−1 in CTRL. These higher values occur in places with high macrozooplankton con-
centrations at the surface. After implementing macrozooplankton, the exported material becomes richer in terms 

Figure 7. Seasonal cycle of sinking particulate organic carbon (sPOC) production south of 50°S by phyto- and zooplankton 
groups in absolute and relative terms for both simulations. The sPOC production in CTRL and MACROZOO_ALL (a, b) and 
fractions of different groups in CTRL and MACROZOO_ALL (c, d). Left column (a, c) shows results in CTRL, and right 
column (b, d) shows MACROZOO_ALL simulation.
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of carbon, and C:N ratios increase up to 5.5 (Figure 9c). It is directly related to the carbon to nitrogen ratio of the 
large detritus class which varies between 6.0 (minimum) and 6.7 (maximum) in different depth levels (Figure S3 
in Supporting Information S1).In addition, the transfer efficiency (EP1000/EP100) relating the sequestration flux at 
1,000 m to the export flux (Passow & Carlson, 2012) is three times higher at places with higher macrozooplank-
ton concentration compared to the CTRL simulation, due to the high sinking rates of particles and the carbon-en-
richment of macrozooplankton fecal pellets (Figure 9d).

Figure 8. Annual export fluxes of particulate organic carbon (POC) and nitrogen (PON) south of 50°S in CTRL (red) and 
MACROZOO_ALL (blue) (a, b), difference between MACROZOO_ALL and CTRL POC and PON export fluxes (c, d), and 
annual mean of e-, p- and s-ratios south of 50°S in both simulations (e).
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Increases in the transfer efficiency show spatial differences. In MACROZOO_ALL, the highest transfer efficien-
cy (more than 50%) is located in the Atlantic and Indian sectors of the Southern Ocean (Figures 10a and 10b) 
where high macrozooplankton biomass (Figures 3a) occurs. This is due to the macrozooplankton-related larger 
particle class. Also, the difference between carbon and nitrogen transfer efficiencies (Figure 10f) is higher (up to 
0.05) which indicates carbon-enrichment of macrozooplankton fecal pellets. In CTRL, the maximum transfer ef-
ficiency is located in the Pacific sector (up to 25%, Figure 10a). Differences between carbon and nitrogen transfer 
efficiencies are positive, with values up to 0.02 (Figure 10c).

3.5. Disentangling Processes Contributing to Changes in Carbon Pathways

In this section, we analyze the effects of different aspects of the macrozooplankton representation. In Table 3, 
annual total NPP, EP, and sPOC formation are presented for the various simulations. All simulations with 
macrozooplankton have in common that there is a 2%–6% increase in total NPP and a 1%–17% decrease in 
EP at 100 m in comparison to the CTRL simulation (Table 3). Total sinking particle formation decreases by 
4.6%–9% in the macrozooplankton simulations, while the contribution of the zooplankton groups to sPOC for-
mation increases from 8.5% (CTRL) to 14%–19% (macrozooplankton simulations, Table 3). In all simulations 
with the macrozooplankton group, diatom chlorophyll concentrations decrease (Figure 5), and consequently, 
the contribution of diatoms to sPOC formation decreases from 57% in CTRL to 47% in the simulations with 

Figure 9. Point-wise comparison of annual mean carbon and nitrogen export at 1,000 m, (c)N ratio of exported material and transfer efficiency between CTRL 
(x-axis) and MACROZOO_ALL (y-axis) south of 50°S. Each dot represents one model grid point. Annual export of C and N at 1,000 m (a, b), C:N ratios of exported 
material (c) and transfer efficiency (EP1000/EP100) (d). The red line represents the one-to-one line in the plots. The color shading indicates the surface macrozooplankton 
concentration.
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macrozooplankton. The new macrozooplankton group helps to reduce a probably overly large role of diatom 
aggregation that was found in the model without macrozooplankton. When we implement only the bare new 
macrozooplankton group (MACROZOO) to the model, NPP increases by 0.13 Pg C yr−1, as nutrients are kept 
in the surface layer via excretion by macrozooplankton. The new large detritus class for the macrozooplankton 
group in the model (MACROZOO_2DET) causes a 35% increase in EP1000 compared to MACROZOO. After 
implementing particle grazing by the zooplankton groups (MACROZOO_DETGRAZ), NPP increases 0.01 Pg 
C yr−1 compared to MACROZOO_2DET. EP100 decreases in the simulations in MACROZOO, MACROZOO_
2DET, and MACROZOO_DETGRAZ as the grazed biomass also builds up macrozooplankton biomass and 

Figure 10. Spatial distributions of (a, d) carbon transfer efficiency (C Teff = EP1000/EP100), (b, e) nitrogen transfer efficiency (N Teff = EP1000/EP100) and (c, f) 
difference between C Teff and N Teff in CTRL (first row) and MACROZOO_ALL (second row). EP1000: export flux at 1,000 m. EP100: export flux at 100 m.

Simulation NPP EP100 EP1000 Total sPOC Total agg. sPOC zoo.

CTRL 2.17 0.82 0.16 1.28 1.17 0.11

MACROZOO 2.30 0.77 0.14 1.19 0.99 0.2

MACROZOO_2DET 2.28 0.77 0.19 1.17 0.96 0.21

MACROZOO_DETGRAZ 2.29 0.77 0.19 1.18 0.97 0.21

MACROZOO_ALL 2.22 0.81 0.22 1.22 0.99 0.23

Note. All fluxes are in units Pg C yr−1.

Table 3 
Spatially-Integrated Net Primary Production (NPP), Carbon Export Flux at 100 m (EP100) and 1,000 m (EP1000), Total 
Particle Formation (Total sPOC), Total Phytoplankton Aggregation (Total agg.) and Total Particle Formation by the 
Zooplankton Groups (sPOC zoo.) South of 50°S in Different Simulations
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is redistributed via excretion and respiration. When representing fecal pellets with a high C:N ratio explicitly 
for the macrozooplankton group, macrozooplankton sPOC production and hence export production increase 
and compensate for the EP decrease due to decreased particle formation. NPP still increases due to the fast 
recycling of nutrients by the zooplankton group in MACROZOO_ALL, but to a smaller amount than in MAC-
ROZOO as part of this effect is compensated by the additional nutrient loss via fecal pellets. The export flux 
at 1,000 m increases by 0.06 Pg C yr−1 when all processes are included (MACROZOO_ALL). This is a perti-
nent feature in all simulations with the large detritus class (MACROZOO_2DET, MACROZOO_DETGRAZ). 
The carbon transfer efficiency (EP1000/EP100) south of 50°S increases from 19% (CTRL, MACROZOO) to 
25%–27% in the simulations with the large detritus class.

4. Discussion
In this modeling study, we analyze the effect of implementing a macrozooplankton functional type on bioge-
ochemical processes with a focus on the biological carbon pump in the Southern Ocean. Based on our results, 
annual macrozooplankton sPOC production amounts to more than 10% of total sPOC production in the Southern 
Ocean (south of 50°S), and carbon transfer efficiency (EP1000/EP100) reaches up to 50% in the areas with high 
surface macrozooplankton density (Figure 9). Additionally, having macrozooplankton represented in the model 
enhances the recycling of nutrients in the surface layers, thus increasing NPP.

Our results indicate that macrozooplankton plays an important role in particulate organic carbon production 
and export efficiency. The seasonal contribution of macrozooplankton to sPOC production (11.8%–39.0%, 
Figure 7) matches the range observed in field studies (Turner, 2015, highly variable, mostly 𝐴𝐴 𝐴 40%). In the 
MACROZOO_ALL simulation, 15.3% of total carbon export at 100 m (0.12 Pg C yr−1, Figure 8) originates 
from macrozooplankton-related processes in the Southern Ocean. South of 60°S, the modeled total macrozoo-
plankton carbon export is 0.29 Pg C yr−1, which is at the upper end of the reported range from satellite-based 
estimates (Belcher et al., 2019, 0.09 to 0.29 Pg C yr−1). In the model, macrozooplankton contributes 0.042 Pg 
C yr−1 or 14.3% to the POC flux at 100 m south of 60°S, in agreement with the estimate of 0.039 Pg C yr−1 on 
average, corresponding to 12.5%–43.3% of POC flux by Belcher et al. (2019). REcoM now captures the typical 
shift from a dominance of phytodetrital aggregates in spring to zooplankton fecal pellets later in the year which 
was reported for a subantarctic site (Ebersbach & Trull, 2008; Laurenceau-Cornec et al., 2015; Rembauville 
et al., 2015, Figure 7d).

A pertinent feature of REcoM-2 is its low zooplankton biomass and zooplankton contribution to POC production 
in the Southern Ocean, in comparison to other biogeochemical models such as BEC and PISCES (Laufkötter 
et al., 2016). After implementing the macrozooplankton group, the zooplankton share of modeled total biomass 
increases from 0.6% to 9.3% in the upper 150 m along with the complexity of zooplankton representation (parti-
cle grazing, fecal pellet production). This is the first step to a more realistic description of particle formation and 
destruction processes.

Our estimated macrozooplankton biomass in the upper ocean is in the same range as in the global macrozoo-
plankton dataset MAREDAT. The model simulates maximum macrozooplankton biomass in the Atlantic and 
Indian sectors of the Southern Ocean and lowers biomass in the Pacific sector, roughly following the chlorophyll 
distribution (Figure 3). This distribution pattern generally matches observations of Antarctic krill biomass (At-
kinson et al., 2004; Siegel, 2016). The modeled biomass maximum occurs in the central Atlantic sector rather 
than near the Antarctic Peninsula as in MAREDAT, which may be explained by the food availability for the mac-
rozooplankton group in the model. The comparison is hampered by the much higher density of observations near 
the Antarctic Peninsula. Since we do not include swarm forming and vertical migration behavior of macrozoo-
plankton the model captures the mean biomass by design rather than the patches of very high biomass densities 
in MAREDAT (Figure 3).

The presence of macrozooplankton affects the biomass of primary producers (Figure 4) and, thus, the chlorophyll 
concentrations (Figure 5) in the model simulations. There is a modest shift from diatoms to nanophytoplankton, 
but diatoms remain the dominant phytoplankton PFT. Annual mean diatom chlorophyll at the surface decreases 
by 10% from 0.40 to 0.36 mg chl m−3 and nanophytoplankton chlorophyll increases by 20% from 0.15 to 0.18 mg 
chl m−3. However, the implementation of macrozooplankton does not lead to a drastic reduction in summer 
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(November to January) chlorophyll concentrations in the Pacific sector of the Southern Ocean as in Le Quéré 
et  al.  (2016). This discrepancy can be explained by differences in the latitudinal macrozooplankton biomass 
 distribution between the two models due to different temperature functions (Le Quéré et al., 2016). The maximum 
annual mean macrozooplankton biomass at the surface occurs closer to the Antarctic continent (between 54°S 
and 64°S) in the FESOM-REcoM simulations (Figure 3). Since macrozooplankton is parameterized to mimic the 
temperature tolerance of Antarctic krill in our study, we do not intend to represent macrozooplankton biomass 
in the warmer regions. In the simulations with macrozooplankton, the model bias of observational nutrient con-
centrations (Garcia et al., 2018) was slightly reduced in different depth levels in the Southern Ocean (Figure S2  
in Supporting Information S1). One reason for this change is a shift in phytoplankton composition (decrease in 
diatom and increase in nanophytoplankton biomass). Another reason is the recycling of nitrogen and iron by 
macrozooplankton via excretion, thus retaining nutrients in the surface layer. As the excretion of iron is modeled 
via a fixed Fe:N ratio, the magnitude of the nutrient recycling effect and the importance of krill in the iron cycling 
might be underestimated (Tovar-Sanchez et al., 2007).

Our results highlight the important role of macrozooplankton in the carbon and nutrient cycles of the Southern 
Ocean. The model further supports that macrozooplankton fecal pellet production is an important component 
of the export flux of the Antarctic biological carbon pump in the Southern Ocean (Belcher et al., 2019; Cavan 
et al., 2019). Representations of zooplankton loss terms and their contribution to sinking particles are consider-
ably different in ocean biogeochemical models (Laufkötter et al., 2016). The representation of carbon-rich fecal 
pellets and fast-sinking large particles in our model are crucial macrozooplankton characteristics that lead to a 
high transfer efficiency of carbon. In agreement with Passow and Carlson (2012), our model results show that 
macrozooplankton increase carbon-rich particle sinking across 1,000 m.

This particular and important role of polar macrozooplankton may, however, change in the future. Climate 
change and fisheries could impact krill abundance negatively (Atkinson et al., 2019; Brooks et al., 2018; Klein 
et al., 2018). Because of the projected decline of krill, the ratio of phytodetrital aggregates to fecal pellets could 
increase in the future (Cavan et al., 2019) and the efficient particulate organic carbon transfer via macrozoo-
plankton activity could decrease. This scenario is similar to our control model simulation. In such a case, carbon 
sequestration flux below 1,000 m could substantially decrease in the future.

Our results also suggest that macrozooplankton stimulates net primary production. This feature is in agreement 
with the reported role of krill in the Southern Ocean (Coello-Camba et al., 2017; Smetacek, 2008). Krill supports 
phytoplankton growth by releasing nutrients via excretion, sloppy feeding, and egestion (Lehette et al., 2012). This 
effect might be even larger when considering varying Fe:N ratios (Tovar-Sanchez et al., 2007). Mass migration of 
krill swarms could also mix nutrients and stimulate primary production (Cavan et al., 2019), although our model 
does not include this particular feature (migration). Thus, the reported effect on NPP may be underestimated.

In our model, macrozooplankton is parameterized based on specific characteristics of Antarctic krill. However, 
salps could replace krill in case of reported and projected declines in krill biomass (Atkinson et al., 2004, 2019; 
Huang et al., 2011; Pakhomov & Hunt, 2017). One of the main differences between krill and salps is the feeding 
strategy. While krill prefers filter-feeding on diatoms and smaller zooplankton (Smetacek et al., 2004), salps are 
non-selective filter-feeders (Henschke et al., 2016). This difference could substantially affect the modeled and 
real phytoplankton composition in the Southern Ocean and may have a direct impact on the use of macronutrients 
(Plum et al., 2020). Besides, microphagous feeding of salps might pack nanophytoplankton to larger particles and 
thus create food items for zooplankton (Iversen et al., 2017). This could have an impact on the spatial distribution 
of zooplankton in the (modeled) ecosystem.

Furthermore, a shift from krill to salp dominance could impact the POC export fluxes. Since salps can form 
”swarms” (due to budding) and produce fast-sinking pellets, they can partially fill the ecological niche of krill 
(Cavan et al., 2019). However, it remains unresolved whether POC export would increase if salps partially 
replace krill, or not. Although POC flux is thought to be high during high salp abundance, fragmentation can 
reduce their sinking speed and contribution to carbon export considerably (Henschke et  al.,  2016; Iversen 
et al., 2017). Thus, additional modeling work is needed to resolve the impacts of a potential shift from krill to 
salps.
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Our model takes into account the key characteristics of Antarctic macrozooplankton. While we are confident 
that the representation of macrozooplankton is solid and captures first-order effects for Southern Ocean bioge-
ochemistry, second-order processes are not taken into account here. For example, a more advanced relationship 
between the macrozooplankton and sea ice could improve the model results. First, it might improve the seasonal 
development of macrozooplankton biomass since winter sea ice extent is important for recruitment success and 
population size (Siegel & Loeb, 1995). Second, implementation of sea-ice algae as an additional food source 
for the macrozooplankton group (Meyer, 2012; Meyer et al., 2017; Schmidt et al., 2014) could affect the spatial 
and temporal distribution of macrozooplankton biomass. Also, unrepresented life stages and life-cycle strategies 
such as molting and resting stages could fundamentally affect nutrient cycles (Everett et al., 2017). In addition, 
modeling active carbon transport via zooplankton vertical migration is important for carbon export estimates 
(Archibald et al., 2019). Further steps to represent vertical migration could amplify the role of macrozooplankton 
in the modeled carbon cycle.

5. Conclusion
In summary, representing macrozooplankton as a plankton functional type and including large rapidly-sinking 
particles in a biogeochemical model has a strong impact on major carbon pathways in the modeled Southern 
Ocean. These carbon-rich particles increase carbon transfer to greater depths, especially below the twilight zone. 
Concurrently, macrozooplankton (krill) play an important role as “gardeners,” as the excretion of micro- and 
macronutrients enhances their recycling in the surface layer. However, the projected decline of macrozooplankton 
biomass or a shift from a krill- to a salp-dominated ecosystem could weaken the sequestration flux and change the 
recycling of nutrients. Thus, representing components of the planktonic community and their impacts on carbon 
cycling is important to improve future projections of carbon cycling.

Data Availability Statement
MAREDAT is available on https://doi.org/10.1594/PANGAEA.777398 and WOA18 products are availa-
ble on https://www.nodc.noaa.gov/OC5/woa18/woa18data.html. The authors acknowledge open access to the 
data sets “Global distributions of epipelagic macrozooplankton abundance and biomass—Gridded data prod-
uct (NetCDF)—Contribution to the MAREDAT World Ocean Atlas of Plankton Functional Types” and World 
Ocean Atlas 2018 nutrient products. The model results can be downloaded from https://doi.pangaea.de/10.1594/
PANGAEA.935006.
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